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Abstract: The role of the oxidation state of carbon on the early stages of growth of metal oxides was
studied for the particular case of ZnO deposition on graphene and graphene oxide on SiO2 (G/SiO2

and GO/SiO2, respectively) substrates. The growth was carried out by thermal evaporation of metallic
Zn under an oxygen atmosphere at room temperature. This technique permits quasi-equilibrium
conditions during the oxide growth, allowing the characterization of the fundamental interaction
between ZnO and the graphene-based substrates. Although in both cases ZnO follows a Volmer–Weber
growth mode controlled by nucleation at defects, the details are different. In the case of the GO/SiO2

substrate, the nucleation process acts as a bottleneck, limiting the coverage of the complete surface and
allowing the growth of very large ZnO structures in comparison to G/SiO2. Moreover, by studying the
Zn-LMM Auger spectra, it is shown how the initial nature of the substrate influences the composition
of the ZnO deposit during the very early stages of growth in terms of Zn/O atomic ratio. These results
are compared to those previously reported regarding ZnO growth on graphite and graphene on Cu
(G/Cu). This comparison allows us to understand the role of different characteristics of graphene-based
substrates in terms of number of defects, oxidation state, graphene support substrate and number of
graphene layers.

Keywords: graphene; graphene oxide; zinc oxide; interfaces; mode of growth; XPS; AFM;
factor analysis

1. Introduction

Heterostructures and composites formed by graphene, graphene oxide (GO) and a great variety
of metal oxides have been the focus of many research studies in recent years. The combination of these
materials leads to a wide range of multiple applications, such as catalysis [1,2], energy production [3,4]
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and storage [5,6], sensors [7,8] and electronic devices [9,10]. The final performance of all real devices
containing these materials depends on several factors, such as composition and stability of the oxide
layer, chemical interaction between oxide and graphitic support and the influence of the environment.
The transition from laboratory proofs of concept to industrial production of mass devices using novel
technologies requires a deeper understanding of the interaction between the selected oxide and the
graphitic materials, in particular between its initial oxidation state, as for instance graphene, and GO.
Following this line, the main aim of this work is the characterization of the deposition of ZnO on
graphene supported on SiO2 and GO, establishing the chemical origin of the different mode of growth
presented by ZnO on both substrates under same deposition conditions.

The election of ZnO is based on the extensive characterization of its exceptional properties as well
as the good control of its deposition by different physical and chemical techniques [11]. ZnO is a low
cost material that can be synthesized by chemical methods, such as hydrothermal synthesis, the Sphanel
and Anderson method [12], sol gel [13] and green synthesis [14], and by physical methods, such as
sputtering [15] or electron beam evaporation [16]. The electronic structure of ZnO is a wide bandgap
semiconductor (3.3 eV) with a large exciton binding energy (60 meV) [17]. Besides, the easy control of
its electrical properties by n-doping, preserving optical transparency, converts ZnO in an excellent
low-cost substitute of ITO in many transparent conducting oxide applications [18,19]. By its own, ZnO
thin films find potential applications on thin film transistors (TFT) [20], photodiodes [21], solar cells [22]
and gas sensors [23], among others. On the other side, graphene and GO have been a hot research topic
in the last fifteen years due to the astonishing properties of this carbon allotrope. Specifically, graphene
presents enviable electrical properties due to high ballistic transport distances and very large carrier
mobility [24,25]. In addition, it also presents high flexibility, transparency, hardness and large surface
area [26], which opens the door to multiple combinations with other compounds, depending on the
desired application and the corresponding graphene property needed to be enhanced even further.
As examples, hybrid ZnO/graphene quantum dots (QDs) for applications as counter-electrodes in solar
cells [27] and graphene–ZnO UV photodiodes have been fabricated [17,28]. GO can be considered
as a variety of graphene containing functional groups acquired during the oxidation of graphite,
but with an additional ultra-sonication step to obtain ultra-thin and single layer graphene oxide instead
of graphite oxide [29]. Furthermore, the presence of GO functional groups allows a high level of
dispersability in many solvents, thus permitting its deposition by simple chemical methods such as
drop casting [30], spin coating [31], spray pyrolysis [32] or Langmuir Blodgett [33]. Precisely these
characteristics enables GO to be used as a filler in a wide variety of polymer matrixes and composites.
In spite of the insulating character of GO, reduced GO (rGO) restores good electrical conductivity
values, although these reduced graphene layers present important structural defects. GO electrical
conductivity can also vary by the interaction with other materials, such as, for instance, ZnO. In the
case of the ZnO/GO field-effect transistor, Jilani et al. [34] showed that for ZnO concentrations higher
than 5 wt% in the ZnO/GO channel layer, the GO exhibited n-type conductivity, possibly due to the
photocatalytic reduction of C–OH species.

