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Hydrogen intercalation of epitaxial graphene
and buffer layer probed by mid-infrared
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We have measured optical absorption in mid-infrared spectral range on hydrogen
intercalated single layer epitaxial graphene and buffer layer grown on silicon face of
SiC. We have used attenuated total reflection geometry to enhance absorption related
to the surface and SiC/graphene interface. The Raman spectroscopy is used to show
presence of buffer layer and single layer graphene prior to intercalation. We also
present Raman spectra of quasi free standing monolayer and bilayer graphene after
hydrogen intercalation at temperatures between 790 and 1510°C. We have found that
although the Si-H bonds form at as low temperatures as 790°C, the well developed
bond order has been reached only for samples intercalated at temperatures exceeding
1000°C. We also study temporal stability of hydrogen intercalated samples stored
in ambient air. The optical spectroscopy shows on a formation of silyl and silylene
groups on the SiC/graphene interface due to the residual atomic hydrogen left from
the intercalation process. © 2018 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5024132

I. INTRODUCTION

Graphene as a semi-metal with tunable Fermi level is an alternative concept to modify Schottky
or tunneling barriers formed at the graphene/semiconductor or graphene/oxide/metal interface. The
top gated epitaxial graphene grown on SiC(0001)! and SiC(0001)>* has been demonstrated. A
back-gated epitaxial graphene provides direct access to the graphene/semiconductor interface™ and
it would facilitate optical studies without complications caused by underlying substrate.” Bottom-
gated epitaxial graphene can be also used to reduce carrier scattering caused by top-gate,® or it can
be used in tunable single molecule transistors.” However, backgating of epitaxial graphene grown on
silicon face of SiC(0001) has been demonstrated only on hydrogen intercalated graphene.>%

The as—grown epitaxial graphene on SiC(0001) consist of so called zero graphene layer, also
called buffer layer, and the single layer graphene (SLG). The buffer layer is known to contain roughly
30%"'° of sp® bonded carbon. These carbon atoms are bonded to Si in SiC beneath the buffer layer.
Due to the low degree of order of these sp> bonds, originating from 6V3 x 6V3R30° SiC surface
reconstruction, the band structure of buffer contains large amount of localized states. 1 These interface
localized states pin the Fermi level when as—grown epitaxial graphene is gated. Another issue is that
the buffer layer mediates interaction between carriers in the graphene layer and phonons in SiC, thus
significantly reducing carrier mobility in graphene.!>~'4 Therefore, the high mobility graphene with
tunable Fermi level requires eliminating buffer'> and thus reducing interaction between graphene
and SiC.'®!7 This can be readily done by intercalation of the SiC/buffer interface by molecular'® or
atomic'®!” hydrogen. Hydrogen saturates Si-C bonds, turns sp> carbon back into sp? bonded carbon
and, as a result, so called buffer-free quasi free standing monolayer graphene (QFSMLG) is formed
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from buffer layer and quasi free standing bilayer graphene (QFSBLG)!'®? is formed from SLG. The
QFSMLG is purely physisorbed on top of SiC substrate.?! It also exhibits very low buckling and
homogeneous electron density at the interface.?!

Beside hydrogen, also annealing in oxygen,?” rapid cooling?® or ion implantation>* have been
shown to turn buffer layer into QFSMLG. However, oxygen annealing and ion implantation can
lead to defect formation in graphene and rapid cooling is not suitable for fabrication of electronic
devices on large scales. The best solution still seems to be hydrogen intercalation since it is process
readily available in semiconductor industry. Hydrogen can be also used to prepare atomically flat
SiC surface by hydrogen etching? or pit-free surfaces by selective silicon etching at reduced growth
temperatures.26

The main objective of this work is to study Si-H bond formation and its temporal stability. This
will provide a route towards reliable, back-gated epitaxial graphene of high carrier mobility. Although
temperature of Si-H bond formation is well known (710°C), it is not clear how this temperature
changes in the case of SiC/buffer interface and how well-ordered the Si-H bonds are. In the case of
SiC/buffer and SiC/SLG interface, hydrogen has to either tunnel through the single layer graphene and
buffer layer, or, it gets in the SiC/buffer interface via defects in graphene and/or buffer. Therefore we
assume that the temperature of fully decoupled buffer from SiC is rised at fixed hydrogen intercalation
times. The temporal stability of intercalated hydrogen is also investigated here and we discuss potential
issues caused by residual atomic hydrogen in the SiC/graphene interface.

