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The paper presents temperature-dependent Raman studies of anharmonic phonon properties of gra-
phene as-grown on copper, transferred to copper, SiO2/Si, and Al,03, as well as nitrogen-doped graphene
on SiO,/Si. Different G and 2D peak position and linewidth temperature dependencies were obtained in
the temperature range of 20—294 K, upon which anharmonic constants for 3- and 4-phonon processes
were determined. Values of anharmonic constants obtained from G peak shift for undoped graphene on

dielectric substrates were quantitatively close to both experimental results for unsupported graphene
and theoretical predictions reported in the literature, while the values for graphene as-grown on copper
were almost two orders of magnitude greater. The results were analyzed in terms of substrate effect on
phonon properties of graphene. The present study is useful for taking into account anharmonic phonon
effects in graphene when designing graphene-based nanoelectronic devices.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Due to the unique physical properties of graphene, it is a
promising material for a variety of applications [1]. In particular, it
demonstrates high values of carrier mobility and thermal conduc-
tivity [1—4]. Electrical and thermal transport in graphene are
known to be strongly affected by anharmonic phonon-related ef-
fects such as electron-phonon coupling [5—7] or high-order
phonon-phonon interactions [8—11], including coupling of optical
and acoustic phonon modes. Consequently, these processes are
directly related to such common problems of nanoelectronics as
increasing electrical conductivity or removing heat from the device
functional elements, as well as applied tasks such as determining
graphene thermal conductivity [8,12], which underlines the
importance of investigating the anharmonic phonon properties of
graphene.

At the same time, various nanoelectronic applications require
graphene layers supported by the substrates, which in turn affect
physical properties of the two-dimensional material. Graphene
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phonon dispersion is very sensitive to different interatomic forces
such as graphene-substrate interaction [13]. As it was shown in
Ref. [14] for graphene on such a common substrate as SiO;/Si,
coupling of acoustic phonons to the substrate Rayleigh waves may
linearize the dispersion, increasing hybridized mode group veloc-
ity. Phonons can leak through the interface [15] or scatter on it [16].
As graphene gets adsorbed on the substrate surface, modification of
graphene phonon dispersion can be significant; it will expectedly
lead to stronger anharmonic effects in atom oscillations, making an
experimental study of supported graphene phonon properties
relevant.

Raman spectroscopy is a powerful tool for graphene studies,
being a versatile non-destructive method to obtain information
about graphene phonon properties [17]. The purpose of the present
study is to experimentally determine and analyze anharmonic
phonon temperature shifts and broadening for supported graphene
by Raman spectroscopy in order to establish the substrate effect on
the anharmonic phonon properties of graphene.

2. Experimental

Graphene was synthesized on copper foil at 1020 °C by chemical
vapor deposition (CVD) with CH4 flow of 40 sccm and hydrogen
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flow of 10 sccm. Copper foil (Alfa Aesar, 99.999%, 10 x 30 cm?,
25 pum thick) was pre-annealed at 1060 °C under hydrogen flow of
300 sccm and argon flow of 2000 sccm at a pressure of <10~ Torr
for 1-2 h inside the chamber. After graphene growth, Cu foil was
cooled down to room temperature. The cooling rate was described
in detail elsewhere [18].

Graphene was transferred to various substrates using “PMMA-
mediated” method [19]. PMMA (molecular weight = 996 000, dis-
solved in anisole) was spin-coated (3000 rpm, 1 min) on graphene
supported by copper foil. An 0.1 M (NHg4),S,0s aqueous solution
was used for copper etching, and water/isopropyl alcohol mixture
was used in order to remove the etching products from graphene
[20]. PMMA was removed by submerging the sample in glacial
acetic acid (extra pure) [21] for 4 h.

Graphene, doped with nitrogen, was prepared using N-plasma
treatment described elsewhere [22].