According to the previous lines, the study of the growth of ZnO, on both graphene and GO,
seems to be well justified. However, deposition of metal oxides on graphene-based materials is a
difficult task due to non-homogeneous growth during the very early stages of growth. This hinders
well-ordered growth and leads to the possible creation of defective metal oxide layers that prevent
functionality of the desired device. For example, to avoid this issue on graphene sheets, different
pre-treatments have been applied before deposition due to the strong hydrophobic nature of its
surface [35–38]. Nevertheless, these recipes may provoke a partial degradation of the graphene in terms
of creation of defects and undesired functionalization. In order to overcome this gap, it is necessary to
understand the fundamental interaction between metal oxides and graphene in different situations.

Recent publications of our group have demonstrated the dependence of ZnO deposition on
different graphitic substrates, such as highly oriented pyrolytic graphite (HOPG) and G/Cu sheets [39].
In spite of the equivalent uppermost atomic layer, differences in both, growth mode and chemical



C 2020, 6, 41 3 of 18

interaction highlight, the complexity of graphene/metal oxide interactions and the need for basic
research on all possible differences regarding the initial state of graphene and its influences on the
very early stages of growth. For example, previous works were centered on differences induced by
the graphene layer and the polycrystalline nature of the Cu sheet support [40]. The work presented
here is focused on the initial oxidation state of graphene by comparing the ZnO growth on graphene
and GO using the same SiO2 support material in both cases. In particular, SiO2 was chosen as a
support due to its low electronic interaction with graphene, thus making it possible to discard possible
influences of the supporting substrate, as it happens in the case of polycrystalline Cu support [40,41].
In addition, ZnO is deposited by reactive thermal evaporation of metallic Zn in an oxygen atmosphere.
Due to the very low energy of the evaporated atoms, this technique avoids aggressiveness of chemical
methods that could directly interact with the substrate. Thus, this technique represents the best option
to conduct a basic study of the ZnO/G and ZnO/GO interaction.

The presentation and discussion of the results is divided in two sections. Firstly, the growth
mode of ZnO on both systems is discussed in terms of quantitative X-ray photoelectron spectroscopy
(XPS) analysis and atomic force microscopy (AFM) measurements. Secondly, the chemical interaction
near the interface is investigated by XPS. In particular, the oxidation state of Zn as a function of the
deposition time is analyzed and compared to other graphitic substrates such as G/Cu and HOPG,
relating the initial chemical nature of the substrate with the resulting degree of oxidation of the grown
oxide. Raman measurements complement this analysis tracking the development of graphene defects.