Il. EXPERIMENTAL RESULTS

The 4H-SiC wafers were bought from II-VI Inc. We use on-axis (+£0.6°) semi-insulating SiC,
500 pm thick wafers with resistivity p > 10° Qcm. The conducting nitrogen doped SiC wafers have
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FIG. 1. The ATR spectra of H; intercalated (a) buffer layer and (b) single layer graphene on SiC(0001). The growth regimes
for Hj treated (c) buffer layer and (d) single layer graphene. The ATR spectra in (a) and hydrogen intercalation recipes in (b)
of buffer layer samples annealed at 810, 950, 1050, 1090, 1190, 1260 and 1510°C are depicted by black, red, green, blue,
magenta, cyan and orange curves, respectively. The ATR spectra in (b) and hydrogen intercalation recipes in (d) of single layer
graphene samples annealed at 790, 890, 990, 1140 and 1250°C are depicted by black, red, green, blue and magenta curves,
respectively.
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resistivity p = 15 — 28 x 1073 Qcm, thickness 350 um and they are cut 4° off the c-axis (0001).
We grow epitaxial graphene on epi-ready (chemically mechanically polished) Si-face. The wafers
are diced on 3.5x3.5 mm? samples. The single layer epitaxial graphene is grown in inductively
heated furnace®’ at 1600-1670°C for 5 minutes in argon atmosphere and argon flow 30 standard liters
per hour (SLPH) at 1000 mbar. The buffer layer is grown in the same furnace at 1530-1570°C for
5 minutes at flow of 30 SLPH of purified argon at 1000 mbar. We use the same graphite crucible
for the growth of buffer and SLG. More details about the growth conditions can be found in our
previous work.?® Annealing in hydrogen is performed in the range of temperatures from 790° to
1650°C. The hydrogen pressure and flow rate are kept at 1000 mbar and 10 SLPH, respectively. The
graphite crucible for hydrogen intercalation is 40 mm long isostatically pressed graphite cylinder
with 10 mm diameter. The hole (diameter 5 mm) is drilled from one side so as hydrogen can flow
to the sample without any obstacles. Two holes with diameter 2 mm are drilled from the opposite
side of the graphite crucible to ensure proper gas flow above the samples. The epitaxial graphene
samples are characterized by micro-Raman confocal microscope WITec alpha300 RSA (WITec,
Germany) with 532 nm laser excitation (power < 20 mW) in the backscattering geometry with
the objective (Zeiss, Germany) of numerical aperture NA=0.9 and 100X magnification. As Si-H
bond is formed only at the SiC/graphene interface, the measurements in transmission geometry
are precluded by high background signal from bulk SiC. Therefore it is essential to measure by
means of Attenuated Total Reflection (ATR),”® employing evanescent wave of totally reflected light
which probes only the SiC surface layer. The probed surface layer thickness is few micrometers, still
four orders of magnitude more than the thickness of Si-H layer. The ATR spectra are measured by
evacuated Fourier Transform Infrared (FTIR) spectrometer Bruker Vertex80v. The ATR module from
Pike Technologies is equipped with a single-reflection germanium crystal. The angle of incidence
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FIG. 2. Raman spectra of hydrogen intercalated (a) buffer layer and (b) single layer epitaxial graphene. The reference spectra
of as-grown buffer and as-grown single layer graphene before intercalation are shown by black curves. The Raman spectra
as a function of temperature of hydrogen intercalation are depicted and labeled by corresponding maximal intercalation
temperature. The spectra are shifted vertically for clarity. Each spectrum is plotted together with a Raman spectrum of bare
SiC (grey curves).
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is 45°. The sample is placed on top of the crystal and pressed by calibrated pressure clamp. We
use a room temperature Deuterated Lanthanum a-Alanine doped TriGlycine Sulphate (DLaTGS)
detector.

We compare ATR spectra of H, annealed buffer layer, Fig. 1(a) and SLG, Fig. 1(b). The
annealing temperature during H, intercalation is depicted in Figs. 1(c) and 1(d) for hydrogen inter-
calation of buffer and SLG, respectively. A well pronounced Si-H absorption band is developed at
2126-2128 cm™!. The maximal absorptionis 4.5 %1073 in QFSMLG and it is 10x stronger (4.5%1072)
in QFSBLAG, see Figs. 1(a) and 1(b). We observe narrowing of the absorption band with increas-
ing temperature of intercalation. The absorption band also exhibits maximum at ~ 1090°C and at
~ 1140°C in QFSMLG and QFSBLG, respectively. We have performed Raman spectroscopy to reveal
mechanism responsible for observed trends in Si-H absorption band.

