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A B S T R A C T

In this work, we study phonon and electronic properties of graphene on SiO2/Si and Al2O3 by simultaneous Ra-man and electrical measurements in the temperature range from room temperature to 550 °C, or at voltages from
20 to −20 V. The dependencies of G and 2D peak parameters and electrical resistance on temperature and volt-
age made it possible to observe in situ a competition between the p-type adsorbate removal from graphene sur-
face and substrate-induced doping due to graphene-substrate conformality increase, both stimulated by either
ambient or Joule heating. The analyzed parameters were dominated by the conformality increase, with the hole
density increasing significantly and unidirectionally, while resistance and I-V curves fluctuated due to the com-
petition. Having calculated Raman peak shift temperature coefficients, resistance temperature coefficients, total
variations of carrier density, resistance and strain, we show that Al2O3 substrate can be used to reduce the des-orption barrier, the overall doping, the impact on graphene resistance and on phonon anharmonicity – however,
it should be used with regard to the possibility of introducing strain or stronger doping after longer treatments.
The conformality effects should be taken into account when performing annealing, as well as graphene applica-
tions for sensors or strong electric currents.

1. Introduction

Graphene became popular due to its exceptional properties, includ-
ing high values of thermal [1] and electrical [2] conductivity, carrier
mobility and magnetoresistance [3],mechanical stiffness [1], as well as
strong sensitivity to adsorbates [4–13]. In particular, atmospheric ad-
sorption on air-exposed graphene leads to integral p-type doping due to
the acceptor H2O and O2 adsorbates [4,6–9,13,14]. This effect can be
unwanted if graphene-air interface is present; on the other hand, strong
graphene adsorptivity can be used as a constituent part of the methods
for graphene functionalization through the adsorption of certain func-
tional groups, for chemical and environmental sensors, selective cataly-
sis and other applications [6–14].

Removal of adsorbates is traditionally made by annealing; it also
can be performed by passing electric current (integrally – through the
Joule heating) [15] or by laser annealing (locally) [13,14]. At the same
time, when graphene is integrally annealed, its adherence to the sub-

strate becomes stronger [6,16–21]; its properties,which are in principle
affected by the degree of graphene-substrate conformality [21], corre-
spondingly change. Therefore, studying the adsorption doping of simi-
lar samples of graphene supported by different substrates, pristine or
integrally annealed either traditionally (ambient heating) or by passing
electric current within a single series of experiments will not only clar-
ify the relationship between the influence of substrate and adsorption
doping on carrier density in graphene, but also enable one to control
the properties of the material by choosing the substrate type to achieve
desired results, depending on the annealing temperatures or consider-
ing a certain degree of conformality, etc.

While SiO2/Si is a typical substrate associated with graphene, Al2O3is another promising dielectric surface for supporting this material, ca-
pable of affecting graphene properties less than the former at least by
criteria of phonon scattering and doping by atmospheric adsorbates. In
particular, Al2O3 substrate was shown to induce less phonon anhar-monicity in graphene during the low-temperature experiments, show-
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ing the anharmonic constant values close to those for unsupported
graphene [22]. Besides, graphene supported by Al2O3 was demon-
strated to lose acceptor adsorbates more easily when placed in vacuum
[23]. Given the close graphene-substrate interaction energy values of
0.45 J/m2 against 0.47 J/m2 for SiO2/Si and Al2O3, respectively[24,25], these two are suitable for comparative study in the context of
the substrate-related effects.

Raman spectroscopy is a well-known and versatile non-destructive
method to obtain information about the properties of graphene [26,27].
At the same time, current-voltage (I-V) characteristic measurement is a
basic way to get the data essential for analysis of the electric properties
of materials,which in the case of two-dimensional graphene will be nat-
urally affected by the presence of dopant adsorbates.

The purpose of this work is to establish phonon and electronic prop-
erties of graphene on SiO2/Si and Al2O3 by Raman spectroscopy withparallel direct-current electrical resistance measurements in the tem-
perature range from room to 550 °C, or with parallel I-V characteristic
measurements under voltages from 20 to −20 V.

