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Abstract

The structural and the electronic properties of monolayer graphene made by
chemical vapor deposition and transferred on various oxide substrates (SiOs,
Al,O3, and HfO,) are investigated by Raman Spectroscopy and Atomic Force
Microscopy in order to highlight the influence of the substrate on the features
of p-doping obtained by O, thermal treatments. By varing the treatment
temperature up to 400 °C, the distribution of the reaction sites of the sub-
strates is evaluated. Their total concentration and the consequent highest
doping available is determined and it is shown that this latter is linked to the
water affinity of the substrate. Finally, by varing the exposure time to the
gas up to 2 hours, the kinetics of doping is investigated. The doping process
is found to be better described by a diffusion limited kinetic model, ascrib-

able to the diffusion of O, in the interstitial space between graphene and the
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substrate. After this step, the doping process is completed by a faster redox

reaction between O, adsorbed to graphene and interstitial HyO.

1. Introduction

Graphene is a carbon based nanomaterial which is composed by sp?

hybridized carbon atoms only, and which can be considered as the basic
component of graphite [I]. The peculiar two-dimensional structure provides
graphene some excellent — and sometimes contradictory — properties, such as
a high charge carrier mobility, high thermal conduction, good optical trans-
parency, chemical stability, environment sensitivity, mechanical resistance,
and flexibility [2H4]. These characteristics make graphene, and in particu-
lar graphene made by chemical vapor deposition [5l [6], very interesting for
many applications in microelectronics such as field effect transistors, radio-
frequency transistors, vertical THz transistors [7H9)], volatile memories [10],
composite nanomaterials [11-14] solar cells and rigid or flexible capacitive
systems |2, 0, I5HI7]. However, part of the operating capability of these
graphene based devices resides in the introduction of high-k oxides in their
design [I18420]. These materials were introduced to overcome tunneling effect
between gate and substrate occurring by using nanoscale silica (SiO,) as in-
sulating layer [21], 22]. The typical values of k are comprised between 10 and
30, due to the limit imposed by the energy band gap of silicon [22, 23]. In
particular, between the wide number of possibilities, alumina (Al,O3) with
k=9, and hafnia (HfO,) with k=25, are currently the most commonly chosen
materials for this application [23], 24].

In this scenario, aiming to include graphene in the above reported applica-
tions, it is a basic requirement to achieve the fine engineering of its properties.

In particular, to control the charge doping level provides the opportunity to
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tune the charge carrier concentration and charge sign of graphene, thus al-
lowing to enhance its on plane conductivity and fabricate two-dimensional
p-n junctions. To pursue this target, it is useful to employ the excellent
sensitivity of graphene to environment. In fact, the adsorption of a large
variety of chemicals on graphene interacts with the electron states and mod-
ifies its electric properties [3, 25]. Among the various available chemicals,
our previous investigations have already shown that molecular oxygen is an
easy and good choice to induce reversible p-type doping in Gr by means of
thermal treatments in controlled atmosphere,while keeping undamaged the
structure of Gr [26-H29]. In literature, various processes are suggested to be
the cause of graphene doping by molecular oxygen: the reversible adsorption
of oxygen molecules to the graphene basal plane [30-32], and a red-ox reac-
tion between oxygen and water, catalyzed by graphene which provides the
required electrons [33H35]. In any case, an electron transfer from graphene
to the reactants has to occur, to justify the hole doping. The role of the
substrate in this kind of doping process for graphene is fundamental. In fact,
as indicated by various investigations, the most relevant contribution to dop-
ing is attributed to the bottom face of graphene, thus suggesting that the
substrate allows to stably preserve the reaction products which cause charge
doping in graphene [36]. According to this hypothesis, the doping efficient
reaction sites must be ascribed not only to graphene but to the entire couple
graphene-substrate, where for the latter, a fundamental role for the capabil-
ity to doping is adduced. Therefore, the investigation of this doping process
cannot prescind from the evaluation of the influence of different substrates,
which has been shown to be relevant in other studies [37].

In this work, we report a study of the influence of different dielectric

substrates (Al,03 and HfO,) on the doping process of graphene, by extending
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the investigation formerly pursued for graphene on silica (SiO,) substrate [29,
38-440]. In particular, the effect of the substrate on graphene is revealed
by distinguishing the specific doping and strain configurations in the native
samples and by investigating the different dependence of graphene doping
on treatment parameters: temperature and exposure time. Thus, on varying
the substrate, different temperature distributions of reaction sites for doping
are revealed, as well as different time-scales of kynetics for doping occurrence

and loss.