2. Materials and Methods

ZnO was grown by thermal evaporation of metallic zinc in a reactive oxygen (O2) atmosphere at
2 × 10−3 mbar, with 5 × 10−9 mbar as base pressure of the chamber, and maintaining the substrates
at room temperature. Metallic zinc beads from Goodfellow (Cambridge Ltd., London, UK, purity
99.99%) were evaporated using a Knudsen type evaporator at a distance of 10 cm from the sample
and working at very low evaporation rate to allow a detailed study of the early stages of growth.
During evaporation, the substrates were maintained at room temperature, assuming the contribution
of the evaporation cell to the temperature of the substrate to be negligible. To guarantee such low
deposition rates, samples were placed in three different positions with respect to the evaporator (see
Figure S1 of the supplementary information). Further details regarding the deposition methodology
can be found elsewhere [39]. During these experiments two different substrates were used: Graphene
supported on SiO2 (G/SiO2) and GO/SiO2. The graphene substrate was grown by chemical vapor
deposition (CVD) on polycrystalline copper [42] and subsequently transferred to a SiO2 substrate by
the usual polymethyl methacrylate (PMMA) route. On the other hand, GO monolayer dispersion from
Graphitene Ltd. (Flixborough, UK, 4.0 mg/mL in deionized water, with >90% of monolayer content)
was first sonicated and then deposited on SiO2 substrates by spin coating of 50 µL, giving a GO layer of
~1 µm. SiO2 substrates 50 nm thick were grown by thermal oxidation of Si wafers. ZnO was deposited
on both substrates in successive evaporations, the sample being analyzed in-situ by XPS after each
step. A complete explanation of the procedure for the estimation of the amount of deposited material
for each step can be found elsewhere [39,43]. Ex-situ AFM and Raman spectroscopy measurements
were performed for a set of samples with different ZnO coverages, precisely those of interest for the
characterization of the early stages of growth.

XPS measurements were performed with a CLAM-4 MCD hemispherical electron analyzer from
Thermo Fisher Scientific using Mg Kα and Al Kα radiation anodes alternately to avoid overlapping
of the main photoemission and Auger signals. The pass energy was set to 20 eV, giving an overall
resolution of 0.9–1.0 eV, respectively, for each anode. The energy scale was calibrated by adjusting
the main C 1s contribution due to sp2 hybridization at 284.3 eV for both substrates [44]. The spectra
have been fitted using the XPSPeak software, version 4.1, considering a Shirley-type background.
The inelastic mean free path (IMFP) for photoelectrons at different kinetic energies through the ZnO
matrix were calculated by using the Tanuma, Powell and Penn formula IMFP-TPP2M [45]. The inelastic
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peak shape analysis has been carried out by means of the QUASES software [46]. AFM images
were taken with an AFM microscope from Nanotech Electrónica, Madrid, Spain, using frequency
modulation noncontact (FM-ncAFM) dynamic mode and commercial tips from Nanosensors, Neuchâtel,
Switzerland. The images were processed and analyzed with the WSxM software (5.0 Develop 8.2,
Nanotech Electrónica, Madrid, Spain) [47]. Raman spectra were taken in a confocal Raman microscope
(ALPHA 300RA, WITec, Ulm, Germany) with laser excitation at 532 nm and a 100× objective lens
(NA = 0.95). The incident laser power was 1 mW. The optical diffraction resolution was limited to
about 200 nm laterally and 500 nm vertically, while Raman spectral resolution of the system was down
to 0.02 cm−1.

3. Results

3.1. Quantitative and Morphological Analysis: ZnO Growth Mode

The first part of our study focused on the comparison of the mode of growth of ZnO on both
substrates. In this regard, Figure 1 presents a common quantitative analysis of the deposition using
the XPS intensity from the grown layer and the substrates, i.e., the Zn 2p 3/2 peak from ZnO and the
Si 2p and C 1s XPS peaks for G/SiO2 and GO/SiO2 substrates, respectively. The coverage of ZnO in
terms of equivalent monolayers (Eq-ML), assuming uniform deposition, can be estimated in each
stage of growth from the measured intensities by the expression I = I0