Raman spectra were obtained using Nanofinder HE (LOTIS TII)
confocal Raman spectrometer with a spectral resolution better than
3em™! (~23cm™! for G peak and ~1.0cm~! for 2D peak). For
excitation of Raman radiation, a continuous solid-state laser with a
wavelength of 473 nm was used. Raman measurements were car-
ried out using laser radiation power at the optical system output of
24mW, laser spot diameter was of 0.6um during room-
temperature measurements.

Using low-temperature range for the measurements tradi-
tionally allows to exclude undesirable temperature effects (for
example, on graphene-substrate interaction) in order to focus
more on fundamental properties of the system. During the low-
temperature measurements, the sample was studied in a vac-
uum (less than 5 x 104 Pa) temperature-controlled cell. The laser
spot diameter was of ~1.5 pum. The measurements were performed
in the temperature range from 20 to 294 K with a setting accuracy
of +0.05 K.

3. Results and discussion

Room-temperature Raman spectra of the experimental gra-
phene are presented in Fig. 1, where G and 2D features are
observed, typical for this material [17]. The absence of a distin-
guishable D peak in the spectra of undoped graphene indicates low
defect density [17]; for nitrogen-doped graphene, G peak position is
upshifted by ~3cm™!, with that of 2D being normal, indicating
electron doping together with 2D and G peak intensity ratio of
1.4—1.6 [23]. Another disorder-induced band D’ is also present in
this case. G and 2D peak positions for as-grown graphene on copper
are upshifted by 20—26 cm~!, which is indicative for the presence
of substrate-induced strain [24] generated during the cooling stage
of the synthesis process, when copper substrate contracts under
the as-grown graphene.

Fig. 2 demonstrates G and 2D peak position temperature shifts
for the experimental graphene. As the temperature decreases from
294 to 20K, a different total peak upshift for graphene on different
substrates is observed: from 3—7 cm~! on Al,O3 to 18—42 cm ™! on
copper (as-grown). The obtained shifts are generally stronger than
those reported for free-standing graphene [25—27]. Presence of
several slightly upshifted points in Fig. 2 at temperatures close to
300K (for example, graphene on copper) can be attributed to the
initial atmospheric doping of graphene [28] (though each sample
was situated in a vacuum cell with the pump operating for at least
3 h before the experiment, it is possible that a small number of
adsorbates was still present on the sample surface until further
removal due to the energy transfer from the laser radiation).

Usually, the linear approximations of the presented de-
pendencies are encountered in the literature. Straight line fit results
are given in Appendix A for comparison. Solid curves in Fig. 2 show
the results of a model calculation presented below.

The phonon mode energy temperature shift is one of the major
manifestations of anharmonic phonon effects. Experimental G peak
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Fig. 1. Typical Raman spectra of graphene on various substrates, as well as nitrogen-doped graphene. (A colour version of this figure can be viewed online.)
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Fig. 2. Typical G and 2D peak position temperature shifts for graphene on various substrates, as well as nitrogen-doped graphene; solid lines represent the results of a model

calculation. (A colour version of this figure can be viewed online.)

position variations Awexp with respect to a normal position are
defined by anharmonic phonon-phonon processes 4w bh-ph [29,30];
graphene thermal expansion 40§; graphene deformatlon caused
by the thermal expansion coefficient (TEC) difference for graphene
and substrate 4vw§, [25,31]; electron-phonon coupling (EPC)
Aw oh [32] and atmosphere-induced doping Awdopmg [28]. Thus,
the overall shift of a phonon mode energy can be estimated by the
following expression [25,31]:

G G G G G G
Awexp = Awph—ph + va + Awstr + Awelfph + Awdoping> (1)

Since 2D peak is a Raman overtone of D peak and corresponds to
the same “breathing" vibration [17], thermal expansion contribu-
tion 4w#P in its temperature shift can be considered trivial [25].
Thus, the shift includes phonon-phonon, substrate-induced strain,
electron-phonon, and doping contributions:

2D 2D
Awexp - A(‘)ph —ph + Awstr + Awel ph + Awduping’ (2)