2. Experimental

Graphene was synthesized by chemical vapor deposition on an Alfa
Aesar copper foil substrate with a purity of 99.999 %, a thickness of
25 μm and an area of 10 × 30 cm2 at a temperature of 1020 °C with
CH4 flow of 40 sccm and hydrogen flow of 10 sccm. The substrate pre-
pared for synthesis was treated by the preliminary annealing at a tem-
perature of 1060 °C for 1 h under the flow of hydrogen of 300 sccm and
argon of 2000 sccm, with a base pressure of <10−4 Torr. After the syn-
thesis, graphene was transferred to SiO2/Si and Al2O3(0001) substrates
using PMMA [28]. PMMA with a molecular weight of 996,000 g/mol,
dissolved in anisole, was spin-coated (3000 rpm, 1 min) on graphene
supported by copper foil. Then, an aqueous solution of 0.1 M
(NH4)2S2O8 was utilized for copper etching; the etching products wereremoved from graphene using a water/isopropyl alcohol mixture [29].
To remove the PMMA, the sample was kept in extra-pure glacial acetic
acid [30] for 24 h.

The SiO2 layer thickness in a SiO2/Si substrate prepared for
graphene transfer was of 90 nm (over a 500 μm Si wafer). SiO2/Si andAl2O3(0001) substrates were atomically smooth, which according to
preliminary AFM evaluations corresponded to the roughness below
~0.5 nm (RMS roughness below ~1.5 nm). Using photolithography,
60 nm Au contact pads with a 5 nm Cr sublayer for adhesion increase
were fabricated on SiO2/Si and Al2O3 (0001) substrates, prior to
graphene transfer. These layers were deposited in a single mode by

electron beam evaporation (NanoMaster NEE-4000). The contact con-
figuration will be shown later as inset in Fig. 2.

Raman spectra were obtained using Nanofinder HE (Lotis-TII) con-
focal Raman spectrometer. The spectral resolution was of 2.3 cm−1 in
the region of the G peak and 1.0 cm−1 in the region of the 2D peak, the
total spectral resolution during the measurements was better than
3.0 cm−1. The radiation was excited using a CW-laser with a wave-
length of 532 nm. For measurements on air, the laser spot diameter was
of 0.6 μm and radiation power at the output of the optical system was of
800 μW; for measurements in a pressure- and temperature-controlled
chamber, the laser spot diameter was of 1.5 μm and radiation power
was of 2.4 mW. This high value of radiation power was chosen manu-
ally and was used to compensate the attenuation by ~3.3 times due to
chamber glass absorption and by ~10.8 times due to using a long focal
length lens.

To analyze the electronic and phonon properties of graphene, Ra-
man spectra were measured (1) on air; (2) in vacuum
(<5 × 10−5 mbar); (3) in vacuum within the temperature range from
room to 550 °C with simultaneous measurement of resistance at a direct
current of 0.01–1.00 mA, in two cycles; (4) in vacuum with simultane-
ous I-V curve measurements in the range from 20 to −20 V, in two cy-
cles. When measuring the I-V characteristics, each voltage value was
maintained for 40 s, the Raman spectra were measured with an expo-
sure of 30 s, the pauses between the spectra measurements were of 10 s.