(
1− e−Dt/λ

)
. In our case, in this

equation, I is the intensity of the Zn 2p contribution at each evaporation stage, I0 is the intensity of
a bulk sample of the material, t is the total evaporation time, D is the deposition rate and λ is the
inelastic electron mean free path. In particular, the IMFP λ is set at 7.5 Å for the Zn 2p photoemitted
electrons through the ZnO matrix, while the thickness of a ZnO monolayer is ~2.6 Å. Nevertheless, it is
worth pointing out that this total coverage calculated by XPS can induce important underestimations
of the total amount of deposited material depending on the characteristics of the mode of growth due
to the surface nature of the photoelectrons recorded by this spectroscopic technique. By this reason,
plots such as those represented in Figure 1 should be extended with further data from complementary
techniques, although they give valuable qualitative information on the growth process. Figure 1a,b
show the intensity of the above-mentioned XPS contributions as a function of the evaporation time
on both substrates. As can be seen, the expected increase of the Zn 2p intensity in both substrates
corresponds to an exponential growth mechanism (see black circles), although the growth rate for each
of the three evaporation positions (see Figure S1, Supplementary Materials) is different, increasing
as the sample is closer to the ZnO source. For each position, the growth was characterized by a fast
deposition followed by a saturation stage of the XPS signal, indicating that (1) no more surface is
covered and (2) the ZnO structures is at least as large as the IMFP of photoelectrons. For the third
position, where the sample was directly facing the evaporator, the deposition, as expected, is much
faster. In turn, the intensities from the substrates follows the opposite behavior (red squares). In the
case of G/SiO2 the intensity of the Si 2p signal decreases with the evaporation time until it completely
disappears; however, for GO, the intensity of the C 1s contribution initially increased but does not
take up the expected decreasing behavior until an advanced stage of the ZnO growth at the third
position. This effect will be explained below in Section 3.2 as due to reduction of GO under X-ray
irradiation, releasing oxygen-based functional groups of the GO surface, thus increasing the signal
from carbon atoms. Therefore, morphological but also chemical information at the qualitative level
could be inferred from these simple plots.

XPS measurements can also provide deeper insights the details of the growth mode by analyzing
the inelastic background (inelastic peak shape analysis (IPSA)). In this case, the probing depth was
extended to several times the IMFP, as this background contains electrons that have lost part of their
energy by inelastic processes that depend, among other factors, on the spatial distribution of the atoms
that contribute to the signal (to the emission or/and to the inelastic scattering). Therefore, this analytical
method gives the opportunity to derive the surface morphology that gives rise to the shape of the
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inelastic background. This method has been included in the QUASES software [46]. The survey XPS
spectra for different stages of growth on both substrates were analyzed in terms of islands model (active
substrate), and the results are depicted in Figure 2. For the G/SiO2 substrate (black squares), this study
could not be performed for the spectra recorded at position 1, since the signal-noise ratio was very low
due to the small amount of deposited material. Nevertheless, this fact would indicate that in the early
stages of growth, the nucleation limits the surface coverage. Once the sample is located at position
2, the growth is characterized by a fast coverage of the surface (up to a 40%) with islands growing
from 30 to 60 Å. These structures are too thick for a surface sensitive technique such as XPS (30 Å is
more than three times the ZnO estimated IMFP) and would explain the limited increase on the XPS
intensity, even for such big clusters. For subsequent depositions at position 3, the coverage increases
until the coalescence and the height of these structures saturates at 90 Å, which is close to the limit of
the IPSA method, taking into account the current IMFPs (further tuning to higher height values does
not translate into background changes). For the GO substrate (green triangles), the mode of growth is
simpler, characterized by a very slow nucleation process and by the growth of big clusters. Even for the
early stages of growth, the height of ZnO structures reaches the maximum (90 Å). This means that the
XPS intensity measured in Figure 1b is limited and controlled by the percentage of surface coverage.C 2020, 6, x FOR PEER REVIEW 5 of 19 
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Figure 2. Results for the inelastic peak shape analysis for the growth of ZnO on G/SiO2 (black squares)
and GO (green triangles).

The AFM topography images for different stages of growth of ZnO on G/SiO2 and GO/SiO2 are
shown in Figure 3a,b, respectively. The first images of each panel correspond to the clean substrates.
In the graphene case, the SiO2 support can be seen underneath and some further images show the
characteristic graphene wrinkles. Although ZnO deposits can hardly be observed in the AFM images
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due to the small amount of deposited material (especially during the very first steps), some slight
changes on the contrast appears. In particular, the root mean square (RMS) increased with the
deposition time and serves as a good indicator of the deposition. However, for deposition of 0.7 Eq-ML,
the AFM image clearly shows the formation of small ZnO islands with lateral size of 30–50 nm and
few nanometers high, which gradually increased in size and height until the last stage, when the
entire surface is covered. For the GO, the initial substrate already shows higher values of RMS than
as-transferred graphene. However, similarly to the previous substrate, the ZnO grains were observed
for deposits around 1 Eq-ML (calculated by XPS). As expected from IPSA analysis, the grains were
bigger in size, with diameters around 200 nm and heights close to 90 nm. Therefore, the ZnO growth
on graphene appeared to be smoother than on GO in the very early stages of growth, even though for
larger deposits near to the coalescence of the RMS values became similar (see complete evolution of
the RMS roughness for both substrates in Figure S2).C 2020, 6, x FOR PEER REVIEW 7 of 19 
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The RMS roughness and the color scale bar for each image is given.