All corresponding terms of equation (2) for 2D peak can be
defined in a similar way to those for G peak [25,32]. The AwGhZDh
term can be calculated using a Klemens model considering three-
and four-phonon interactions, which was originally developed for
the phonon linewidth but can also be applied to describe the

lineshift through the following equation [25]:

JwG2D  _ AG2D 2

ph—ph 3-ph 1+ hwG2D
exp(=o—| -1
( 2kT )
G.2D 3 3
JrB4—ph T+ 1) G2D + G20 2|
0 hwy
exp( 3kT ) B <6Xp< 3]37' > - l)

where the coefficients AS ZDh and BG b ph are constants, representing
the contributions of three phonon and four-phonon processes to
the frequency shift, respectively. Extracting the values of these
constants from the measurements for supported graphene pro-
vides an important information on how strongly the substrate
material affects graphene phonon properties. It should be noted
that the modification of phonon dispersion by graphene-substrate
interaction does not fundamentally affect the nature of the anhar-
monic process, which is described by the exponential parts of
equation (3). At the same time, the effect of the substrate on gra-
phene force constants and atomic displacements will be expressed
in the altered values of anharmonic constants AG 3 ph and Bfl 231,
obtained as output approximation parameters.

The term arising in (1) due to graphene lattice thermal expan-
sion/contraction is given by Ref. [31]:

T,
40§ = 0§(Ty) — 0§(Ty) = o§ exp| - 3v¢ / tgrapn(T')dT’
0
T,
— eXp *3')’6/ O‘graph(T,)dT/ )

0

(4)

where v is a Griineisen parameter for Epg optical phonon at the
Brillouin zone center (value of 1.8 from Ref. [24] was used in this
paper), agrqpy (T') is graphene TEC as a function of temperature T'. As
it was shown in Ref. [33], agyqpn(T') strongly depends on graphene-
substrate interaction energy both quantitatively and qualitatively.
In order to choose correct graphene TEC temperature dependence
[33] for each substrate, we used total interaction energy values of
0.72, 0.47, 0.45]/m? for graphene on copper, Al,O3 and SiO,/Si,
respectively [34,35]. Despite the stronger graphene-copper inter-
action can be expected for an as-grown material than for a trans-
ferred one (for example, due to possible presence of the additional
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chemical bonding at the interface [36]), we took similar interaction
energy values for both cases based on similarity of results reported
in the literature for both self-equilibrium theoretical calculations
taking into account van der Waals and strain effects [34] and
experimental adhesion energy measurements for as-grown gra-
phene on copper [37]. Utilizing substrate-dependent graphene TEC
dependencies from Ref. [33] leads to generally small influence of
thermal expansion contributions, weakly compensating the whole
G peak position dependency in agreement with [25] — from
below ~ 2 cm™! in case of SiO,/Si substrate to maximal ~1 cm ™! for
copper substrate.

Mechanical strain influence in (1) and (2) caused by the differ-
ence of graphene and substrate TECs can be written as [38]:

T,

4652 = Boap | (asun(T") ~ agrpn(T"))dT’ (5)
T

where ¢ op = dwg 2p/0¢ is a biaxial strain rate (the values of ; = —
58 < and f,p = —144 <2 from Ref. [24] were used in the pre-
sent study), ¢ is a relative deformation (%), ag,,(T’) is the thermal
expansion coefficient as a function of temperature T for the sub-
strate. The calculations give the maximum values of 4w, at
210—220K ranging from ~3 to ~2cm~! for Cu and SiO,/Si sub-
strates, respectively. For 4022, maximum values change from ~5 to
~2cm~L,

EPC contribution to the temperature shift Awg’fgh was calcu-
lated in Ref. [32] using an extensive theoretical model. The results
given in Ref. [32] show its value changing by about 3cm™! as the
temperature rises from a value close to absolute zero to about 300 K
(~4 cm~! for 2D peak).