3. Results and discussion

The Raman spectra of graphene on SiO2/Si and Al2O3 substrates ob-
tained in air and in vacuum (<5 × 10−5 mbar) are shown in Fig. 1. G
and 2D peaks are typical for a hexagonal sp2 carbon lattice; the pres-
ence of single-layer graphene is confirmed by the ratio of the 2D and G
peak maximum intensities I2D/IG of at least 2.1, as well as the 2D peak
full width at half-maximum (FWHM) ~ 28–35 cm−1 [26,27]. In all
cases, the G peak position is of about 1586–1592 cm−1, 2D – that of
2680–2685 cm−1; at the same time, average peak position values over
the scanned regions are generally larger for the case of the SiO2/Si sub-
strate, although they can differ by ±1–5 cm−1 from point to point. The
positions of the peaks, initially increased by 4 to 9 cm−1 with respect to
the isolated graphene typical values [26,27] and decreasing as the pres-
sure decreases, are related to the presence of H2O and O2 acceptor ad-
sorbates on the surface of graphene, that desorb when air is removed
from the measuring cell [4–9,13,14]. Charge carrier density change can
be calculated based on the dependencies presented in [31] from G and
2D peaks shift (due to various laser excitation wavelengths in the cited
literature, the dispersion correction [26] was accordingly taken into ac-

Fig. 1. Typical Raman spectra of graphene on SiO2/Si and Al2O3 in air and in vacuum (<5 × 10−5 mbar).
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count for all calculations involving 2D peak position throughout this
work). In the case of the SiO2/Si substrate, excess hole density changesfrom 4.7 × 1012 cm−2 to 2.9 × 1012 cm−2 (Fermi level EF shift from~−278 meV to ~−218 meV below the Dirac point), for graphene on
Al2O3 the decrease is from 4.5 × 1012 cm−2 to 2.1 × 1012 cm−2 (EFchange from ~−272 meV to ~−186 meV). The larger initial atmos-
pheric doping of graphene on SiO2/Si and the smaller hole density de-crease in this case can be related to different electrostatic doping of
graphene by different substrates [32].

Fig. 2 shows temperature dependencies for Raman features of
graphene on SiO2/Si and Al2O3, as well as its resistance at a directcurrent of 0.01–1.00 mA for two successive measurement cycles with
indication of start and end points. The FWHMG,2D did not show any
significant patterns. As can be seen from the figure, the behaviour of
all dependencies at first heating differs from their subsequent shape
(this can be basically called a ‘primary annealing’). During the pri-
mary annealing process, peak positions ωG and ω2D have a smaller
slope to the horizontal axis, and show a non-linear behaviour at tem-
peratures above 400 °C, before switching to linear temperature de-
pendence, which is in accordance with the literature data in this tem-
perature range [1,33–42]. Over the following cooling-heating-cooling
steps, the angle is larger, and the dependencies are repeatable. Linear
coefficients for the primary annealing χG,2D

1 and for subsequent tem-
perature changes χG,2D are presented in Table 1, along with the corre-
sponding intercepts for temperature close to absolute zero. No
graphene structural degradation in terms of D peak emergence
[26,27] was observed during the treatment. It should be strongly em-

phasised that ω0 values obtained from a linear fit tend to be signifi-
cantly overestimated [22], and are given here solely for a comparison
purpose, in accordance with a tradition established within the field
[1,33–42].

The ω0 related changes in Table 1 are generally stronger for the case
of Al2O3 substrate, which implies that its ‘smaller’ effect on graphene
properties [22,23] is only maintained until a heat treatment is per-
formed. At the same time, all χ absolute values are larger for graphene
on SiO2/Si. As the primary annealing occurs, the average increase of thepeak temperature shift coefficient χG

1-χG is of ~1.2 times for both sub-
strate cases, while for χ2D

1-χ2D it is of ~1.7 times. When comparing the
values presented in Table 1 with those already published elsewhere,
one cannot fail to notice that the literature data on linear fits of
graphene Raman peak temperature shift generally allows to identify the
results as those aligning with χG

1 (−0.015 [35,36], −0.016 [37,38],
−0.018 [22,39], −0.019 [40] cm−1/K), when no temperature treatment
or a single/first experiment have been performed, and those that are in-
creased as a result of a primary annealing (−0.035 [41], −0.073 [39]
cm−1/K). There is somewhat less data presented for 2D peak, but some
works show its temperature shift coefficient as having the pre-
annealing value (−0.026 [42], −0.039 [36] cm−1/K), or as the one in-
creased due to several preliminary temperature treatments (−0.070
[41] cm−1/K). This observation allows concluding that χ coefficient
classifying into one of these groups basically enables to retroactively es-
tablish, if the annealing has been performed either by preliminary tem-
perature treatment or by performing multiple experiments.

