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Temperature-induced strain and doping in monolayer and bilayer isotopically labeled graphene
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The electronic band structure of graphene is strongly dependent on the amount of strain and/or doping present.
We performed a comprehensive study of temperature-dependent strain and doping in isotopically labeled graphene
mono- and bilayers on a SiO,/Si substrate by Raman spectral mapping at well-defined temperatures between 300
and 10 K. The principal Raman active modes of the graphene (G, 2D) were subjected to correlation analysis, which
enabled reliable separation of the strain and doping contributions. The influence of strain on the monolayer and
top and bottom layers of the bilayer graphene is large and shows a pronounced temperature-dependent variation.
A clear difference is observed in local strain fluctuations on length scales much smaller than the laser spot. In
both the monolayer and the bottom layer of the bilayer, which are in contact with the substrate, a significant
amount of local strain is induced when the temperature is varied. In contrast, the influence of local strain on the
top layer of the bilayer is much smaller. Temperature dependence of the doping is clearly present in both layers,

suggesting equalization of the captured charge in the bilayer down to low temperatures.
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I. INTRODUCTION

Graphene, a monolayer graphite sheet consisting of sp?-
hybridized covalently bonded carbon atoms, has shown many
useful electronic [1,2], optical [3,4], plasmonic [5], mechani-
cal [6], and thermal [7] properties, which has led to numerous
proposals of unique graphene-based applications [8]. Many of
them rely on control of the electronic band structure, which can
be efficiently modulated via either doping or strain [1,9—13].

When graphene mono- and bilayers are placed on a
substrate, the interaction between them plays an important
role in the doping and strain of the graphene layer and
thus also in the changes of the electronic band structure. It
is well known that the interaction between graphene and a
Si0,/Si substrate induces unintentional and inhomogeneous
doping due to charged impurities [14,15], which can be clearly
identified by a shift of the Dirac point [1,9].

Furthermore, the graphene layer adapts to the structure
of the underlying substrate, which results in microscopic
corrugations [16—-19]. These corrugations induce a certain
amount of compressive and/or tensile stress locally, which
can lead to strain-induced pseudomagnetic fields causing
discretization of the graphene band structure without an
external magnetic field [10,20]. In bilayer graphene, the
topology of the low-energy band structure critically depends
on mechanical deformations of the two-dimensional crystal,
as the strain determines the number of Dirac cones in the
low-energy part of the spectrum [12,13].

During the chemical-vapor-deposition growth of graphene
on metals such as Cu [21] or Pt (111) and Ir (111) [22], the
annealing steps after the transfer of graphene to a SiO,/Si
substrate, and, finally, the low-temperature measurement, the
mismatch between the thermal expansion coefficient (TEC)
of graphene and the TEC of the substrate will induce extra
thermal contraction/expansion of the graphene when the
sample is heated [23] or cooled [24]. It is expected that these
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large temperature variations (measurements at millikelvins,
annealing at 800 K, and growth at 1273 K) and repeated
temperature cyclings will drastically modify the strain and
doping present.

Obviously, the temperature-induced interaction of the
graphene with the substrate and/or mutual interaction of the
layers lead to changes in the band structure and hence play
an important role in the correct interpretation of the trans-
port properties. Whereas induced doping can be effectively
compensated via gating of the structure, it is very difficult to
compensate the strain induced on graphene. For the correct
interpretation of low-temperature transport measurements, it
is then of utmost importance to know how the strain of the
graphene layer changes when the sample is cooled.

Raman spectroscopy is a useful tool for the study of
graphene, as the two most important processes that contribute
to a change in the Raman shift of the G and 2D modes
of graphene are the strain and the doping [25-28]. Das
et al. [25,26] showed that electron and hole doping leads to a
change in the Raman shift of the G and 2D modes. However,
also a small amount of compressive or tensile strain [27,28]
leads to a moderate change in the Raman shift in the G and 2D
modes.

Lee et al. [29] recently showed that the contributions of
mechanical strain and charge doping to the Raman spectra
of graphene can be distinguished from each other using a
correlation analysis of the two dominant modes in the graphene
Raman spectra, the G and 2D modes. Using this approach,
they concluded that a substantial change in the strain and
doping level occurs when a graphene sample is annealed at
temperatures varying between 373 and 773 K.