Low-pressure environment naturally provides a minimal
temperature variation of atmosphere-induced doping contribu-
tion Awgl’é?ng. Apparently, a certain amount of adsorbates was still
present on graphene surface after the vacuum condition had been
achieved: during the temperature-dependent measurements, ra-
tio of 2D and G peak intensities Iop/Ig were smaller than ~3 typical
for completely undoped graphene [23]; however, near-constant
overall Ipp/lg values for all samples during the experiment
confirmed the atmospheric adsorption to introduce constant
contribution to the obtained dependencies, its value obtainable
from Iyp/lg and G (2D) position dependencies on charge carrier
density [23].

The measured G and 2D peak position temperature shifts were
fitted with the curves obtained through the above calculations,
anharmonic constants being the fitting parameters; the model
calculation results are presented in Fig. 2 as solid lines. As seen, the
utilized method describes dependencies for undoped graphene on
dielectric substrates well. In case of G and 2D peak shifts for gra-
phene on copper and 2D peak shift for doped graphene, there is a
noticeable discrepancy between the measurement results and the
calculated curve at temperatures below ~100K. This can be
attributed to changes in the EPC of doped graphene or graphene
supported by metals: the effects of a metallic substrate, as well as
additional charge carriers introduced through graphene doping,
knowingly lead to EPC screening in graphene [39,40]. Taking into
account that during the calculation, we used EPC contribution
temperature dependencies theoretically obtained without taking
substrate or doping into account [32], this results in a divergence of
calculated line with the experimental points at low temperatures.

The obtained constants representing the contributions of 3- and
4-phonon processes to the observed frequency shift for the

experimental graphene are given in Table 1. The extracted values of
these parameters straightforwardly represent contributions of each
process to the lineshift: since the exponential parts of the expres-
sion (3) are multiplied by the constants, larger absolute values of
Ag'_zg1 and Bfl;’_zlf; correspond to larger contributions of three- and
four-phonon processes, respectively.

Considering peak position temperature dependencies given in
Fig. 2 and parameters presented in Table 1, an exceedingly explicit
effect of the substrate on graphene phonon properties is observed.
The contributions of 3-phonon processes to the anharmonic mode
frequency shift are positive and smaller comparing to the negative
values of B{ , and B2 . which is fully consistent with theory
[30,32] — the 3-phonon interactions lead to a slight increase of the
peak position as the temperature rises, while the 4-phonon pro-
cesses dominate with a stronger decrease, consequently observed
on the experimental curves. Values of Agfph and Biph obtained for
graphene on SiO;/Si and Al,03 are quantitatively close to those
measured and theoretically calculated for unsupported graphene
[25,32], while for graphene as-grown on copper, Bﬁlzph is about 40
times larger than that experimentally obtained for unsupported
graphene from Ref. [25] and up to 70 times larger than the theo-
retical value, calculated without taking substrate into account [32].
The analysis of such an extremely strong substrate effect on the
anharmonic constants requires paying close attention to the
interface-related phonon effects in graphene.

Graphene-substrate interaction is known to effectively manifest
itself in (i) phonon mode energy exchange due to leaking of pho-
nons through the interface [15] or vibration scattering on the
interface [16] and (ii) oscillating atom mass center displacement
due to charge transfer effects [13,41]. These effects naturally lead to
the deviations of vibrational force constants and atomic displace-
ments from equilibrium positions typical for free-standing gra-
phene, correspondingly affecting vibrational Hamiltonian and
leading to the anharmonicity increase, which emphasizes the
importance of choosing the suitable substrate for a specific gra-
phene application.