2. Materials and Methods

Commercial monolayer graphene (Gr) produced by Graphenea Inc. was
used for the entire set of samples herein compared. Each sample is derived
from the same batch. According to the manufacturing specifications, Gr
was grown on Cu foil by chemical vapor deposition technique, at a tem-
perature of 1000°C, using CH, as the carbon source. In order to transfer
the Gr on the substrates, a layer of Poly(methyl methacrylate) (PMMA)
was spin coated onto Gr/Cu, and then a thermal release tape (TRT) was
laminated on PMMA. The Cu foil was etched by immersion in an ammo-
nium persulfate water solution. The remaining TRT/PMMA /Gr stack was
transferred to the various substrates by thermo-compression printing caus-
ing the release of TRT, and was cleaned from PMMA layer by an acetone
bath. We employed two silicon substrates coated by ~40 nm of Al,O5 and
~50 nm of HfO,, respectively. The Al,O5 thin film was grown by thermal
atomic layer deposition (ALD) at 250°C, using tri-methyl aluminum (TMA)
and H,0O as the aluminum and oxygen precursors, respectively. HfO, was
deposited by plasma enhanced ALD at 250°C, using tetrakis-dimethylamino
hafnium (TDMA-Hf) as the hafnium precursor and Oy-plasma as oxygen
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source. In addition, a substrate with a 300 nm SiO, was used for compari-
son. For simplicity’s sake, these samples are labeled in this work as Gr/Al,O3
and Gr/HfO,, and Gr/SiO,. For the latter sample, the reference data are
reported from Refs. [29] 38, 89 for the same Gr.

The thermal treatments of the samples were performed by an apparatus
comprising a stainless steel chamber of about 100 mL volume with control-
lable temperature and pressure. For each treatment, after a pre-vacuum at
pressure of 0.3 mbar, nitrogen (TTN,) or oxygen (TTO,) gases at pressure
of 2 bar with 20 ppm mol of impurities were used for selective experiments.
Treatment temperature and total time were varied in the range 150-400 °C,
and 5-125 minutes, respectively. For direct treatments (with reference to
previous investigations), a temperature of 300 °C and an exposure time of 2
hours were used.

Raman Spectroscopy was performed using a Bruker SENTERRA p-Raman
spectrometer equipped with a confocal optical microscopy system with 50x
optical magnification; a best spectral resolution equal to 9 cm™, and a data
pitch equal to 0.5 cm™ were employed. All the measurements were performed
with a 532 nm (2.33 eV) excitation laser at nominal power equal to 5 mW.
All the spectra were aligned to the silicon band located at 520.7 cm™ [41], [42)].
Since the Raman signal amplitude of Gr heavily depends on the optical prop-
erties (such as thickness and refractive index) [43], different target areas were
used to collect the Raman signal. In particular, a target area of 4x4 pum?
for Gr/Al,Os, and a larger area equal to 4x15 um? for Gr/HfO,. For each
sample, a set of more than 20 measurements was acquired in order to evalu-
ate heterogeneity and to determine the mean values for the Gr spectroscopic
features. Therefore, each spectrum yields the following quantities: G and 2D

band peak position (7 and ), their full width at half maximum (FWHM)
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(I'¢ and I'yp) and the ratio of their peak amplitude (I(r2p)/I(ve) = R) [44].
The uncertainty of the reported values is expressed in terms of one standard
deviation of each values distribution in parenthesis. By means of a (7g, 7ap)
map, the correlation analysis of G and 2D peak positions was used to evaluate
the structural and electronic deviation of Gr from its ideal features (namely
doping and strain occurrence) [45]. In particular, for the calculation of dop-
ing, the same approximated relation of Ref. [46] has been used. Besides, for
the calculation of strain, the dispersion relation that binds volume and mode
frequencies, and a Griineisen parameter for graphene equal to 3.55 have been
used [47H49]. In the G-2D correlation map reported in the following, ac-
cording to the excitation energy of 2.33 eV, two dotted lines whose slopes
are equal to 2.45 and 0.7, respectively, mark the couples of values (vg,7p)
which are equivalent to only strain or p-type doping effects [39, 46]. Other
positions in the graph are interpreted in terms of the vectorial compositions
of concurrent doping (D) and strain (e) effects whose single evaluation is
achieved by the projection of each point on the respective axes [47-49].

Atomic Force Microscopy (AFM) measurements were performed in Tap-
ping Mode by using a Bruker FastScan Bio and Bruker FastScan A probes
with tip radius approximately equal to 5 nm. AFM images were acquired
on different micrometric scales, up to 5x5 ym? of area. Information of
quantitative nature was extracted by means of Gwyddion v. 2.52 software
(http://gwyddion.net).