Recently, different groups have also studied the low-
temperature dependence of the Raman shift of the G and
2D phonon modes of graphene and graphite [24,30-33]. The
behavior of the Raman shift of the G and 2D modes can be
attributed to two major effects: the temperature dependence
of the phonon anharmonicity and the different and opposite
TECs of the graphene and the substrate, which induce
strain.
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The anharmonic phonon effect is a combined effect of
electron-phonon and phonon-phonon interactions and plays
a key role in material properties such as specific heat, thermal
expansion, and carrier transport properties. The influence of
the phonon anharmonicity of graphene on the line widths and
wave numbers of the phonon modes has been calculated by
Bonini et al. [32].

To date, the low-temperature dependence of Raman spectra
has been studied by following a single spot on a graphene flake.
Unfortunately, with this type of measurements, it is impossible
to keep the laser spot at exactly the same place when varying
the temperature. A slightly different position of the laser spot
can result in a different Raman spectrum of graphene. This
can be caused by a different contact of the graphene with the
substrate, local strain and doping variations, or the presence of
the edge of a graphene flake or domain of the graphene grown
by chemical vapor deposition. Therefore, it is more reliable to
analyze Raman maps of the area of interest, which will provide
sufficient statistics to draw conclusions.

Furthermore, the development of isotope labeling of
graphene bilayers [34,35] makes it possible to follow the
Raman spectra of the bottom and top layers independently.
This enables us to distinguish between the interaction of
the graphene bottom layer with the substrate and the inter-
action of the graphene top layer with the graphene bottom
layer.

In this paper, we present measurements of low-temperature-
dependent Raman spectral mapping of isotopically labeled
graphene mono- and bilayers. By following the same area of
the graphene sheet, we are able to follow how the properties
of the graphene change as a function of the temperature. The
large number of spectra collected in a Raman map allows us
to use the correlation analysis proposed by Lee et al. [29] to
distinguish the influence of both the strain and the doping on
the Raman shift of the principal modes of graphene.

In the first part of this paper, we introduce the sample
preparation, the experimental setup for low-temperature Ra-
man spectral mapping, and the method for analysis of the
Raman maps. In the second part of the paper, the behaviors
of the monolayer and bilayer graphene areas are discussed
separately. For both mono- and bilayer graphene, first the
temperature dependence of the Raman spectral parameters is
shown, and then the temperature-induced strain and doping
are discussed.

We find that the influence of strain on monolayer graphene
and the bottom and top layers of bilayer graphene is large
and shows a significant temperature dependence. Furthermore,
when the sample is cooled, strain on length scales much smaller
than the laser spot is induced in the graphene layer, which is
in contact with the substrate.

The influence of temperature-induced doping is clearly
present in both the graphene monolayer and the bottom and
top layers of the graphene bilayer.

II. EXPERIMENTAL METHODS

Graphene samples were synthesized by chemical vapor
deposition, as reported previously [23]. A copper foil was
heated to 1273 K and annealed for 20 min under a flow
of 50 standard cubic centimeters per minute (sccm) Hj.
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Subsequently, it was exposed to 3 sccm '>CHy for 3 min,
whereafter the '>?CH, was turned off and then the copper foil
was exposed to a flow of 3 sccm *CHy for 20 min. Finally, the
sample was cooled to room temperature. Consequently, small
islands of '2C graphene with small ad-layers were first grown
at the nucleation points. When switching the gas supply from
12CH, to '3CHy,, the graphene continues to grow, but now
containing 3C. Also, the ad-layers continued to grow, but
at a lower rate, forming a bilayer of '2C/!'*C graphene. The
as-grown graphene was subsequently transferred to a clean
Si0,/Si substrate using poly(methyl methacrylate) (PMMA),
according to procedures reported previously [36]. Residual
PMMA was removed by thermal annealing at 798 K for 2 h in
an Ar/H, atmosphere.