Comparing the obtained results for as-grown and transferred
graphene on copper, one can notice a significant difference in the
values of anharmonic constants, which are strengthened for the
former by 13—590 cm ™. This fact is apparently connected with a
possibility of additional chemical bonding between the as-grown
graphene and copper [36] which can lead to a partial inapplica-
bility of the Van-der-Waals graphene-substrate interaction model
for this case. Although both theoretical calculations [34] for gra-
phene on copper and experimental measurements for as-grown
graphene [37] give similar results of adhesion energy, chemical
bonds still can lead to a locally increased strain, as well as to the
deviations from the equilibrium graphene-substrate distance,
affecting the intensity of phonon scattering [15,16] and out-of-
plane phonon exchange [15] at the interface, which results in
larger values of anharmonic constants and, consequently, stronger
influence of both terms of equation (3). It should be noted that
though G and 2D peak Raman processes involve the in-plane lon-
gitudinal (iLO) and transverse (iTO) optical modes, these modes still
can participate in the anharmonic interactions with the out-of-
plane phonons [11].

Residual chemical bonds are terminated during the transfer
process, leading to a pure copper effect for graphene transferred to
Cu substrate, which is clearly manifested when comparing the
obtained anharmonic constants in Table 1 with those for graphene
on SiO,/Si — for the latter, the values are 1.1—2.6 times smaller. As
already mentioned, graphene-copper interaction has the energy of
0.72 J/m?, while that for SiO,/Si is 0.45 J/m? [34]. It is known that for
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Calculated constants representing contributions of three- and four-phonon processes to G and 2D peak temperature shifts, as well as extrapolated peak positions at tem-

peratures close to absolute zero.

Substrate w§, cm™! AS_p cm™! BG  cm™! w3P, cm™! AP, cm™! B3P, cm™!
Copper (as-grown) 1624 39 -84 2771 736 —849
Copper (transferred) 1592 26 -35 2719 209 —260
Si0,/Si 1592 10 =21 2715 191 -231
Al,05 1585 8 -12 2709 162 -214
Si0,/Si (doped) 1597 10 -27 2715 108 -150

stronger graphene-substrate interactions, optical modes generally
tend to soften [13]: as graphene gets adsorbed on copper, out-of-
plane optical (0TO) and iLO phonon mode energies at the Bril-
louin Zone center are reduced by ~ 3 and ~8 meV, while at K point
the shifts are ~4 and ~1 meV, respectively [42,43]. This suggests
that not only the out-of-plane modes can experience scattering at
the interface, but the in-plane modes as well, as it was shown in
Ref. [16], although the effect can be expected more pronounced for
the former since they correspond to vertical atom vibrations [15]. In
addition, one should not exclude the influence of similar acoustic
phonon mode effects through the coupling between optical and
acoustic phonons. A stronger graphene-metal interaction obviously
implies more pronounced manifestation of the described effects
when compared to SiO/Si.

Phonons can interact with other quasi-particles such as charge
carriers, leading to a reduction of graphene electrical conductivity
through scattering processes. Despite EPC in graphene on metals
can be reduced or even annihilated through substrate electron
coupling with graphene adlayer [44], charge transfer from copper
to graphene expectedly leads to a selective © bond softening in
graphene [13,41] — consequently, this changes force constants
related to atomic motion, affecting the vibrational Hamiltonian.

The obtained anharmonic constants for graphene on SiO,/Si and
Al,03 have considerably close values. For the latter, the influence of
both 3- and 4-phonon processes at Brillouin zone center (G peak) is
the weakest among the examined samples, with all values of
anharmonic constants being slightly smaller than those obtained
for undoped graphene on SiO,/Si. Due to a stronger lattice
mismatch for graphene on Al,03 than on SiO,/Si [45,46], the effect
of phonon exchange through the interface can be expected less
pronounced for the former, while the mechanical strain influence
varies weakly with the temperature, according to the results of our
strain-related peak shift calculations. At the same time, taking into
account close values of graphene-substrate interaction energy —
0.45]/m? for SiO,/Si [34] and 0.47 J/m? for Al,O3 [35] — the close
values of the anharmonic constants obtained for these samples
confirm logical-to-expect relationship between the interaction
strength and the extent of the substrate effect.