Fig. 2. Temperature dependencies of the G and 2D peak positions ωG, ω2D, the intensity ratio I2D/IG, as well as resistance at a direct current of 0.01–1.00 mA for
graphene on SiO2/Si and Al2O3, for two successive heating cycles. Inset shows optical image of the Al2O3(0001)/Cr/Au contacts.
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Table 1
Linear coefficients of G and 2D peak position temperature dependencies χG,2Dand resistance temperature dependencies α for graphene on SiO2/Si andAl2O3 in the range from room temperature to 550 °C for the primary anneal-
ing (marked with digit 1) and subsequent temperature changes, as well as
corresponding intercepts for temperature close to absolute zero ω0

G,2D, R0.
Substrate SiO2/Si Al2O3

ω0
G
1, cm−1 1589.7 ±0.8 1588.1 ±1.2

ω0
G, cm−1 1598.3 ±0.9 1603.0 ±1.0

χG
1, cm−1/K −0.015 ±0.001 −0.012 ±0.002

χG, cm−1/K −0.026 ±0.001 −0.021 ±0.002
ω0

2D
1, cm−1 2694.3 ±1.8 2687.3 ±2.5

ω0
2D, cm−1 2698.0 ±1.9 2699.9 ±2.1

χ2D
1, cm−1/K −0.042 ±0.003 −0.030 ±0.005

χ2D, cm−1/K −0.048 ±0.003 −0.039 ±0.004
dR/dT, Ω/K 0.134 ±0.016 0.063 ±0.006
R0, Ω 263.4 ±9.5 111.9 ±3.6
α, K−1 5.1·10−4 ±0.8·10−4 5.6·10−4 ±0.6·10−4

In addition to the data presented in Fig. 2 for ωG, ω2D temperaturedependencies, a gradual decrease of the intensity ratio I2D/IG for
graphene on both substrates is observed during the primary annealing;
following that, I2D/IG remains approximately constant with subsequentchanges in temperature. The excess hole density increase obtained from
the complete I2D/IG change [31] during the treatment is
∆p ~ 3.3 × 1012 cm−1 (∆EF ~ −127 meV) for graphene on SiO2/Sisubstrate, while the case of Al2O3 substrate brings a stronger ∆p in-
crease of about 6.1 × 1012 cm−1 (∆EF ~ −159 meV). Simultaneously
with the 2D-G intensity ratio evolution, changes in the resistance of
graphene are observed as the temperature changes, and it should be
noted that these dependencies in part inversely correspond to each
other, while being obtained by different methods. As the heating starts,
the resistance increases by 360.1 Ω for graphene on SiO2/Si and by269.7 Ω for graphene on Al2O3, reaching maxima at temperatures of300–350 °C; then it tends to decrease after some fluctuations in case of
the former substrate and more straightforwardly for the latter, resolv-
ing to a near-linear temperature dependence with parameters presented
in Table 1. As seen from the table, the resistance-temperature derivative
dR/dT for graphene on SiO2/Si is almost double than that for Al2O3,while the reduced coefficient α = (dR/dT)/R0 values are close for thecases of both substrates, their values overlapping within the error.