The sample was mounted on a low-temperature confocal
Raman microscope insert (attoRAMAN, attocube), which was
placed in a Physical Property Measurement System (PPMS;
Quantum Design). This configuration guarantees very stable
experimental conditions. The sample space was flushed several
times with He gas to ensure stable doping, whereafter the
sample space was evacuated to 5 mbar. Raman spectra were
acquired using a WITec Alpha300 spectrometer with 2.33-eV
(532-nm) laser excitation, a grating of 1200 lines/mm, a 100 x
objective (numerical aperture, 0.82), a laser spot diameter
on the sample of slightly better than 500 nm [37] and a
lateral resolution of 500 nm. The sample was subsequently
cooled from 300 to 10 K, where the sample temperature was
monitored with a thermometer placed just below the sample.
A Raman map of approximately the same sample area of
25 x 25 pm? was acquired every 50 K, with lateral steps of
500 nm in both directions. Spectra were collected using a laser
power of approximately 1 mW and an accumulation time of
26 s. After the low-temperature experiment, the sample was
fluorinated [38,39] to address the stacking orientation of the
12C and '3C graphene layers.

To analyze all of the spectra, we fit each of them as
shown in Fig. 1(a). First, a linear background was subtracted
from an interval around the Raman peaks. Thereafter the peaks
were fitted with a pseudo-Voigt peak function. A pseudo-Voigt
peak function is a linear combination of a Gaussian and a
Lorentzian function, where the Gaussian function describes
the broadening of a Lorentzian peak. The Raman intensity is
then given by

Raman intensity(/,w,wq, [, o)
In2 —In2(w — wp)?
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where I' is the full width at half-maximum (FWHM), I the
peak intensity, o the Raman shift, wg the position of the Raman
peak, and « the fraction of the peak that is Lorentzian.
Because of the huge temperature variations the sample has
experienced during the sample growth [21,22], annealing, and
final low-temperature measurements, wrinkles are present.
At the wrinkle, the graphene is locally “lifted” from the
substrate or the bottom graphene layer, and hence it feels a
locally different strain and doping level. As a result, a bimodal
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FIG. 1. (Color online) (a) Typical Raman spectra of a '3C single-layer graphene ('3C-1LG) and a '>C-'3C turbostratic stacked bilayer
graphene (2C-3C-T-2LG) are shown at 300 K. The (red) x’s represent the experimental data and solid black lines are the convoluted
pseudo-Voigt line shapes used to fit the data. Blue lines correspond to the individual G;, G,, and D’ peaks of the G mode and 2D, and
2D, components of the 2D, mode, respectively. Spectra are offset for clarity. (b) Typical Raman spectra at 300 K of a '*C bilayer graphene
(3C-2LG) and a '2C-13C Bernal-stacked bilayer graphene (AB-2LG), which are also present in the sample. (c) Scheme of the layer orientation
as a cross section through a grain. The hatched region within the '>C-'3C island indicates the region where the '2C-'3C-T-2LG can be found.

distribution of doping and strain is observed; the graphene is
either in contact with the substrate or lifted from the substrate
in the wrinkled region [40,41].

We fit, therefore, the '>C-D peak with a single pseudo-Voigt
line shape, the '2C-G peak with three pseudo-Voigt line shapes
(12C-Gy, '2C-G,, and a '2C-D’), and the '2C-2D peak with two
pseudo-Voigt line shapes ('>C-2D; and '>C-2D»). The '2C-G,
and '2C-2D; peaks account for the behavior of the graphene
layer that is in contact with the substrate/bottom layer and
the 'C-G, and '?>C-2D, peaks account for the graphene layer
that is lifted from the substrate/bottom layer in the laser spot

area [40,41]. Simultaneously, the same procedure is used to fit
the 13C-isotope peaks. In the remainder of this paper, the G;
and the 2D, peaks are used to study the global behavior of the
graphene layer.

To compare the Raman spectra at different temperatures,
the same area of the Raman map was extracted at each
temperature. In Fig. 2, the maps of the intensity of the '>C
and '3C G; mode are shown for each temperature.

Isotope labeling is used to follow the behavior of the bottom
and top layers of the graphene bilayers independently. The
higher mass of the '3C isotope with respect to the '>C isotope
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FIG. 2. (Color online) Raman maps of the fitted peak intensity in arbitrary units for the G; mode for the '*C (upper row) and '>C (lower
row) isotopes, measured at 300 K (a, f), 200 K (b, g), 100 K (c, h), 50 K (d, i), and 10 K (e, j). The dimensions of the Raman maps at different
temperatures are slightly different, but the scale bar in each panel is 5 pm.
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results in a downshift of the Raman shift equal to

w2 — w13 1 — 12 + C(1)3 2)
w12 12+C}§’

where w;, and w3 are the Raman shifts of the 2C- and 3C-
enriched samples, respectively. c(l)3 is the natural abundance of
13C in the graphene grown with the '>CH, precursor, which
is equal to 0.0107. c{% is the purity of the '3C in the enriched
sample, usually determined by the isotope purity of the '3CH,
precursor (here ¢]3 = 0.99).