Doping of graphene tends to introduce additional distortions
into the lattice of the material. According to the obtained values of
anharmonic constants for doped graphene on SiO,/Si, the effect is
expressed for Bi ,» comparing to that for undoped graphene on the
same substrate (Table 1). At the same time, both constants for the
double-resonance process at K point of the Brillouin Zone (2D peak)
turned out to be softened, possibly due to electronic dispersion
distortion in the vicinity of Dirac point as a result of doping: except
contributing to phonon scattering, nitrogen atoms introduced in
graphene act as a source of both localized and delocalized electrons
[47]. For undoped graphene, a high DOS below the conduction band
edge in silicon dioxide is known to donate electrons, balancing
chemical potential at the interface [48], while for nitrogen-doped
graphene, this effect can be softened due to an already increased

electron concentration, leading to a reduction of scattering pro-
cesses in the vicinity of K point which are strongly sensitive to
charge carrier effects [23].

The results of a similar experiment for sample heating (i.e.
carried out in the opposite direction), as well as the corresponding
discussion, are provided in Appendix B. The anharmonic constants
calculated for this case show similar trends, demonstrating that in
general the observed features tend to preserve independently of
condition change direction.

Fig. 3 shows temperature variations of G and 2D peak linewidths
with the temperature. As seen, the dependencies tend to be
substrate-dependent again, with the broadening for as-grown
graphene on copper being the most affected. G peak linewidth
variations for graphene on Al,03, as well as for doped graphene, are
within the error in this temperature range. The same is valid for 2D
peak linewidth variations for both doped and undoped graphene
transferred to SiO,/Si.

According to the calculations for unsupported graphene pre-
sented in Ref. [32], EPC contribution to the linewidth of G and
2D peaks can be considered constant in the low-temperature
range (below ~300K), with the values of rg,ph(0)=9‘1 cm~'and
T?Bph(O) =~22.0 cm~1. The same is valid for G peak linewidth var-

iations due to anharmonic phonon-phonon interactions
(thfph(O):?Z cm~1). However, a linear change in 2D peak line-

width driven by the latter is expected [25,32]. Thus, according to
theory for unsupported graphene [32], temperature behavior of G
and 2D peak linewidths at temperatures below 300K can be
described by the following expressions:

T(T) = I'§y_pn(0) + I'g_p(0) =const = 16.3 cm™! (6)
I22(T) = GO T + T pn(0) + T i (0) (7)

where Fﬁ,ﬁ’fph(O):ZB cm~1 [32] is the initial anharmonic phonon
process contribution to 2D peak FWHM at temperature close to
absolute zero; Cgfl’_ph is a linear coefficient of linewidth tempera-
ture shift due to anharmonic phonon interactions (the 3- and 4-
phonon contributions are not distinguishable through the
approximation in this temperature range due to the linear
dependence).

As seen from expression (7), a superposition of several processes
leads to the expected linear change of 2D peak linewidth with the
temperature, which is confirmed by the obtained dependencies in
Fig. 3 for all undoped samples. At the same time, theory for un-
supported graphene [32] does not predict any changes in G peak
linewidth, while the opposite was observed during the experiment
(Fig. 3) for undoped graphene on copper and SiO;/Si. Although
there is no theoretical background for using the linear approxi-
mation of G peak linewidth temperature dependence in our case
(no broadening was expected in this temperature range and the
expressions applicable for higher temperatures [30,32] naturally
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Fig. 3. Typical G and 2D peak linewidth temperature dependencies for graphene on various substrates, as well as nitrogen-doped graphene. (A colour version of this figure can be

viewed online.)

did not match the points), a linear fit was utilized for the uniformity
of the presented data, as well as simplicity of comparison with 2D
peak behavior.