It is known that AFM images of the phase channel (or the excitation frequency when a secondary
feedback loop is applied to the phase) certainly show a contrast that directly can be attributed to the
chemical changes at the surface. For this reason, we present in Figure S3 the phase AFM images of
the same samples shown in Figure 3. The images taken in phase mode confirms the results already
observed at the topographic images.

Summarizing the above results, we could establish a detailed description and comparison of the
mode of growth of ZnO on both substrates. In both cases, the growth of ZnO follows a Volmer–Weber
mode, characterized by an initial stage controlled by nucleation process and a fast growth of ZnO
clusters that finally coalesce, forming a microstructured film. However, there are some differences
between both substrates. For G/SiO2, the nucleation process is faster and with a higher density of
nucleation centers than for GO. In fact, this limits the size and height of the initial ZnO islands. In this
sense, clusters do not start growing until almost half of the total surface is covered. On the contrary,
nucleation at GO/SiO2 is slow and punctual with lower density of nucleation centers, allowing ZnO
clusters to reach larger dimensions. These differences in the growth can be seen as the first sign of
possible influence of the graphene oxidation state on the ZnO/substrate interaction.
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3.2. Chemical Analysis: The Interaction of ZnO with Graphene and GO

This section will focus on the chemical interaction of the substrates with the deposited ZnO and
the relationship between them. Firstly, we assess the chemical damage imposed on the substrates due
to the applied characterization techniques, isolating and discarding them to clearly identify the changes
induced directly by the deposited ZnO. As previously stated, two main characterization techniques
have been used: XPS and AFM. Regarding the last one, the non-contact tapping mode guarantees
a very low interaction between sample and the cantilever tip. Moreover, these measurements were
taken ex-situ, after the chemical characterization with XPS was performed. On the contrary, in-situ
XPS measurements imply X-ray irradiation of the sample. It is well known that X-rays can induce
changes in the oxidation state (reduction processes) [48,49] and especially degradation of organic
compounds [50–52], depending on photon energy and flux. In particular, whereas graphene has been
reported to remain stable under X-ray irradiation in the literature, GO has shown a significant reduction
with time, loosing functional groups and becoming rGO under long time exposure [53,54]. It was
pointed out previously that the intensity of the C 1s peak in Figure 1b increases with time, despite of
ZnO deposition, suggesting a reduction induced by the X-ray flux.

In order to confirm the reduction of GO by X-ray irradiation and to differentiate it from possible
changes induced by ZnO deposition, an in-situ XPS study is performed on a clean GO sample as a
function of X-ray irradiation time. Focused on the C 1s XPS spectra, Figure 4a presents the XPS fitting
of two spectra. The bottom spectrum shows the as received GO sample after 17 min of X-ray irradiation
(which is the time it takes a complete measurement with a good signal-to-noise ratio). As it can be
seen, the main peak is situated at ~287.0 eV, corresponding to single bond C–O contribution. Moreover,
the spectrum also shows, with lower intensity, other peaks corresponding to double bond C=O and
carboxyl groups (C(=O)OH) located at 288.7 and 290 eV, respectively [55,56]. The C–O contribution
has a relative higher weight compared to sp3 [57] (originating from broken carbon hexagons on
defective and messy graphitic systems) and sp2 [58] hybridization contributions at 284.7 and 284.3 eV,
respectively, being both typical for graphitic compounds. The combination of all these contributions
give a typical spectrum shape for the C 1s of GO. However, after ~3475 min of X-ray irradiation,
oxygen is released, and the sample reaches a saturated-reduced final state. Now, the C–O contribution
decreases in intensity and the sp3 peak dominates the spectrum, whereas the other carbon–oxygen
components remain almost unchanged. In fact, the shape of this spectrum is much closer to the typical
one for reduced GO [53,54]. Figure 4b shows the evolution with time of the relative weight of the
five C 1s contributions. It can be appreciated that during the first 1500 min GO is partially reduced.
As reported previously in the literature [54], the C–O component is the most affected, only partially
compensated by a slight increase of the C=O and carboxylic peaks. However, both sp2 and sp3