III. RESULTS

Figures 2(a) and 2(f) show Raman maps at 300 K of
the fitted peak intensity of the G; mode for the '3C and
12C isotopes. It is clearly visible that growth starts with the
formation of small '>C graphene islands. When the precursor
gas is switched to '3CHy, the growth continues. As recently
shown by different groups [38,39,42], the second '3C graphene
layer grows below the first '>C graphene layer. Using the
fluorination method [38,39], we confirmed that this is also
the case for the sample shown in Fig. 2.

For the studied samples, a full coverage has not been
obtained, which helps to identify a particular spot. In these
maps, 3C (1*C-1LG) monolayer graphene areas (more than
200 spectra present at most temperatures) and different types
of bilayer graphene—turbostratic stacked bilayer (T-2LG)
12C-13C graphene (more than 100 spectra at each temperature),
Bernal-stacked bilayer '>C-'3C graphene (AB-2LG), and '3C
(13C-2LG) turbostratic stacked bilayer graphene—can be
found. Typical Raman spectra are presented in Figs. 1(a)
and 1(b), and in Fig. 1(c) the scheme shows the location of the
12C-13C bilayer in the grain. As shown in Fig. 2, there are many
more spectra that contain a clear signal of the 'C isotope. As
shown in Figs. 1(a) and 2, there is sometimes also a (very)
weak signal of the '2C isotope present, which originates from
small '2C graphene islands that are much smaller than the laser
spot.

It is hardly possible to distinguish the behavior of the top
and bottom layers of the '*C-2LG, therefore we focus on the
12C.3C-T-2LG. Here, the temperature dependence of the top
and bottom layers of the bilayer graphene can be addressed
separately. (We do not include AB-2LG in our analysis, as we
have only one spectrum present at each temperature.)

To simplify the discussion of the results, all Raman shifts
of the 13C isotope are recalculated using Eq. (2). Furthermore,
a statistical analysis of the Raman shifts and FWHM as a
function of the temperature has been made. Each data point in
Figs. 3-6 is the second quartile (median) of the data set and
the “error” bars represent the first and third quartiles.

We prefer to use quartiles, instead of the commonly used
mean value with its standard deviation, because the distribution
of the fitted data is often skewed and not normally distributed,
as clearly shown in recent work by Frank er al. [43] and
Ek Weis et al. [39] (see Supplemental Material [37] for a
comparison between the two methods for '*C-1LG at 300 K).
Furthermore, quartile statistics takes outliers better into ac-
count, which are often encountered in large Raman maps.
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FIG. 3. (Color online) Temperature dependence of the median
Raman shift, and median FWHM of the D mode (a, b), the G; mode
(c, d), and the 2D, mode (e, f) for '*C-1LG. “Error” bars represent the
first and third quartiles of each data set. Raman shifts from '*C-1LG
are recalculated via Eq. (2) to be comparable with '>C graphene.

A. Monolayer

In this section, the temperature dependence of 3C-1LG is
discussed. Figure 1(a) shows a Raman spectrum of a typical
13C-1LG, where the peak intensity of the 2D band of the
graphene monolayer is higher than the peak intensity of the G
band.

The temperature dependence of the median Raman shifts
and median FWHM of the D, Gy, and 2D, peaks obtained for
the '3C-1LG are shown in Fig. 3. Figure 3(a) shows that the
median Raman shift of the D mode is 1349 cm™! [recalculated
via Eq. (2)] at 300 K. When the temperature is decreased from
300 to 100 K, the median Raman shift of the D mode increases
continuously; when the temperature is decreased from 100 to
10 K, the median Raman shift decreases. As shown in Fig. 3(b),
the median FWHM of the D mode is 29 cm™! at 300 K. The
median FWHM increases when the sample is cooled to 200 K
and it stays constant when the sample is cooled further to
10 K.