The static contact angles (CA) have been measured using a Smart CAM
200 goniometer. The system mainly consists of a syringe for accurately con-
trol the volume of the deposited drop and of a CCD camera, with a resolution
of 512x480 pixels. The drop image, stored by the video camera with sub-

pixel accuracy, is fitted to the Young-Laplace equation in order to calculate
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the left and right angles with an accuracy of £0.1°. For these measurements,
a droplet size of 3 puLi (~2 mm of diameter) of water has been used. The
contact angle of the samples was measured at four different places on the
substrate. Herein, we report the average value and the standard deviation

as uncertainty estimation.

3. Results and Discussion

3.1. Substrates

The preliminary characterization of the used substrates is given in terms
of the morphological and chemical properties which can influence the Gr
structural and electronic features. The surface morphology of graphene-free
substrates was evaluated from the AFM images reported in Figure S1. By
taking care to discard the clusters of residual PMMA, we obtained a value of
roughness equal to 0.22(1) nm for SiOy, 0.31(1) nm for Al,O3, and 0.13(2) nm
for HfO,, respectively. In addition, the water affinity of the substrates was
evaluated in terms of CA, which resulted equal to 60(2)° for SiO,, 74(1)°
for Al,O3, and 87(2)° for HfO,, respectively. By convention, since these
values are lower than 90°, the surface of each sample has to be considered

hydrophilic, but a different degree of water affinity is revealed.

3.2. Native samples

The typical native Gr/HfO, and Gr/Al,03 Raman spectra are compared
in Figure [1] to a reference spectrum of native Gr/SiO,, reported in Ref. [3§].
The strong influence of the oxide thickness and dielectric constant on the
signal intensity of Gr reported in literature [43] justifies the different sig-
1

nal/noise ratio observed in the spectral region between 1200 and 1700 cm”

on varying the substrate. Every spectra clearly show the G and the 2D
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bands, characteristic of graphene. Because the ratio R is higher than 1, we
can confirm the monolayer nature of transferred Gr. Moreover, the low inten-
sity of D band — located at ~1340 cm™ — allows us to state that the number

of carbon atoms in sp? hybridization prevails on the contribution of defects

concentration.
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Figure 1: Raman spectra normalized at G peak amplitude of Gr/SiO, (azure) from
Ref. [38], Gr/Al,O3 (orange), Gr/HfO,-N (green) and Gr/HfO,-R (violet). Dashed lines
mark the peak position of D, G, and 2D bands for Gr/SiO, sample. For each sample,
amplitude ratio R, peak positions 7 and FWHM T' are reported. The uncertainty value

for the last digit is reported in parenthesis.

For Gr/SiO, sample, the reference data report vg=1585(1) cm™, 7,p=2680(3) cm™,
[¢=22(3) cm™, Typ=38(3) ecm™ and R=2.6(3) [38] and for Gr/Al,O3 sam-
ple, we determined vg=1587(2) cm™, yp=2682(1) cm™, T=20(3) cm™,
[5p=33(2) cm™ and R=3.7(8). On the other and, for Gr/HfO, samples, as
will be clarified in the following, two distinct configurations are revealed. The

first one, named Gr/HfO,-N, has mean values vg=1584(2) cm™, p=2675(2) cm™*,
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['c=22(3) em™, Typ=34(5) cm™ and R=4(1); the second one, named Gr/HfO,-
R, has mean values vg=1582(1) cm™, pp=2681(3) ecm™, T'¢=23(2) cm™,
[op=41(5) cm™ and R=3(1).

The study of correlation between G and 2D peak positions, reported
in Figure [2] allowed to distinguish the three samples, which yield four differ-
ent point clouds. Similarly to what was observed for Gr/SiO, (azure ellipse),
Gr/Al,O3 (orange ellipse) constitutes a single point cloud which describes a
single mean configuration with its own spread on strain and doping values.
On the contrary, in the case of Gr/HfO, we can recognize both a main clus-
ter of points (green ellipse), and a minority group of points characterized by

higher 2D frequency. In literature, this feature (and in general the spread
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Figure 2: Correlation map between G and 2D peak position of Gr/SiO, (azure) from
Ref. [38], Gr/Al,O3 (orange), Gr/HfOo-N (green) and Gr/HfO,-R (violet). Qualitative
ellipses highlight the four point clouds. Dotted lines mark strain and doping axes. For each
cloud, dashed lines and continuous lines mark the average strain and doping, respectively.
The extracted values of strain are also reported. The uncertainty value for their last digit