The initial increase of the resistance, simultaneous with the excess
hole density increase, for graphene under heating in vacuum clearly in-
dicates that there is an acceptor source, other than the adsorbates get-
ting removed by the temperature treatment and pumping (which would
have reduced the resistance [7]). Among what is present in the vacuum
chamber, the substrate remains as such source: with the energy pro-
vided during the annealing, graphene-substrate conformality is known
to increase, effectively making a transition from quasi-suspended be-
haviour due to a non-zero substrate roughness to a strongly adhered
configuration [20]. Through increasing the effective contact surface
area, this enhances graphene-substrate charge transfer, which was re-
ported as inducing Fermi level downshift to the p-type direction for
both SiO2/Si [43] and Al2O3 [44] substrates. The removal of water layer
intercalated at the interface by temperature treatment [20,45–47] addi-
tionally enhances graphene-substrate Van der Waals interaction, lead-
ing to the assimilation of substrate topology by the 2D material and fur-
therly strengthening the charge transfer effect. The material-substrate
conformation processes occur during the annealing simultaneously
with the proceeding removal of adsorbates from the surface of
graphene, leading to a competition of increasing/reducing the excess
hole density, as well as the resistance. This leads to a complex shape of
I2D/IG and R(T) primary annealing dependencies seen in Fig. 2, where
the evidence of both effects is indicated by red and green arrows.

It is very much worth noting that I2D/IG(T), effectively manifesting
charge carrier density through Fermi level shift, decreases irrevocably

within the experiment, showing only vague desorption steps, while R
(T) shows somewhat different sensitivity, as seen from full compensa-
tion of the two effects in case of Al2O3 substrate: after the first increasedue to graphene-substrate conformation domination, the dependency
decreases back to the initial range of values due to the desorption. This
indicates that (1) in common, graphene-substrate conformation effects
are explicitly manifested in the carrier density effects rather that resis-
tance which can be an ambiguous evidence, but (2) in particular, the
SiO2/Si substrate does affect graphene resistance after the thermaltreatment, unlike in the case of Al2O3.Another method that can be used to analyze the effects of desorption
and graphene-substrate conformation, observed in Fig. 2, is plotting the
2D-G peak position diagram [48,49], where one can distinguish sepa-
rate directions for mechanical strain, hole and electron variations. Fig.
3 demonstrates the 2D-G diagram for graphene on Al2O3 and SiO2/Si,with points corresponding to spectra obtained at a room temperature be-
fore/between/after heating treatments to avoid the influence of anhar-
monic effects and thermal expansion strain [22] on the peak position (1
– before the first heating cycle, 2 – between the first and second heating
cycles, 3 – after the second heating cycle). The reference point corre-
sponds to isolated graphene [26]. As can be seen from Fig. 3, a sharp ex-
cess hole density increase occurs in graphene after the first cycle (point
2) for the cases of both substrates, manifesting the domination of
charge transfer from the substrate, while between points 2 and 3, the
changes are less significant, which is in agreement with I2D/IG(T) de-
pendence in Fig. 2, indicating either the termination of desorption/sub-
strate conformation processes, or their mutual compensation. The total
excess hole density increase obtained from the peak positions [31] is
∆p ~ 2.8 × 1012 cm−2 (∆EF ~ −101 meV) and ∆p ~ 5.2 × 1013 cm−2

(∆EF ~ −146 meV) for graphene on SiO2/Si and Al2O3, respectively,which corresponds well to the values obtained earlier from I2D/IGchange. The emergence of mechanical strain is not observed within the
sensitivity of the method [50].

Fig. 4 shows the I-V curves obtained by passing an electric current
through graphene in vacuum within the voltage range from 20 to
−20 V in 2 cycles, as well as the corresponding changes in resistance.
In the 1st I-V measurement cycle, the pronounced inflections (marked
by circles) are observed, associated with an increase of electrical resis-
tance to maximum values of 941.7 and 730.5 Ω at voltages of 14 and
18 V for graphene on SiO2/Si and Al2O3, respectively (the second in-
crease in the case of SiO2/Si is up to 336.6 Ω at −16 V). As in the case
of heat treatment, this indicates presence of competition between the
graphene-substrate conformation and desorption stimulated by cur-
rent/Joule heating, as indicated by red and green arrows on the resis-