The median Raman shifts of the G; and 2D; peaks,
as shown in Figs. 3(c) and 3(e), are 1595 and 2690 cm™!
[recalculated via Eq. (2)] at 300 K, respectively. When the
temperature is decreased from 300 to 100 K, the medians of
the Raman shifts of both the G; and the 2D; peaks increase.
When the temperature is decreased from 100 to 10 K, the
median Raman shift decreases by 2 and 3 cm~! for the G, and
2D; modes, respectively.
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FIG. 4. (Color online) (a) Temperature dependence of the correlation between the median Raman shift of the G, Pos(G;) and 2D, Pos(2D;)
modes of the spectra of the monolayer (color-coded filled squares). The color code used for the different temperatures is shown above (a). The
solid black line indicates pure strain (¢) variation, with a slope of 2.45, and the solid gray line indicates pure doping (n) variation, with a slope
of 0.7. The temperature dependence of the strain (b) and doping (c) of 1LG derived from (a). Inset in (b): The linear thermal expansivity o of
Si, measured by Lyon et al. [44], is shown as a reference. Each data point represents the second quartile (median) and “error” bars represent
the first and third quartiles of each data set. Raman shifts from *C-1LG are recalculated via Eq. (2) to be comparable with '>C graphene.

The median FWHM of the G; and 2D; modes of 3C-1LG
are shown in Figs. 3(d) and 3(f). The median FWHM values
of the G, and 2D; modes are 23 and 46 cm™' at 300 K,
respectively. The median FWHM of both modes increases
when the sample is cooled from 300 to 100 K. The median
FWHM of the G; mode stays constant when the sample is
cooled further to 10 K and the median FWHM of the 2D,
mode increases when the sample is cooled from 50 to 10 K.

B. Temperature dependence of strain and doping in
a monolayer

To investigate the temperature dependence of the strain
and doping, we use the correlation analysis proposed by Lee
et al. [29]. In Fig. 4(a) the correlation between the median
Raman shift of the 2D; mode, Pos(2D;), and the median
Raman shift of the G; mode, Pos(G;), is shown for all
temperatures.

Previous Raman spectroscopy studies on graphene have
shown that when biaxial strain is applied to undoped graphene,
the Raman shift of the G; and 2D; modes increases or
decreases along one line (the “strain line”) in the Pos(Gy) —
Pos(2D) phase space, which is indicated by the solid black
line in Fig. 4(a) and has a slope APos(2D,)/APos(G;) of
2.45 [28]. When the strain is kept constant, but the doping
level is varied, the same behavior can be observed, except that
the slope of the “doping line” is different. The doping line is
indicated in Fig. 4(a) by the solid gray line and has a slope
APos(2D;)/APos(Gy) of 0.7 [25]. When the contribution of
the strain and doping on the Raman shift is known, the strain
and doping of each point in the Pos(G;)-Pos(2D;) space can
be deduced.

Each point in the Pos(G;)-Pos(2D;) space can thus be
described as a linear combination of the unit vectors of
strain e. and doping e¢,. The origin of this coordinate system
corresponds to the Raman shifts of a freestanding graphene
sheet, which is almost strain- and doping-free. A freestanding
graphene sheet has a Raman shift of 1582 cm™! for the G mode
and 2677 cm ™! for the 2D mode at a laser excitation of 2.41 eV

[29]. Because of the dispersive behavior of the 2D mode, the
Raman spectrum of the 2D mode changes as a function of the
incident laser energy E;, by approximately 88 cm™!/eV for a
graphene monolayer [45,46], whereas dPos(G)/dE; is small
[43]. The origin for excitation with 2.33 eV corresponds to
approximately (1582 cm™', 2670 cm™").

For low charge-carrier concentrations, the shift in Pos(2D)
is negligible compared with the change in Pos(G) as a function
of the doping level. The doping level can then be determined
from the positive shift APos(G) of the Pos(G) from the strain
line [see Fig. 4(a)]. APos(G) can be related to the charge
concentration n by approximating the data of Das et al. [25]
by a quadratic polynomial, APos(G) = —0.274n> + 14.25n,
where 7 is the charge concentration (in 10'®/cm?). The strain
can be estimated from the shift of Pos(2D) from the doping
line. Zabel et al. [28] showed that the biaxial strain sensitivity
of the G mode is equal to =57 cm™!/1%.