is reported in parenthesis.
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of measurements far left of the strain axis) is related to the reduction of the
Fermi velocity vg in Gr [50, 51]. In particular, some works relate this reduc-
tion to a dielectric screening exerted by the substrate that can be found in
case of high (as for HfO,) or infinite (metals) k substrate and it is favored by
a strong graphene-substrate coupling [51), 52]. On the contrary, other works
relate the reduction to the presence of folded Gr in a non-AB stacking [53].
As reported in Figure S2, some regions of folded Gr were actually revealed
in Gr/HfO,, and because of the use of a larger acquisition area for Raman
measurements, the involvement of these regions cannot be avoided. However,
further effects due to the high-£ substrate cannot be excluded by principle.
Hereafter, we name Gr/HfO,-N (normal) the cluster that does not show a
significant deviation at the left of strain axis, and Gr/HfO»-R (reduced) the
cluster featured by the reduction of vg. The presence of this second species
is not revealed in the other cases (except for few points in Gr/Al,O3), thus
suggesting a peculiar interaction between graphene and some regions of HfO,
substrate.

It is easy to notice that both Gr/Al,O5 and Gr/HfOy-N point clouds show
different orientations on G-2D map compared to Gr/SiO,, thus suggesting
a different heterogeneity in strain and doping configurations. In particular,
their point clouds show a narrower distribution along the strain axis, and a
broader distribution along the doping axis, indicating a more ordered struc-
ture, and a more heterogeneous electronic structure. For both samples, the
doping value results below the minimum level of sensitivity of this technique,
equal to 10'2 cm™ charge carriers concentration, and thus, in this case, a
quantitative estimation is possible only for strain. As highlighted in Figure
by dashed lines, Gr/Al,03 and Gr/HfO,-N reach a mean strain equal to
€=-0.16(2)% and e=-0.06(3)%, respectively higher and lower than Gr/SiO,,

10
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which has a mean strain equal to e=-0.14(4)% [38]. Concerning Gr/HfO,-R,
because of the additional shift due to the vy reduction, the coarse projection
to the strain axis will yield an incorrect evaluation. Herein, we assume that,
if the Gr/HfO4-R cluster had no vg reduction, it would be placed in the same
position of Gr/HfO,-N cluster with the same strain and doping features. By
this assumption we assign the same value of strain e=-0.06(3)% extracted
for Gr/HfO,-N and we estimate the reduction of Fermi velocity Avp=-3%
for Gr/HfOo-R [51, 53]. Since previous investigations have already shown
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Figure 3: Correlation between Gr strain, evaluated by means of G-2D correlation analysis,
and the substrate roughness evaluated by AFM, for Gr/SiO, (azure), Gr/Al,O3 (orange),
Gr/HfOo-N (green). The values of strain are extracted from Figure [2] The uncertainty

values are reported as error bars around the strain and roughness mean value.

the close connection between Gr strain and its own roughness and that of
the substrate [38], the value of native Gr strain reported can be related to
the different substrate morphology. Based on these findings the correlation
between the Gr strain and the substrate roughness was evaluated, revealing
a relation of proportionality between them, as shown in Figure [3] thus indi-

cating that some structural features of native Gr depend on how the Gr lies

11
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down on the substrate after the transfer process. Nevertheless, it is known
that the native configuration is not fixed, but can be modified by opportune

thermal treatments [38)].

3.3. Atmosphere Effect

In order to discern the doping effect of Oy from the pure thermal ef-
fect, we compare the results of thermal treatments in O,, and in N,, namely
reactive and inert atmosphere, respectively, basing also on previous experi-
ments carried on SiO, substrate [39]. The typical spectra of thermally treated
Gr/Aly,O3, Gr/HfO,-N, and Gr/HfOo-R are reported in Figure [dh,b and com-
pared with the spectra of the respective native samples of Figure [ As
reported in Figure[dh,b, (as well as in Figure S3a,b for a wide set of measure-
ments), the thermal treatment in O, modifies heavily the ratio R, by drasticly
reducing it, similar to the case of Gr/SiO, [38,39]. In both cases, G and 2D
peak positions blueshift, and moreover, G and 2D FWHMs are modified (Fig-
ure S3c,d), with a greater contribution for O, treatment. Similar to the case
of Gr/SiO,, Gr/Al,O3 shows no modification for the D band, confirming that
the thermal treatment preserves the sp® structure of graphene. Concerning
the Gr/HfO,, the low signal-noise ratio does not allow to detect the D band,
and this makes it difficult to draw the same conclusion. However, a large
occurrence of defect sites can be excluded by the peak amplitude ratio Ip/Ig
which, even if hard to estimate, is certainly lower than 0.3 [44].