Fig. 3. 2D-G position diagram for graphene on SiO2/Si and Al2O3 before, be-tween and after two successive heating cycles to a temperature of 550 °C; refer-
ence point corresponds to isolated graphene.
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Fig. 4. I-V characteristics for graphene on SiO2/Si and Al2O3 for two successive measurement cycles in the range from 20 to −20 V, with indicated time of the cycle
beginning, the first voltage maximum (20 V), the second voltage maximum (−20 V), the end of the cycle; as well as the corresponding electrical resistance.

tance plots in Fig. 4. Generally, the resistance of graphene on SiO2/Sidecreases from 473.4 to 288.6 Ω after the 1st cycle (domination of des-
orption) and increases to 360.3 Ω at the end of the 2nd cycle (the fol-
lowing prevailing of conformation). For Al2O3 substrate, the resistancealways increases from 175.9 Ω (1st cycle beginning) to 283.3 Ω (1st cy-
cle end) and to 320.0 Ω (2nd cycle end), which shows that graphene-
substrate distance decrease is more pronounced in this case. The shape

of the I-V curves for the 2nd cycle for both substrates qualitatively cor-
responds to a typical shape [15,51], showing no significant inflections.

Simultaneously with the electric current passing in vacuum (I-V
measurements), Raman spectra were measured for graphene at each
voltage value. Within the sensitivity of the method, no defects were in-
troduced into the graphene structure (the D peak was absent in the Ra-
man spectra). The voltage dependences of ωG, ω2D, I2D/IG are presentedin Fig. 5 complied with a time-driven scale (dashed lines show the shift

5
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Fig. 5. G and 2D peak positions ωG, ω2D, and intensity ratio I2D/IG for graphene on SiO2/Si and Al2O3 depending on voltage during simultaneous I-V measurements inthe voltage range from 20 to −20 V.

general direction to improve the clarity of the experimental data). As
can be seen from the figure, all peak position dependences have a simi-
lar shape for the cases of different substrates; at the same time, the first
local minima are reached earlier in the case of the Al2O3 substrate, andtheir shifts are greater by ~4–13 cm−1. The second local minima ap-
proximately correspond to each other with regard to voltage and
demonstrate shift difference by~2 cm−1; incidentally, ω2D is greater forthe case of the SiO2/Si substrate in the second cycle. Local maxima have

stronger shifts for graphene on Al2O3 by 2–10 cm−1, except those in the
2nd cycle for G peak where the opposite is observed (shifts larger by
~2–7 cm−1 for graphene on SiO2/Si substrate). This behaviour itselfdoes not show sufficient patterns for any conclusions to be drawn and
requires additional analysis.

The I2D/IG dependency, associated with the Fermi level position
[31], shows a pronounced general decrease with the first voltage in-
crease, followed by saturation, as it was seen in the case of temperature

6



CO
RR

EC
TE

D
PR

OO
F

E.A. Kolesov et al. Diamond & Related Materials xxx (xxxx) 110362

dependencies in Fig. 2, which along with the increasing resistance in
Fig. 4 corresponds to graphene-substrate conformation. Nonetheless,
the dependency of I2D/IG on voltage for graphene on SiO2/Si alsodemonstrates a distinctive rise within the 20 → 10 V transition in the
1st cycle. Since it does not repeat afterwards, it is not related to directly
voltage-dependent carrier density effects, and therefore we can associ-
ate it to acceptor adsorbate removal. As in the case of heat treatment,
the resistance is more sensitive to desorption than I2D/IG within thescale of effects under observation, while the unidirectional graphene-
substrate conformation process is most explicitly manifested in the car-
rier density effects.

While I2D/IG conceptually agrees with the resistance plots in Fig. 4,
it still does not explain ωG and ω2D voltage dependency behaviour inFig. 5. In this regard, in order to further distinguish the effects affecting
these parameters, it again seems appropriate to plot the 2D-G peak posi-
tion diagram for points corresponding to zero voltages (to eliminate the
influence of electric current and anharmonic effects [22]). Such a dia-
gram is shown in Fig. 6, where points are marked as the following: 1 –
the beginning of measurements, 2 – the middle of the first cycle, 3 – the
end of the first cycle, 4 – the beginning of the second one, 5 – the middle
of the second one, 6 – the end of the measurements (all taken at 0 V).
This figure provides additional information about the qualitative
changes that occur in the graphene-substrate systems under study after
passing electric current accompanied by Joule heating.