‘When the temperature of graphene is varied, the influence of
the phonon anharmonicities changes. This results in a change
in the Raman shift of the G and 2D modes, as shown by Bonini
etal. [32]. As all the experiments to determine the influence of
strain and doping on Raman shifts are done at 300 K, we need to
correct our data for the influence of phonon anharmonicities.
We correct the Raman shifts at all temperatures in Figs. 4
and 6 for the extra Raman shift of the G mode due to phonon
anharmonicities, APos(Gg,), by subtracting the theoretically
predicted shift, as calculated by Bonini et al. [32]. The con-
tribution of the anharmonic phonon contribution APos(G,,)
is obtained by approximating the predicted shift of Bonini
et al. [32] by a third-order polynomial, APos(G,,) = —4.23 x
10747 —3.03 x 107> T2+ 1.15 x 10~8 T3, where T is the
temperature (in K). We do not correct the 2D mode for the
anharmonic phonon contribution, as the change in the Raman
shift of the 2D mode in the temperature range 0-300 K is
small (about 2 cm™1) compared with the Raman shift induced
by doping and strain [47].

The data points in Fig. 4(a) are located somewhere between
the strain and the doping lines, which suggests that both strain
and doping are present in '3C-1LG. Figure 4(b) shows that
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at 300 K the value of the strain is negative, which indicates
that there is compressive strain. When cooling the 1LG to
100 K, the strain slowly decreases. If the temperature is
decreased further, to 50 K, the strain stays almost constant,
and it increases again when it is cooled to 10 K. However,
the temperature dependence of the doping shows a different
behavior, as shown in Fig. 4(c). When the temperature is
decreased from 300 to 200 K, an increase in the doping level
can be observed. Further cooling of the sample, to 10 K, does
not produce a further increase in doping.

C. Bilayer

Figure 1(a) shows the Raman spectrum of '>C-'3C-T-2LG.
As the bilayer graphene in Fig. 1 consists of a '3C bottom and
a 12C top layer (we denote the bottom layer '*C-T-2LG and
the top layer '>?C—T-2LG), both the G and the 2D peaks of the
12C and 13C isotopes can now be observed.

Figures 5(a)-5(f) show the temperature dependence of the
Raman shift and FWHM of the D, G, and 2D; modes of the
bottom '3C and top !>C layers of T-2LG. Both the *C bottom
and the '?C top layers show similar behavior as observed for
B3C-1LG. When the sample is cooled from 300 to 100 K, an
increase in the Raman shift of the G; and 2D; modes can be
observed and a small decrease in the Raman shift is observed
when the sample is cooled from 100 to 10 K.
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FIG. 5. (Color online) Temperature dependence of the median
Raman shift and median FWHM of the D (a-b), G; (c-d) and 2D,
(e-f) modes of the >C top ['?C-T-2LG; open (red) circles] and '*C
bottom layers ['*C-T-2LG; filled (blue) squares] of T-2LG. “Error”
bars represent the first and third quartiles of each data set. Raman
shifts from the '3C bottom layer are recalculated via Eq. (2) to be
comparable with the '>C top layer.
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The median Raman shift of the G; mode at 300 K is equal to
1587 cm™! for the '>C top layer and 1598 cm™! [recalculated
via Eq. (2)] for the '3C bottom layer. However, the median
Raman shifts of the D modes, which are equal to 1347 cm™!
for the '2C layer and 1350 cm™! [recalculated via Eq. (2)] for
the 1*C layer, do not suggest that the c|3 concentration deviates
from the expected value.

The temperature dependence of the median FWHM of the
G; and 2D; modes of the bottom and top layers all show the
same trend. When the temperature is decreased from 300 to
100 K, the median FWHM of both modes increases. A small
decrease is observed when the temperature is decreased to
10 K. The FWHM of the 2D; modes in Fig. 5(f) shows a
difference. The median FWHM of the '*C bottom layer is
slightly larger, at 300 K. When the temperature is decreased,
the median FWHM of the '3C layer increases more than the
median FWHM of the '2C layer.

The correlation between the median Pos(G;) and the
median Pos(2D;) is shown in Fig. 6(a). We use the same
parameters to analyze the correlation analysis that we used
for the 13C monolayer. From Fig. 6(a), we can derive both the
strain and the doping level in the bottom and top layers.