components, keeping almost the same relative ratio during the whole time, shows an important
intensity increase. For more details, see the raw C 1s and O 1s spectra as a function of time in Figure S4
of the supplementary information. Going back to the XPS characterization of the in-situ ZnO growth,
the time required to measure all the regions of interest for each stage was about 3–5 h, depending on the
amount of deposited material. This means that 1500 min of irradiation (about 25 h of measurements)
is approximately the time needed to complete the characterization of six different stages, which was
precisely the time invested to characterize the very early stages of growth. To avoid mutual interaction
between this effect and those possibly provoked by ZnO deposition, we have first irradiated the GO
samples for 1500 min and then performed the successive ZnO evaporations. However, this did not
completely eliminate the irradiation effect. As shown in Figure 1b, for the early stages, an increase on
the C 1s peak can be clearly seen, in spite of ZnO deposition. In addition, XPS is not able to measure the
ZnO/GO interface (where a reduction of the GO could occur), due to the large size of the ZnO clusters,
thus only the C 1s XPS signal coming from the free GO surface is measured. Therefore, the increment
in C 1s intensity during the early stages of growth is related only to X-ray irradiation. Nevertheless,
we would like to remark that reduction of GO promoted by irradiation during ZnO deposition occurs
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at a slow rate, as documented by the slow decrease in the second part of Figure 4b, from 1500 to
3500 min.
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Figure 5 shows the C 1s XPS fitted spectra for a selected set of stages. On the one hand, G/SiO2

shows limited changes (see Figure 5a). Two main contributions related to sp3 and sp2 at ~285.3
and ~284.3 eV, respectively, are found for all spectra. Taking a closer look at the initial G/SiO2 clean
substrate, the sp3 peak has an important relative weight, almost 40% of the total intensity. Besides,
as Figure 6a shows, there is a weak contribution (<10%) from single and double bond carbon–oxygen
species. As previously noted, sp3 hybridization is typically related to defects on graphitic substrates.
Recalling the substrate preparation, graphene was grown on Cu sheets by CVD and then transferred to
SiO2 substrates by PMMA. This route is known to induce defects on graphene and to deposit organic
residues [59], increasing, broadening and shifting to higher binding energies the sp3 contribution
compared to the as-received G/Cu samples previously measured by our group [41]. Interestingly,
the sp2/sp3 ratio increases for the very early stages of growth as ZnO is deposited, precisely when
nucleation processes are prevalent. This could indicate a preferred nucleation of ZnO clusters on
these defects. Only when coalescence is almost complete a slight increase of the defect intensity is
observed, in agreement with previous reported results for ZnO on G/Cu and HOPG [39,41] and other
metal oxides such as CoO on HOPG [60]. On the other hand, the C 1s spectrum of the clean GO
substrate shows significant differences with respect to the graphene/SiO2 substrate (see Figure 5b).
Figure 6b shows that the substrate is gradually reduced upon ZnO deposition, with significant loss of
C–O species (with variations limited to 10%), whereas C=O and carboxylic species slightly decrease.
We attribute this change to an effect of the X-ray irradiation. The nucleation process on the defects
(point/areas dominated by sp3) was in this case more pronounced than for the graphene substrate.
The relative weight of the sp2 peak increases from 25 to 45%, with a similar decrease of the sp3 peak
(35 to 20%). This fact could explain the differences observed during the very early stages of growth
between both types of substrates, where nucleation of big ZnO clusters on the GO substrate took
place from the first moment. Only for the final stages, the number of defects increases again due to
the perturbing effect of ZnO on its perimeter. Moreover, we believe that the relative decrease of all
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carbon–oxygen species at this last stage discards the possibility of having measured traces of adsorbed
COx molecules from the residual atmosphere of the vacuum chambers.C 2020, 6, x FOR PEER REVIEW 10 of 19 
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as a function of evaporation time for ZnO on (a) G/SiO2 and (b) GO/SiO2.