More information can be extracted from the analysis of the correlation
between G and 2D peak positions. In the case of Gr/Al,O3, as shown in
Figure PBl, the point clouds of both thermally treated samples are clearly
shifted compared to the native one and similarly dense. On the contrary, in
the case of Gr/HfO, (Figure [ob), the same thermal treatments in Ny and O,

atmospheres cause more heterogeneous results. In fact, even if a similar trend

12
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Figure 4: Raman spectra normalized at G peak amplitude of native (black), thermally
treated samples in oxygen (red, TTO,), and nitrogen (blue, TTN,) atmosphere for (a)
Gr/Al,03 and (b) Gr/HfO,. In the latter case, the results of the normal (red) and reduced
(orange) species are distinguished. Dashed lines mark the peak position of D, G, and 2D
bands for respective native samples. For every sample, bands ratio R, peak positions 7 and

FWHM T are reported. The uncertainty value for the last digit is reported in parenthesis.

in the shifts is recognizable, both the point clouds appear largely spread on
the graph, indicating a non-homogeneous effect of both strain and doping.
For N, treatment, the shape of point clouds is approximately similar to the
native ones. In particular, for Gr/Al,O3, we observe an increase of spread
along the doping axis with a slight increase of doping (at the limit of the
sensitivity of this technique), reaching the values of D=0.2(2)x103cm™ and
an increase of compressive strain up to e=-0.21(3)%, the latter being similar

to the case of Gr/SiO, [38]. Despite of the larger spread of point cloud, similar

13



255 mean values are obtained for Gr/HfO, for which we find: D=0.1(4) x 10*3c¢m™

and €=-0.22(7)%. Because of the large spread of its point cloud and because
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Figure 5: Correlation map between G and 2D peak position of native (black), and treated
samples at T=300 °C, for 2 hours, at pressure of 2 bar of oxygen (red, TTO,) and nitrogen
(blue, TTN,) atmosphere for (a) Gr/Al,O3 and (b) Gr/HfO,. In the latter case, normal
(filled circles) and reduced (empty circles) samples are distinguished. Qualitative ellipses
highlight the dense point clouds. Dotted lines mark strain and doping axes. For each
sample, dashed lines and continuous lines mark the average strain and doping, respectively.
The extracted values of strain are also reported. The uncertainty value for their last digit

is reported in parenthesis.
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some points are located in the forbidden zone [54], far left of the strain axis
(for which a reduction of Fermi velocity cannot be excluded), we assume that
both kinds of native Gr/HfO, evolved with a similar increase of strain.
More considerable change occurs by the O, treatment, as reported in Fig-
ure . Concerning Gr/Al,O3, the point cloud is uniformly shifted to values

of remarkable doping equal to D=1.3(1)x103cm™

, contrary to previous in-
vestigations [39]. We can also notice that, compared to the native cloud,
O, treated sample is affected by a larger spread along strain axis than along
doping axis, as well as a higher I'yp (Figure S3), suggesting that Oy doping
process involves the modification of the Gr structure to a more disordered
configuration, more similar to typical native Gr/SiO,. Moreover, we suggest
that the decrease in doping spread and I' is due to the doping process itself,
which constrains the charge carrier concentration to a specific level, more
strictly determined than for the native (unintentional) doping. On the other
hand, for Gr/HfO,, the cloud features a very large spread, which we relate to
strong structural and electronic heterogeneity. Similar to what done with the
native sample, we discriminate the measurement set in two groups roughly
separated by the strain axis: the group placed in the forbidden zone at the
left of the strain axis, and the group placed in the doping zone at the right
of the strain axis. Because of its peculiar location, no quantitative estima-
tion of doping can be done for group to the left. In order to try to evaluate
where this group would be placed if it had no reduction of Fermi velocity,
we shift it vertically (only along 2D axis) and we find that only zone at low
doping values is involved. Therefore, no doping process affects the group at
the left of the strain axis, and we conclude that this group results only by the
evolution of the native Gr/HfOy-R, whereas the group placed in the doping
zone results only by the evolution of the native Gr/HfO,-N point cloud. As a

15



285

290

295

300

305

310

consequence, the reduction of Fermi velocity and the capability to doping re-
sult to be mutually exclusive for native Gr/HfO,. Thus, by considering only
the group at the right of the strain axis, we estimate a doping level equal to
D=0.7(3)x10"cm™, on average lower than in the case of Gr/SiO, [3§].
Finally, concerning the strain, Gr/Al,O3 reaches the value of e=-0.20(4)%
(comparable to N, treatments), whereas Gr/HfO, reaches the value e=-0.10(8)%
(lower than N, treatments), a feature different and similar, respectively, to
the case of Gr/SiO, [38]. These results clearly show the close dependence of
the structural and electronic evolution of graphene by thermal treatments on

the underlying substrate.