In the case of graphene on SiO2/Si, all changes seen in Fig. 6 alignwith the p-type carrier line. The most pronounced increase 1 → 2 corre-
sponds well to the I2D/IG decrease in Fig. 5. Other variations along the
path 2 → 6 are more specific to 2D-G position diagram only, showing
desorption/conformation competition during the treatment; this im-
plies that peak positions might be more informative regarding the
charge carrier density effects, provided that other processes that can
contribute are excluded [26,27]. The total 1 → 6 excess hole density in-
crease in graphene on SiO2/Si is ∆p ~ 2.3 × 1012 cm−1

(∆EF ~ 71 meV) from peak shift and ∆p ~ 5.4 × 1012 cm−1

(∆EF ~ 156 meV) from I2D/IG decrease. For Al2O3-supported graphene,a strong hole density increase occurs on the 1 → 2 transition, which is
followed by the diagram points gradually shifting to the area associated
with the presence of mechanical strain that corresponds to relative de-
formation values from 0.068 to 0.076 % [50]. The occurrence of me-
chanical strain upon further electric current passing through graphene
on Al2O3 corresponds to a larger degree of graphene-substrate crystallattice mismatch in this case. At the same time, calculating hole density
from peak shifts becomes not possible on the 4 → 6 path; from I2D/IG

Fig. 6. 2D-G position diagram for graphene on SiO2/Si and Al2O3 before, be-tween and after voltage increases to 20 (−20) V in vacuum; reference point cor-
responds to isolated graphene.

decrease, the total 1 → 6 change is of ∆p ~ 6.8 × 1012 cm−1

(∆EF ~ 213 meV).
A decrease of the Fermi level position (effective increase in the hole

density) in graphene both after annealing at temperatures of up to
550 °C and after passing an electric current with concomitant heating
corresponds to the transition from quasi-suspended (detached)
graphene in a minimum energy state to the state of completely sup-
ported graphene due to the environment or Joule heating [20]; this
evolution explains the deviation from the initial properties of the mate-
rial close to isolated graphene. The work function for SiO2 is of
5.00–5.02 eV [52], for α-Al2O3 – 5.97–9.66 eV [53], for isolated
graphene, it is within 4.48–4.60 eV interval [54,55] (about 4.90 eV
when graphene is supported [56]). In this regard, as the graphene-
substrate distance decreases, the latter accepts electrons, doping
graphene to a p-type of electrical conductivity even in the absence of
adsorbates, which was reported for both SiO2/Si [43] and Al2O3 [44].
Higher values of the work function for Al2O3 correspond to a more sig-nificant excess hole density increase in this case.

Charge carrier density and electrical resistance variations in
graphene during the processing indicate the presence of oppositely di-
rected processes: a decrease of the graphene-substrate distance (in-
crease of the excess hole density and resistance) and desorption of p-
type adsorbates from the surface of the material (decrease of the excess
hole density and resistance). In terms of the influence on the charge car-
rier density, estimated from Raman measurements, the conformation of
graphene to the substrate dominates, causing a decrease of the Fermi
level position, while the resistance, estimated from the electrical mea-
surements, shows a higher sensitivity to desorption. Concerning
graphene supported by Al2O3, the interaction with which is somewhatweaker as discussed earlier [23,24], the increase of mechanical strain
additionally indicates a continued strengthening of interaction energy
during the repeated treatments. It should be noted that the heat release
when an electric current is passing through graphene is determined by a
number of factors, among which is the concentration of defects, and
therefore the manifestation of the effect will in principle depend on the
initial degree of structural perfection of the material. Therefore, the
data from this work can be directly used without adaptation for
graphene with an indistinguishable D peak in the Raman spectra.