Figure 6(a) shows the same trend as observed in Fig. 4(a);
both strain and doping are present in the bilayer. In Fig. 6(b)
it is clearly visible that there is much more strain present in
the 13C bottom layer than in the '>C top layer. However, the
strain of the '>C top layer shows a similar variation as that of
the '3C bottom layer when the sample is cooled from 300 to
10 K. The strain in both layers decreases when the sample is
cooled from 300 to 100 K. When the sample is cooled further,
to 10 K, the strain of both the '3C bottom layer and '>C top
layer increases again.

The doping level of the '*C bottom layer, as shown in
Fig. 6(c), increases when the temperature is decreased from
300 to 200 K, whereafter it decreases again when the sample is
cooled to 50 K. Finally, when the sample is cooled to 10 K, the
doping level increases slightly again. The doping level of the
12C top layer stays almost constant when the sample is cooled
from 300 to 50 K, whereafter it increases when the sample
is cooled to 10 K. Furthermore, the doping level of the '3C
bottom layer is much larger than the doping level of the '2C
top layer.

IV. DISCUSSION

The temperature dependences of the median Raman shift
of the G and 2D modes, which are shown in Figs. 3 and 5,
of ¥C-1LG and T-2LG show no significant difference; an
increase in the median Raman shift of the G; and 2D; modes
is observed when the sample is cooled from 300 to 100 K, and
when the temperature is decreased further, the median Raman
shift slightly decreases. This behavior is in agreement with
experimental results obtained before and can be explained
well using the phonon anharmonicities as shown by Bonini
et al. [32].

From the correlation analysis, which is shown in Figs. 4
and 6, the temperature dependence of the strain and doping
level could be determined and a few remarkable features are
observed when the correlation analysis is compared among the
graphene species. The presence of a small D’ peak in graphene
does not lead to any significant change in the Raman shift or
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FIG. 6. (Color online) (a) Temperature dependence of the correlation between the median Raman shift of the G, Pos(G;) and 2D, Pos(2D;)
modes of the spectra of 3C-T-2LG (color-coded filled squares) and '>C—T-2LG (color-coded open circles). Raman shifts of the '3C isotope are
recalculated via Eq. (2) to be comparable with the Raman shift of the '>C isotope. The solid black line indicates pure strain () variation, with
a slope of 2.45, and the solid gray line indicates pure doping (n) variation, with a slope of 0.7. The color code used for different temperatures
is shown above (a). The temperature dependence of the strain (b) and doping (c) of 3C-T-2LG [filled (blue) squares] and '>C-T-2LG [open
(red) circles] derived from (a). Each data point represents the second quartile (median) and “error” bars represents the first and third quartiles

of each data set.

broadening of the G or 2D modes [48,49], which suggests little
or no change in the doping or strain of the graphene sample
due to defect creation.

First, the temperature dependence of the strain in '*C-1LG
is not linear as a function of temperature, but a clear minimum
in the strain can be observed between 50 and 100 K. The TEC
of graphene is negative and opposite the TEC of the SiO,/Si
substrate [24]. The mismatch of the TECs between graphene
and substrate will induce a thermal contraction (expansion) of
the graphene when the sample is heated (cooled). The induced
strain is proportional to the difference between the TEC of
graphene and that of SiO,/Si. As the TEC of graphene is
expected to be linear [32], the strain dependence around 100 K
is presumably induced by an anomaly around 120 K in the
thermal expansion of the Si substrate [50].

Second, the strain at 300 K in the '?C isotope layer of
T-2LG is small, whereas the strain in the 13C isotope layer is
much higher. This large difference is related to the different
interfaces of the two layers. Whereas the 1*C graphene bottom
layer is in direct contact with the SiO,/Si substrate, the '>C
graphene top layer is in contact with the '3C graphene bottom
layer.

High-temperature Raman measurements on graphene have
shown that the first heating cycle resulted in a graphene
layer’s slipping on the top of the substrate, whereas the
interaction was found to be much more stable after further
heating cycles [23,24]. This suggests that during the thermal
annealing before the low-temperature measurements, the
graphene layer becomes stabilized, which, together with the
formed wrinkles, prevents it from extensive slipping during
heating/cooling cycles performed in this study.