We would like to highlight that because of the type of mode of growth of ZnO/GO forming high
ZnO clusters, it is not possible to achieve chemical information of the chemical state of the substrate
located under the ZnO structures by XPS. However, in an indirect manner we are able to describe
in detail how the initial nucleation step took place on the defects. Moreover, Raman measurements
confirms that graphene is not altered by ZnO deposition at advanced stages (3Eq-ML). Figure S5
shows the Raman spectra of G/SiO2 substrates before and after ZnO deposition. The absence of the D
band indicates that no defects are developed on the graphene structure, being unaltered by the ZnO
deposition. GO substrates could not be measured without modification due to the high laser power.



C 2020, 6, 41 10 of 18

Now we will focus on the chemical analysis of the deposited ZnO. Contrary to other transition
metal oxides, the complete Zn 3d orbitals block the appearance of complex and intense shake-up
contributions in the Zn 2p region [61]. Nevertheless, the Auger L3M45M45 transitions involve both Zn 2p
and Zn 3d orbitals, and as long as Zn 3d states partially participate in the bonds of the compound [62,63],
these Auger transitions will be sensitive to the chemical environment and, thus, to the oxidation state
of Zn atoms [64]. Figure 7 shows the Auger Zn-LMM spectra of both deposits as a function of the
coverage. At first glance, the growth on both substrates presents important differences. Regarding the
G/SiO2 substrate, Figure 7a shows a complex shape of the spectra that results from a simple mixture of
ZnO and metallic Zn reference spectra. A typical ZnO spectrum is characterized by a maximum peak
at a kinetic energy (K.E.) of ~998 eV with a shoulder at higher energy, whereas metallic Zn shows a
double sharper structure with energy positions of ~992 and ~995 eV (once the background is subtracted,
see Figure 8b,e). However, the Zn-LMM spectra measured at the early stages of growth showed three
more contributions (as shoulders) at ~990, ~994 and ~997 eV (green arrows in addition to ZnO (red
arrows) and Zn (black arrows) contributions. These extra components gradually disappeared until the
final shape for large coverages, corresponding to ZnO oxide. On the other hand, the growth on GO is
much simpler, showing almost the same spectral shape for all deposition steps corresponding to ZnO
(see Figure 7b).
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(a–c) and GO (d–f). (a) and (d): Calculated and suggested bases used in factor analysis. (b) and (e):
Fittings of the experimental spectra using a linear combination of the proposed components. (c) and (f):
Concentration for each of the components as a function of the coverage.

In order to estimate the amount of each of these components, we have applied factor analysis
(FA) with the Target Testing procedure of the reference spectra after subtraction of a Tougaard
background [65]. This statistical analysis technique has been used previously by us to study the
ZnO/Zn composition of the ZnO deposits on HOPG and G/Cu [39]. In that case, the ZnO growth on
G/Cu substrates showed a mixture of three components: ZnO, metallic Zn and a sub-oxide, ZnOx,
this last being characterized by a main peak at ~990.5 eV and two secondary contributions at ~992.5 and
~996 eV. This extra component was also confirmed by studying the XPS Zn 3d spectra. At first glance,
Figure 7a recalls the extra component described above, thus we have used three initial components in
the Target Testing procedure: reference ZnO and Zn spectra as well as the ZnOx spectra estimated
from the G/Cu substrate.