For as-grown graphene on copper, both G and 2D peak line-
widths varied with the temperature with the coefficients of
14-107% and 2.5-102cm~ 'K, respectively. Transfer to copper
demonstrated softening of these parameters down to the same
value of 0.6-102 cm~! K. The difference can be primarily attrib-
uted to already discussed deviations of graphene-substrate dis-
tance for as-grown graphene, leading to stronger phonon
interactions at the interface in this case. Besides, the presence of G
peak linewidth variation implies a possible impact of charge
transfer effects: while the EPC contribution is expected to be con-
stant in case of unsupported graphene [32], it can be reduced
through substrate electron coupling with graphene adlayer as
mentioned previously [44]. At the same time, graphene-substrate
distance fluctuations with the temperature [49] can lead to a
temperature-dependent change in this effect (and consequently, in
the second term in (6)) more pronounced for as-grown graphene
which is natural considering the above discussion.

Graphene on SiO,/Si demonstrated strong G peak linewidth
decrease as the temperature decreased with the coefficient of
3.7-102cm~ 'K, while that for 2D peak had a value within the
error. In contrast to the position temperature shift (Fig. 2), a pro-
nounced G peak linewidth temperature dependence in this case
looks quite unexpected considering theoretical predictions [32],
and is possibly connected to electron transfer from the substrate
[48] that strongly affects EPC contribution in (6) and correspond-
ingly, G peak linewidth [50], while 2D peak anharmonic broadening
is clearly suppressed. For graphene on Al,03, an inverse situation is
observed — greater coefficient of 2.0-1072cm~!K~! for 2D peak
linewidth and negligible within the error G peak linewidth

variation — that is in a strong agreement with both theoretical [32]
and experimental [25] results presented in the literature, addi-
tionally showing that this substrate introduces the smallest effect
on graphene properties among the analyzed samples.

For doped graphene, negligible within the experimental error
variations of both G and 2D peak linewidths are other arguments in
favor of strong electron-phonon coupling effect on the linewidth
dependencies. Introducing additional charge carriers, in this case,
leads to softening of EPC, which results in the absence of the
experimental broadening. This is a favorable observation, taking
into account the strong and often undesired influence of both EPC
and phonon anharmonicities on carrier transport in graphene de-
vices [6,30].

In general, interaction with a substrate brings significant
changes to graphene phonon properties, sometimes comparable to
the interlayer interaction in bilayer or few-layer graphene [51] in
terms of phonon-phonon and electron-phonon processes. As gra-
phene gets adsorbed on the substrate, phonon relaxation times get
reduced [16,52]; phonon leaking through the interface creates
additional charge carrier scattering source, considering which is
especially useful when a sensitive calculation is needed for a
nanoelectronic device engineering. Among the substrates analyzed,
the “least anharmonic” behavior was observed for graphene on
Al,03, while for a relatively strong graphene-copper interaction,
the effect was significant. Besides, different behavior was observed
for doped and undoped graphene on the same substrate. Sup-
porting graphene by substrates with larger values of the interaction
energy opens up new prospects for modification of phonon
anharmonicities in graphene, important for both further studies of
graphene high-order phonon properties and controllable tuning of
scattering processes in the material.
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4. Conclusion

Temperature-dependent Raman measurements were per-
formed for graphene as-grown on copper, transferred to SiO,/Si,
copper and Al,0s3, and nitrogen-doped graphene on SiO,/Si in the
temperature range of 20—294 K. Different G and 2D peak position
and linewidth temperature dependencies were obtained and
analyzed taking into account contributions of anharmonic phonon
effects, graphene thermal expansion, substrate-induced strain and
electron-phonon coupling. Determined anharmonic constants for
3- and 4-phonon processes in graphene were found to be strongly
influenced by substrate and doping. The values obtained from G
peak shift for undoped graphene on dielectric substrates were
quantitatively close to the experimental results for unsupported
graphene and theoretical predictions reported in the literature,
while the constants for graphene as-grown on copper were almost
two orders of magnitude greater. The results were analyzed in
terms of substrate and doping influence on phonon and electronic
properties of graphene through phonon scattering and phonon
exchange at the interface, graphene-substrate charge transfer and
EPC screening effects. Present study is useful for taking into account
anharmonic phonon effects on phonon and electronic transport in
graphene during future graphene-based nanoelectronic device
engineering.
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Appendix A

Other works on the subject usually present Raman temperature
shifts with the linear approximations [27,53—56]. Although this is
not the most accurate way to describe this effect, we performed
linear approximations in order to make our results more compa-
rable with those obtained by other authors. The obtained peak shift
coefficients 2P, as well as extrapolated peak positions at tem-
peratures close to absolute zero w§*”, are given in Table A1l.