3.4. Doping vs Temperature

The dependence on temperature of doping induced by O, has been inves-
tigated by performing, on the same sample, a series of thermal treatments,
with duration of 2 hours each and increasing the temperature by steps of
25 °C up to 400 °C and evaluating ex-situ the doping occurrence.

As shown in Figure [0 a progressive increase in the doping is revealed
for both Gr/Al,03 and Gr/HfO,-N, also traceable by the decrease of the
ratio R (reported in Figure S4), whereas no doping is induced for Gr/HfOy-
R. Concerning the strain, a slight increase of compressive strain is revealed
for GrAl,O3 and Gr/HfO.-N, contrary to what is reported for Gr/SiO, [29]
where a strong decrease of strain was revealed at maximum doping levels
(Figure S5). Nevertheless, both Gr/HfO,-R and Gr/HfO,-N points with
low doping evidence higher strain compared to native samples, similarly to
Gr/SiO, in analogous doping state [38]. It is important to note that, as
revealed in the previous section, a broadening of strain values distribution
occurs on the increase of doping for Gr/Al,O3 and Gr/HfO,-N. Through the

regulated increase of doping by temperature, we can reveal the progressive
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evolution of strain spread, and most importantly, the heterogeneity which

characterizes this change. In fact, as reported in Figure S4, the increase of

['yp against Ug (that approximately means against doping) indicates an in-

crease of structural disorder, strengthening the idea of a correlation between
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(R) kinds of Gr are shown by filled and empty circles, respectively. Dotted lines represent
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strain and doping, respectively. The extracted values are also reported. The uncertainty

value for their last digit is reported in parenthesis.
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doping process and structural reassessment of Gr structure. Most impor-
tantly, I'sp reaches a peak value at intermediate temperature, indicating a
range of higher structural disorder for intermediate doping. Such a evolution
does not occur in Gr/SiO,, which keeps the same strain spread and I';p even
at intermediate doping.

The estimation of doping levels, extracted from the position of each
measurement, is reported in Figure [7| (data for Gr/SiO, are reported from
Ref. [29]). For all samples, the doping increases with the temperature through
a sigmoidal trend, featured by a threshold temperature followed by the ap-
proach to a maximum level. This sigmoidal trend is more evident in Gr/SiO,
and Gr/ALO; (Figure [Th,b) than in Gr/HfO, (Figure [7c), because of the
larger spread of values of the latter sample. The comparison of the three gen-
eral trends, simplifies the recognition of different features: a lower threshold
for both Gr/SiO, and Gr/HfO, compared to Gr/Al,O3, and the decrease of
doping at temperature higher than 250 °C for Gr/HfO, which reaches an over-
all lower doping level. Because temperature higher than 400 °C causes the

destruction of Gr for Gr/SiO, and Gr/Al,O5 samples, that temperature de-
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termines the highest doping available, which is equal to 1.75(9)x 103cm™ and
1.54(9)x103cm2, respectively. On the other hand, in the case of Gr/HfOs,
because at temperature higher than 250°C an additional trend of doping de-

135 crease is noticeable, the highest doping available is determined at this limit
temperature, and equal to 0.9(4)x10¥cm2. The highest doping reached can
also be expressed in terms of number of charge carriers per unit of C atoms
as equal to 0.45(3)%, 0.39(3)%, and 0.24(9)% for Gr/SiO,, Gr/Al,O3 and
Gr/HfO,, respectively.

340 Because of the fundamental role of the substrate for the doping process
(already cited in the introduction), it is legitimate to ascribe the different
behaviors here reported to the different used substrates. Therefore, by con-
sidering also the heterogeneity of doping related structural changes indicated
by the evolution of I'sp, we propose a model where these three curves are

;s interpreted as the cumulative contribution to doping provided by the fraction
of the reaction sites whose activation temperature is below to the treatment
temperature. Thus, for each system, we can obtain the distribution in tem-
perature of the reaction sites Nrg by the derivative against temperature of
doping trend curve: Ngg(T) < 0D/OT.