The '2C top-layer graphene is, however, in contact with the
13C bottom layer. The more relaxed graphene top layer is then
a consequence of the weak van der Waals interactions between
the two graphene layers, which enables the top layer to move
more freely, as shown by Kalbac et al. [34].

In addition to the anharmonic phonon contribution, the
isotope composition plays an important role in material

properties such as specific heat, thermal expansion, and
carrier transport properties [51]. The TEC of the '3C isotope
is estimated using the scaling relation [52,53] a3(T) ~
alz(T«/mB/mlz) — Aao, where ayp, a1z, mip, and mi3 are
the lattice parameters and the masses of the '>C and '3C
graphene layers, respectively, and Aay is the difference in
lattice constants at low temperatures. For the '>C graphene
layer, the temperature dependence of the calculated lattice
parameter [54] is used and we assume that the difference in
lattice parameters between '>C and '*C graphene is approx-
imately the same as that between 12C and 13C diamond [55]
(5 x 10~* A at 300 K). From this, we can expect that both iso-
topically labeled graphene layers have approximately the same
TEC.

Although the strain in the '>C graphene top layer and '*C
graphene bottom layer are not identical at 300 K, the strain in
both layers behaves the same as in '*C-1LG the temperature
is decreased. This suggests that during the annealing both
layers become stabilized with respect to each other. When the
temperature is subsequently varied, the same amount of strain
is induced in both the bottom and the top layers.

Recent experiments have suggested that the FWHM of
the 2D mode is an indication of strain inhomogeneities
that are much smaller than the size of the laser spot
(<500 nm) [20,43,56]. Figure 5(f) shows that the temperature
dependences of the median FWHM of the '>C graphene top
layer and '3C graphene bottom layer are different. Whereas
the median FWHM of the '>C 2D, peak increases by 3 cm™',
the median FWHM of the '*C 2D peak increases by 6 cm™!
when the sample is cooled from 300 to 200 K. This suggests
that on a “local” scale, more strain variation is induced in
the bottom layer, which is in contact with the substrate, than
in the top layer. The temperature dependence of the locally
induced strain is also clearly visible in the median FWHM of
the 13C-1LG, as shown in Fig. 3(f). Thus, the influence of the
bulk response of the substrate to the changes of the temperature
plays an important role in thermally induced changes in the
topography of the graphene monolayer/bilayer and must be
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carefully considered in all experiments where the samples
undergo significant thermal changes.

Figures 3(d) and 5(d) show the median FWHM of the G,
mode. Although the doping level of the '*C bottom layer is
higher than that of the '>C top layer [see Fig. 6(c)], the median
FWHM of the *C bottom layer is almost the same as that of
the '2C top layer. An increase in the FWHM of the graphene
layers can be caused by charge puddles/inhomogeneities that
are present in the SiO,/Si substrate.

Figure 6(c) shows that when the sample is cooled from 300
to 200 K, an increase in the doping is observed for both the
13C and the '>C graphene layers. Decreasing the temperature
further does not reveal a clear relation between the doping and
the temperature.

Another remarkable difference in the induced doping in the
bottom versus the top layer of the graphene bilayer is that the
doping level in the bottom layer is much higher than that in
the graphene top layer. The graphene bottom layer thus
provides an effective screening of the induced doping from
the SiO,/Si substrate, which is also observed when graphene
is placed on a thin layer of MoS, [57] or hBN [58].

V. CONCLUSION

To conclude, we have measured temperature-dependent
maps of Raman spectra of mono- and isotopically labeled
bilayer graphene. The large number of spectra collected in
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the Raman maps allows us to use correlation analysis to
distinguish the influence of both the strain and the doping on
the Raman shift of the active modes of graphene and provide
sufficient statistics to draw conclusions.

The strain, which is induced during growth and annealing,
is much higher in the bottom layer, which is in contact with
the substrate, than in the top layer, which is in contact with
the graphene bottom layer only. However, the temperature
dependence of both the bottom and the top layers is similar
and follows well the thermal expansion of the SiO,/Si
substrate.

However, we find that more strain on length scales much
smaller than the laser spot is induced in the graphene layer
that is in contact with the SiO,/Si substrate. In addition, a
clear temperature dependence of the doping is present.

These measurements imply that doping and, especially,
strain should be taken into account when analyzing transport
measurements on graphene mono- and bilayers that have
undergone large temperature cycles.
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