The Raman spectra of QFSMLG formed at intercalation temperatures from 810°C to 1510°C
are shown in Fig. 2(a). The spectra are compared with the buffer layer Raman spectrum prior to
intercalation (black curve in Fig. 1(a)). Hydrogen intercalation of buffer layer results in appearance
of G, 2D and D peak, see also detail of 2D peak spectral range prior to intercalation in Fig. 3(c). The 2D
peak of intercalated buffer at 1090°C has a Lorentzian line shape with Full Width at Half Maximum
(FWHM) 23 cm™! and 2D peak position wap grsurc = 2691.8 cm™!, see Fig. 3(d). The residua
between experimental data and fitted Lorenzian curve show y? = 2.9 which belongs to y? statistics
with one degree of freedom, as expected for a good fit. We have also calculated second derivative
d*1/dw? of Raman scattering intensity / with respect to Stokes shift w, see inset of Fig. 3(d). The
observed single minimum in d*//dw? is a signature of single component 2D peak. The appearance
of D, G and 2D, single component Lorenzian line shape of 2D peak and FWHM = 23 cm™! of 2D
peak provide evidence of QFSMLG formation. The low temperature intercalation at 8§10°C leads to
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FIG. 3. A 2D peak line shape of (a) SLG, (b) QFSBLG intercalated at 1250°C, (c) buffer layer and (d) QFSMLG intercalted
at 1190°C. The black dots are experimental data and red curves are fits by a single Lorentzian peak in the case of (a) SLG
and (d) QFSMLG. The 2D peak of (b) QFSBLG was fitted by a sum of four Gaussian peaks. The insets are second derivatives
of Raman scattering intensity / with respect to Stokes shift w. The positions of spectral components of 2D peak determined
from minima of LIZ are marked by arrows in the insets (a, b, d). The four components of 2D peak in QFSBLG are depicted
by blue Gaussian B)eaks in (b).
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homogeneous, however incomplete intercalation, Fig. 2(a), red spectrum (8§10°C). Raman spectrum
consists of a mixture of buffer layer and poor quality intercalated graphene. The strong D peak is
a fingerprint of small graphene grain size L. The ratio of D peak integrated intensity /p to G peak
integrated intensity / is related to the graphene grain size by L(nm) = 19 nm><§—G30‘32 when Raman
scattering is excited by light at the wavelength 532 nm. We estimate the grain size of about L ~ 20
nm for the buffer layer intercalated at 810°C. We also plot each spectrum together with a reference
spectrum of bare SiC to better distinguish strength of D peak at higher intercalation temperatures,
where the D peak intensity is too low to be distinguished easily from the Raman spectrum of SiC
substrate. When Raman spectra of QFSMLG and bare SiC are compared then the D peak can be
observed at all intercalation temperatures. There are locally grains with no observable D peak in the
samples intercalated at temperatures between 1000-1200°C. The QFSMLG grain size is shown as a
function of temperature in Fig. 4(a) by blue squares. The maximal grain size is reached at ~ 1000
—1100°C. The G peak intensity is reduced at high temperatures above 1200°C due to the hydrogen
etching of graphene. The graphene layer is entirely etched away at temperatures as high as 1510°C.
We also note that there is no signature of buffer layer in QFSMLG Raman spectra for T > 1000°C,
which is commonly observed in SLG. Next, the hydrogen intercalation of SLG is discussed. The
Raman spectrum of SLG prior to intercalation, Fig. 2(b) black spectrum, shows ratio of 2D peak
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045015-6 Kunc, Rejhon, and Hlidek AIP Advances 8, 045015 (2018)

integrated intensity I, p to G peak integrated intensity I, Iop/Ig=2.7 (after subtraction of buffer layer
signal). The FWHM of 2D peak is 34.8 cm™!. The 2D peak is a single component Lorentzian peak
as we show in Fig. 3(a) by a single Lorentzian fit (red curve, y?=1.1). The single component 2D
peak is also revealed as a single minimum of d’//dw?, see inset in Fig. 3(a). These are fingerprint
characteristics of SLG. The hydrogen intercalation of SLG at 1250°C turns a single component
Lorentzian 2D peak (wap sic = 2731.8 cm™!) into a four component 2D peak, as shown by a four
component Gaussian fit in Fig. 3(b) (y? = 1.17) and by four minima in d*I/dw?, see inset in Fig. 3(b).
The FWHM of 2D peak is 55.7 cm™!. The spectral positions of these four components are 2673.3,
2707.3,2732.5 and 2770.1 cm™! and their FWHMs are 41.3, 31.7, 36.0 and 44.2 cm™, respectively.
The four component 2D peak and its broadening evolved from a SLG provide experimental evidence of
QFSBLG. The Raman spectra of QFSBLG formed at temperatures from 790°C to 1420°C are shown
in Fig. 2(b). The formation of strong D peak at low temperatures below 990°C is again, similarly to
QFSMLG, a signature of incomplete intercalation. The QFSBLG with low D peak intensity is formed
at temperatures 7' > 990°C. The largest grain size of QFSBLG is reached in the range of intercalation
temperatures 1000-1250°C, shown in Fig. 4(a) by red circles.