350 The obtainted distributions, reported in Figure [§ are featured by the
mean position which marks the maximum population, and the FWHM which
describes the range of temperature which provides doping occurrence: (210+50)°C,
(250440)°C, and (220430)°C for Gr/SiO,, Gr/Al,03, and Gr/HfO,, respec-
tively. In particular, the doping occurrence is represented by positive sign

355 population, and linked to the activation of an ever large fraction of reaction
sites of the Gr-substrate system on increasing of temperature, whereas the
doping loss observed for Gr/HfO, is represented by negative sign population.
As depicted in Figure [9] according to the proposed model, all the reaction
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sites activated below a given temperature contribute to the doping process
(blue diamond), whereas the remaining sites keep unreacted (red crosses).
Furthermore, the approach to the saturation value may be ascribable to the
exhaustion of the reaction sites, which continuously reduces the contribution
of further reactions. The different maximum doping available, is thus related
to the integral of the Ngg distribution, that is the different density of reaction
sites for the three substrates.

Finally, we compare the highest doping level with the water affinity of
the various substrate surfaces, the latter being evaluated in terms of con-
tact angle measured before the Gr transfer. As reported in Figure the
doping capability is favored by the substrate hydrophilicity that, for the con-
sidered oxides, is typically related to the presence of hydroxil groups on the

surface [55H58]. By considering the oxygen reduction reaction suggested in
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literature, the two half-reaction involving the doping process are

O, + 2H,0 +4e — 40H [33]
Gr — Gr+4h'g, +4e,

where, contextually to the oxygen reduction, the Gr is oxidized, and there-
fore, doped by holes which result in its band occupation. For such a mecha-
nism, the hydratation of the substrate surface is clearly mandatory in order
to provide the necessary amount of water. The lower water affinity esti-
mated for Gr/HfO, and Gr/Al,O3 compared to Gr/SiO,, is fully compatible
with their lower doping capability. Therefore, in accordance to the proposed
model, the value of the highest doping level is a peculiar feature of each sub-
strate related to its water affinity, and somehow, assumed to be proportional

to the total number of the reacted sites depicted in Figure [9]

3.5. Doping vs Time

The kinetics of Oy doping process was investigated in the range 5-125
minutes by performing successive thermal treatments at 300 °C (reference
temperature for previous investigations), and evaluating ex-situ the doping
as a function of total treatment time. As shown in Figure[l1] the doping pro-
gressively increases with time up to a maximum value, the latter, by taking
in account the previous discussion, is merely determined by the tempera-
ture. Moreover, as reported in Figure S6, the same spectroscopic evolutions
of R and I'sp due to doping revealed with temperature increase are here con-
firmed. However, the fast doping occurrence prevents to finely observe the
structural disorder occurring at intermediate doping. On the other hand, as
shown in Figure S7, no clear trends are revealed for strain.

By extracting the doping levels from each measurement at various times,

the different time-scales of doping are revealed, as reported in Figure

22



allowing to evidence the dependence of kinetics on the used substrate. In
w0 particular, for Gr/SiO, (Figure [12h), which data are reported from [38],
and for Gr/AlL,O; (Figure[12b) the doping monotonically increases with the
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Figure 11: Correlation map between G and 2D peak position of native (black) thermally
treated samples in oxygen (TTO,) atmosphere on increase of treatment time (color scale)
of (a) Gr/Al,O3 and (b) Gr/HfO,. In this latter case, both normal (N) and reduced
(R) kinds of Gr are shown by filled and empty circles, respectively. Dashed lines and
continous lines mark the average strain and doping, respectively. The extracted values are

also reported. The uncertainty value for their last digit is reported in parenthesis.

time up to reach a saturation level. On the contrary, in the case of Gr/HfO,

(Figure ), after a fast initial increase, the progressive loss of doping is
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Figure 12: Extracted doping values on increasing treatment time for (a) Gr/SiO,, (b)
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ham model, which best fitted the data. Fit uncertainty is reported by the prediction and
confidence bands at one standard deviation by the best fit curve. A modified version of
Bangham model was used for Gr/HfO,, in order to describe the loss of doping revealed

for long time.

clearly revealed for time higher than 45 minutes. In fact, as reported in the
previous section, at the temperature used for the kinetics study, the doping
removal process is also active.