4. Conclusion

In this work, phonon and electronic properties of graphene on
SiO2/Si and Al2O3were investigated by Raman spectroscopy in the tem-
perature range from room to 550 °C (2 cycles of vacuum annealing)
with simultaneous resistance measurements at a direct current of
0.01–1.00 mA, as well as by simultaneous Raman and I-V measure-
ments at voltages from 20 to −20 V (2 cycles of electric current pass-
ing/Joule heating).

The removal of air from the vacuum chamber led to the excess hole
density decrease ∆p ~ 1.8 × 1012 cm−1 for graphene on SiO2/Si and
∆p ~ 2.4 × 1012 cm−1 for graphene on Al2O3. During the first heating,G and 2D peak positions shifted with the coefficients
χG

1 = −0.015 cm−1/K, χ2D
1 = −0.042 cm−1/K for graphene on SiO2/Siand χG

1 = −0.012 cm−1/K, χ2D
1 = −0.030 cm−1/K for Al2O3 case;however, during the following temperature changes the coefficients got

stably changed to χG = −0.026 cm−1/K, χ2D = −0.048 cm−1/K for
graphene on SiO2/Si and χG = −0.021 cm−1/K, χ2D = −0.039 cm−1/K
for the Al2O3 substrate case. This change is related to graphene-
substrate interaction increase due to a transition from quasi-suspended
graphene to classically supported one. ωG, ω2D, I2D/IG and resistancetemperature dependencies showed the evidence of a competition be-
tween the p-type adsorbate removal from graphene surface (reducing
the excess hole density and electrical resistance) and graphene-
substrate conformality increase (increasing the excess hole density and
resistance). The latter prevailed, with the total average positive
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∆p = 3.1 × 1012 cm−1, ∆R = 149.5 Ω in the case of SiO2/Si substrate,and ∆p = 5.7 × 1012 cm−1, ∆R = 16.7 Ω in the case of Al2O3. The re-sistance temperature coefficients α after reaching a stable R(T) depen-
dence were of 5.1·10−4 K−1 and of 5.6·10−4 K−1 for graphene on SiO2/Siand Al2O3, respectively.The I-V curves showed clear steps of competition between graphene-
substrate conformation and acceptor adsorbate removal, both stimu-
lated by electric current/Joule heating. The resistance of graphene on
SiO2/Si decreased by 185 Ω after the 1st cycle (domination of desorp-
tion) and then increased by 176 Ω at the end of the 2nd cycle (the fol-
lowing prevailing of conformation). For Al2O3 substrate, the resistanceincreased by 107 Ω after the 1st cycle and again by 213 Ω after the 2nd
one, showing the permanent dominating graphene-substrate distance
decrease during the treatment, after a more significant adsorbate re-
moval back when a vacuum was established in this case. Simultaneous
Raman measurements gave a progressive excess hole density increase
during the treatment with the total average value
∆p ~ 3.9 × 1012 cm−1 for graphene on SiO2/Si. For Al2O3-supportedmaterial, a stronger increase of ∆p ~ 6.8 × 1012 cm−1 occurred, ac-
companied by emergence of mechanical strain corresponding to aver-
age relative deformation value of 0.072 %, which corresponded to a
larger degree of graphene-substrate crystal lattice mismatch in this
case.

In general, the excess hole density changed unidirectionally and ex-
plicitly with the graphene-substrate conformality increase, demonstrat-
ing only slight desorption steps, while the resistance and I-V curves had
a scaled sensitivity to these effects, and vividly presented their competi-
tion. The Al2O3 substrate can be used to reduce the desorption barrier,the overall doping, the impact on graphene resistance and on phonon
anharmonicity, but should be utilized considering the capacity of strain
introduction and stronger doping after longer treatments/stronger in-
teractions. The graphene-substrate conformality effects should be taken
into account when performing annealing to remove adsorbates, as well
as when designing the material for sensorics applications or passing
strong electric currents.
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