The FWHM of 2D peak is another parameter related to the graphene quality.’® The temperature
dependence of the FWHM is shown in Fig. 4(b) for QFSMLG (QFSBLG) by blue squares (red circles).
The minimal FWHM of (25+3) cm™ is reached at 1050-1090°C in QFSMLG. The low mean FWHM
of 25 cm™! together with a low standard deviation o rwrpm 2p =3 cmlisa fingerprint of high carrier
mobility.>* The FWHM of 2D peak in QFSBLG has a monotonously increasing character from
44 cm™! at T = 790°C to 57 cm™! at 1330°C. This gradually increasing FWHM can be explained by
gradually increasing degree of transition from SLG (FWHM 34 cm™!) to well developed QFSBLG
(FWHM 57 cm™).

In the following paragraph we correlate observed evolution of Raman spectra with integrated
intensity and FWHM of Si-H absorption band measured by ATR mid-infrared spectroscopy. The
H; intercalation at temperatures as low as 790-810°C leads to relatively weak (Figs. 5(b) and 5(d))
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curve) immediately after Hy intercalation and (red curve) one week after the annealing.

and broad (Figs. 5(a) and 5(c)) Si-H absorption band. As the temperature is rised the FWHM of the
Si-H band narrows and the FWHM saturates at 6w = (3.0 + 0.2) cm™! for QFSMLG and at dw =
(1.8 + 0.2) cm™! for QFSBLG. We note that the ATR spectra are measured with FTIR spectrometer
at the spectral resolution 0.5 cm™!, hence the saturation value dw is not caused by the minimal
spectral resolution of the FTIR spectrometer. The integrated intensity of the Si-H absorption band
exhibits sharp maximum at 1090°C in QFSMLG and relatively broader maximum at 1000-1250°C
in QFSBLG. These trends in integrated intensity of Si-H absorption band correlate with trends
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FIG. 7. ATR spectra of SiC (black and blue curves) before H, annealing and (red and green curves) after H, annealing. The
black and red (blue and green) curves correspond to semi-insulating (conducting) SiC.
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observed in graphene grain size determined from Raman scattering. The observed narrowing of Si-H
absorption band, Fig. 5(a) corresponds to the narrowing of 2D peak in QFSMLG. The narrowing of
Si-H absorption band in QFSBLG 5 (c) correlates with saturating FWHM of 2D peak at ~ 58 cm™!.

We study also temporal stability of H, intercalation of SLG. The Si-H bond is well pronounced
in the QFSBLG sample measured immediately after H, intercalation, as shown by black curve in
the inset of Fig. 6. When sample is left in ambient air for one week, the intensity of Si-H absorption
band decreases by 50% and its FWHM increases by 4%, as shown by red curve in the inset of
Fig. 6. This is evidence of gradually reduced amount of Si-H bonds. The second effect of aging is a
newly developed band at 900-940 cm™!. This band can be also formed without aging, as we show
in Fig. 7. The band at 900-940 cm™! is formed in bare SiC when we etch the sample at 1650°C for
30 minutes. We observe similar behavior for both semi-insulating and conducting bare SiC samples, as
we show in Fig. 7. We note that this band is not observed when annealing temperature of SiC is below
1200 °C.

lll. DISCUSSION

We have shown presence of Si-H chemical bonds in hydrogen intercalated buffer layer and
SLG. The H; intercalation leads to quasi-free standing monolayer and bilayer graphene as has been
discussed in literature and confirmed by our Raman spectroscopy. The bond order can be deduced
from the FWHM of 2128 cm™! Si-H absorption band. The observed broadening of this band can be
interpreted as lower degree of bond order with respect to the direction perpendicular to the sample
surface. The lowest temperature of Si-H bond formation at T,,;, = 700°C corresponds to the onset of
Si-H absorption band is SLG samples at Tin, sz = 790°C. This low temperature Si-H bond formation
is however not complete as shown by FWHM as large as 7 cm™! and strong D peak in Raman spectra.
The well ordered Si-H bonds develop at temperatures 300°C higher (above 1000°C). We interpret
this temperature rise as a consequence of additional barrier which hydrogen has to overcome to get
in SiC/buffer layer interface. The two possible routes are defects in graphene and buffer, or, since
hydrogen is small molecule, it can penetrate through the graphene layer.