Table A1

Coefficients of G and 2D peak temperature shifts, as well as extrapolated peak po-
sitions at temperatures close to absolute zero, obtained from linear approximations
for graphene on various substrates and nitrogen-doped graphene during the cooling
experiments.

Substrate w§,em™ x¢, em™ KT 0P, em™? ¥, emt K
Copper (as-grown) 1627 -0.076 2778 -0.179
Copper (transferred) 1593 —0.028 2721 —0.069
Si0,/Si 1593 —0.018 2716 —0.028
Al,05 1586 -0.011 2709 —0.028
Si0,/Si (doped) 1598 —0.023 2717 —0.036

As seen, linear approximations still show an explicit substrate
influence on this effect. The obtained values are in agreement with
other experimental data presented in the literature [27,53,54]. The
small differences can be mainly attributed to various temperature
ranges of investigation in different works: at higher temperatures,
Raman peak shift is more linearized, and thus fits to a conventional
straight-line approximation better.

Appendix B

Immediately after low-temperature measurements with gra-
phene cooling, the reverse experiment with heating was conducted
for each sample. The obtained G and 2D peak shift temperature
dependencies are presented in Fig. B1.
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Fig. B1. Typical G and 2D peak position temperature shifts for graphene on various substrates, as well as nitrogen-doped graphene, obtained during sample heating; solid lines

represent the results of a model calculation.
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On the basis of the dependencies obtained, the anharmonic
constants were calculated in a similar way to those determined
from the cooling experiments. The obtained parameters are pre-
sented in Table B1. Again, the model curves show the already dis-
cussed discrepancy at temperatures below 100 K of G and 2D peak
shifts for graphene as-grown copper and 2D peak shifts for gra-
phene doped or transferred on copper, though the curve fits G peak
shift of the latter well in this case.

Table B1

Constants representing contributions of three- and four-phonon processes to G and
2D peak temperature shifts, as well as extrapolated peak positions at temperatures
close to absolute zero, calculated during the heating experiment.

Substrate Agfph, cm™! Bf,f,ph. cm! A%‘fph, cm™! Bﬁgph, cm™!
Copper (as-grown) 37 -95 653 —809
Copper (transferred) 25 —44 236 —290
SiOy/Si 11 -21 190 —230
Al,0; 14 -19 42 -76
Si02/Si (doped) 5 -20 118 —-170

All trends for anharmonic constants presented in Table 1
(cooling) and B1 (heating) demonstrate considerable similarity,
except for A%’fph and B2 . graphene on Al03. The general simi-
larity of the constants %tained under different conditions (i.e.,
heating) indicates the stability of the phonon features formed as a
result of graphene-substrate interaction. Regardless of the direction
of phonon system evolution, substrate-related anharmonic effects
repeatably affect its dynamics in a similar way. At the same time,
the softening of parameters obtained from 2D peak shift for gra-
phene on Al;03 by 122—138 cm! can be attributed to graphene-
substrate interaction relaxation during the experiment. Taking
into account both weak interaction energy [35] and strong lattice
mismatch [45] in this case, graphene subjection to sequential
environmental cooling and laser-induced local heating can lead to a
regionally weakened interaction, correspondingly softening the
substrate effect on the mode anharmonicity. This results in a de-
viation of anharmonic constants for cooling and heating experi-
ments for a more sensitive to graphene-substrate interaction iTO
mode at the Brillouin Zone edge (2D peak).
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