In general, the adsorption based processes are usually composed by mul-
tiple steps dynamics, which include the diffusion of the reagents to the ad-
sorption sites, followed by the actual adsorption, and the observed kinetics
is determined by the step which occurs more slowly [59-H62]. Therefore, both
diffusional and adsorption models are taken into account so as to discrimi-
nate if the time scale of doping occurrence is rate-limited by the molecular
oxygen diffusion to the reaction sites, or by the rate of the following oxygen
reduction reaction. For the diffusion process, approximate Crank models for
both short and long times, and Bangham models were considered, whereas
for the adsorption process, according to the literature, pseudo second order
(suggested in literature for this reaction [63]), pseudo first and n-th order,
Elovich, and Langmuir models [59] were taken into account. The definition

equation of all of the models are provided in the Supporting Information, in
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accordance with Ref. [59]. Considering the presence of a single trend, the
fit comparison was operated on Gr/SiO, and Gr/Al,O3 data set only. For
both of the samples, the Bangham model — defined as D = ckt” | where k
is the rate constant, ¥ is the Bangham parameter, and ¢ = 10¥cm™ a scale-
constant — resulted the best model to describe the data sets, by showing the
lowest value of root mean square of errors (RMSE) (reported in Figure S8),
and by operating the F-test bewteen other models whith similar RMSE [59].
On the other hand, in order to describe the progressive doping loss occurring
for Gr/HfO,, its kinetics is evaluated with an extended version of Bangham
model, which includes a linear contribution D = c¢st. Moreover, due to the
exiguous resolution of doping increase, the ¥ parameter obtained for Gr/SiO,
was imposed for Gr/HfO, fit. The obtained parameters are reported in the
following Tab[I]

Sample | k (min™) ¥ s (min)
Gr/Si0, | 0.723) 013(1)
Gr/ALOs | 0.36(5) 027(3) -
Gr/HfO, | 0.67(3) 0.13(1) -0.004(6)

Table 1: Fit parameters obtained for the kinetics analysis. Bangham model, defined as
D = ckt?, where k is the rate constant, ¥ is the Bangham parameter, and ¢ = 10'3cm™
is the scale-constant, was used for Gr/SiO,, and Gr/Al,O5, whereas for Gr/HfO,, an
additional loss term D = cst was included, and the ¥ parameter obtained for Gr/SiO, was

imposed.

Therefore, the time scale of doping observed in our experiments is deter-
mined by diffusion process by molecular oxygen between Gr and substrate.
This finding, in accordance with those studies which relate molecular doping

process of supported Gr to diffusion process in the interstitial space between
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Gr and substrate [30], [64], [65]. Thus, once the reaction sites are reached, it
follows a fast reaction whose rate is evaluated in the time-scale of pus—ms by
other investigations [66] [67]. Even if the different rates obtained indicate the
close relation between the diffusion process and the substrate used, the cur-
rent data are insufficient to establish a correlation with some specific feature

of this latter.

4. Conclusions

In summary, structural and electronic differences between native Gr/SiOs,
Gr/Al,O3, and Gr/HfO, were found by the correlation of their Raman spec-
troscopic features. In particular, native samples have different structural
strain (Figure [2)) related to the more or less rough substrate surface (Fig-
ure . Moreover, for Gr/HfO,, a significative fraction of the Gr is folded,
and exhibits a reduction of Fermi velocity and inability to doping. By ther-
mal treamtent in O, atmosphere, both Gr/Al,O3, and Gr/HfO,-N samples
show a strong change in structural and electronic properties of graphene and,
in particular, the occurrence of hole doping, similar to the case of Gr/SiO,.
The overall evolution of strain spread and I';p suggest an evolution of the
graphene structure during the doping process. Distinctive features of the
process are found for the various samples: a different highest doping avail-
able (Figure @, a different distribution on temperature of the reactive sites
of substrate (Figure [§)), and a variation in the reaction rates (Figure [12)),
thus attesting the close dependence of O, doping on the surface properties
of the used substrate. The oxygen diffusion between Gr and substrate is
found to be the process which limits the kinetics of doping, and which is
followed by a faster adsorption process. Finally, we propose a subdivision of

the studied samples based on the above discussion. Gr/HfO, differs quan-
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titatively from the other samples for a lower doping, as a consequence of
a lower density of reaction sites and water affinity. Nevertheless, as shown
in Figure Gr/SiO, and Gr/HfO, can be qualitatively distinguished from
Gr/Al,O3 by considering both their lower threshold temperature (Figure ,
and their higher reaction rate (Tab., suggesting similar surface properties.
Therefore, it is supposed that Gr/Al,O3 has different surface features, which
lead to a highest doping well comparable to Gr/SiO,, but through a peculiar

behavior.

Gr/SiOy .

5 I e
(% ’\,6 1_6 g

" GrHfOy-.

Figure 13: Mean values of highest doping available, reaction rate, and threshold temper-
ature for Gr/SiO, (azure), Gr/Al,O5 (orange), and (c) Gr/HfO, (green). The proposed
grouping is reported by red and blue ellipses.
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