We note that our results are not in contradiction with procedures of hydrogen desorption described
in literature.'®!” Hydrogen desorption from QFSMLG and QFSBLG has been reported to occur at
about 700°C in vacuum.'® We confirm by our experiments that hydrogenated samples heated to
~ 900°C in high vacuum ( 107> mbar) for 30 minutes can be recovered nearly to the state before
intercalation. However, in contrast do hydrogen desorption, we anneal buffer layer and SLG at
1000 mbar of hydrogen. Our reason for hydrogen intercalation at temperatures well above 700°C is
to facilitate transport of hydrogen below buffer layer. The kinetic energy of hydrogen molecules is
higher at elevated temperatures. The higher kinetic energy allows faster transport of hydrogen over
energetic barriers from the gas phase above sample to the interface between buffer layer and SiC
substrate. However, as the Si-H bond does not form at temperatures above 700°C we slowly cool
down to = 600°C (10°C/min in our recipes) to allow formation of Si-H bonds when crossing the
critical temperature.

Beside the successful H incorporation in the SiC/buffer and SiC/SLG interface, it is also impor-
tant that the formed intercalated SLG is stable for reliable device operation. Beside our observation
that amount of Si-H bonds is reduced by 50% in one week, we have also observed formation of new
absorption band at 890-940 cm™!. As we are able also to form this band by annealing SiC(0001) at
high temperature (1650°C) for 30 minutes, we argue that it should be related to SiH, groups formed
on the SiC surface. As the FWHM of this absorption band reaches 50 cm™', it is probably composed
of many different types of bonds and configurations. We suggest that energetically these chemical
groups could be a silylene radical SiH, (900-930 cm™!),3* deformation mode of a silyl group SiH3
(920, 843.5, 939.6, 941 cm™!),% Si-H bending (937 cm™!)?¢ or Si-H, scissor mode (910 cm™!).%’

The time evolution of infrared absorption suggests that hydrogen tends to further react with
silicon in the buffer/SLG interface layer. This is probably atomic hydrogen left below the buffer layer
from the hydrogen intercalation. The observed absorption at 890-940 cm™! can be understood as a
step towards gaseous silane, as has been shown experimentally by mass spectrometry where atomic
hydrogen reacts with SiC even at room temperature.>® We note that although we intercalate SLG and
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buffer layer by molecular hydrogen, the hydrogen molecule is dissociated prior to bonding to silicon
in the process of buffer decoupling. Inevitably, the second hydrogen atom is left in the vicinity of
the Si-H bond formed by the first hydrogen atom. The high reactivity of atomic hydrogen causes
formation of silyl and silylene functional groups. Beside observed changes in infrared absorption we
can support our conclusion on aging of intercalated graphene by two-point resistance measurements.
We have measured resistances in the range 1-70 kQ for fresh QFSMLG samples and the resistance is
increased up to 0.2-2 MQ range within one to two weeks of air exposure. Although our experiments
are not in agreement with literature'®!® we believe that the contradiction is due to different exper-
imental techniques used to probe stability of hydrogen intercalation. For example, the Low energy
electron diffraction (LEED) was used in Ref. 19 to show unchanged LEED pattern after exposure
to air for five days. We note, however, that no detailed analysis of diffraction spots” FWHM was
performed. Contrary to LEED, the X-ray photo-electron spectroscopy (XPS) does show some degree
of degradation, see Fig. S2 in supplementary information of Ref. 19. Therefore we conclude that the
temporal stability of hydrogenated graphene is an issue which needs to be addressed.

IV. CONCLUSIONS

We have presented spectroscopic study of Si-H bond formation in hydrogen intercalated buffer
layer and SLG on SiC. The Si-H bonds are well ordered at temperatures exceeding 1000°C, which
is well above Si-H bond formation. Such elevated temperatures are needed to overcome additional
barrier for hydrogen to get in the SiC/graphene interface through graphene lattice defects or to tunnel
through the graphene and/or buffer layer lattice. The formation of QFSMLG and QFSBLG has been
confirmed by Raman spectroscopy. We have also shown that the stability of hydrogen intercalated
SLG is largely reduced due to the presence of highly reactive atomic hydrogen, which is left behind
Si-H bond formation during decoupling of the buffer layer from SiC substrate. This reaction of atomic
hydrogen tends to form silyl and silylene functional groups on the SiC/SLG surface, as shown by
infrared absorption spectroscopy.
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