Figure 8 shows the results of this analysis for ZnO/G/SiO2 (top) and ZnO/GO (bottom). Firstly,
Figure 8a,d depict the experimental (black dots) and calculated (red lines) spectra for all analyzed
stages of growth (same as those shown in Figure 7), showing very good agreement. Besides, Figure 8b,e
show the final calculated reference spectra (red lines), which also agrees with the experimental ZnO
and Zn contributions (black dots). However, the third component (depicted as a green dashed line)
is different for both systems. For the case of ZnO/G/SiO2 it is composed of three peaks at 990 eV,
993.5 eV and 997 eV, where the two first were the most intense. Furthermore, the component that
seems halfway between ZnO and Zn contributions is not an artefact, as other zinc regions, as Zn 2p,
does not show a similar splitting (see Figure S6). Figure 8c shows the relative weight of ZnO, Zn and
ZnOx components, i.e., the composition of the deposit) as a function of the coverage. As it can be
seen, the metallic contribution is almost negligible and is noticeable only at the very beginning when
the amount of sub-oxide is comparable to that of ZnO. On the other hand, the deposit on GO shows
a more uniform composition. In this case, the ZnOx component maintains a contribution around
990 eV, but it also has two components overlapping in shape and energy with those of metallic Zn.
It is important to remember that FA is a statistical method that can induce to non-physical solutions.
Considering Figure 8f, ZnO dominates over the entire growth with >90%, only being below that value
for the very early stages of growth. Precisely, is in those stages where the background removal and
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the signal-noise ratio can induce larger errors. Therefore, as Zn and ZnOx components are going to
be present in a small proportion, it is possible that the method underestimates the presence of Zn
by including that component directly on the sub-oxide component (with the 992 and 995 eV peaks).
Nevertheless, the extra peak at 990 eV is not discarded.

4. Discussion

In spite of the similar chemical composition of the ZnO deposits grown on G/Cu, G/SiO2 and
GO (i.e., mixture of different amounts of ZnO, Zn and ZnOx with a final predominance of the oxide),
there are some clear differences, especially for the early stages of growth. Figure 9a shows from bottom
to top the Zn-LMM Auger spectra of stoichiometric ZnO, ZnOx sub-oxide, related to G/Cu, G/SiO2

and GO, and metallic Zn, where G/Cu data have been taken from [39]. As described above, the three
ZnOx components show similar shapes, but the relative intensities of the ~990 eV and ~993 eV Auger
structures are different. The first one dominates on G/Cu and GO (as previously argued, this is the
one that has physical meaning for GO case), whereas for G/SiO2 the second one gains in intensity.
Figure 9b shows the Wagner plot for Zn atoms in different compounds [66], which is a very powerful
tool to study initial and final states of compounds. The values marked as red solid circles have been
obtained from the Zn-LMM Auger spectra measured by us from ZnO and Zn reference samples,
whereas the values marked as green solid circles correspond to each of the ZnOx sub-oxide spectra
above described. Other Wagner values for different zinc compounds from the literature are marked as
black squares. The Wagner plot consists in depicting the K.E. of the Auger transition

(
EF

k

)
as a function

of the binding energy (B.E.) of the corresponding photoemission peak (EF
b ). From this representation,

information from initial and final states can be obtained. On the one hand, the Auger parameter is
defined as α′ = EF

k (L3M45M45) + EF
b (L3) although, as shown elsewhere [65,67], this expression can

be set as α′ = cteL3M45M45 + 2 R(L3), where cteL3M45M45 is a constant for each element and R(L3) is the
relaxation energy of the core level L3. Thus, straight lines with slope + 1 in the Wagner plot will
correspond to compounds of that specific element with the same relaxation energy, i.e., same final state.
Moreover, it has been also shown that EF

k = cteL3M45M45 +
[
−2

(
EMq + Φ

)
− 2KQ

]
− 3EF

b , where the term[
−2

(
EMq + Φ

)
− 2KQ

]
is related to initial states. Accordingly, straight lines with slope +3 in the Wagner

plot correspond to atoms with the same initial states. It is true that this simplified picture is only valid
for core levels, which contrast with the fact that Zn 3d orbitals participate on the valence band. However,
their hybridization is limited to a 10% in the case of ZnO [62,63], what makes us feel confident on the fact
that the previous equations remain valid for the case of Zn atoms. More details regarding this discussion
can be found elsewhere [39]. Blue and red squares in the Wagner plot correspond to the areas where the
~990 eV and ~993 eV peaks of the different ZnOx may appear (pertinent blue and red arrows representing
these peaks are drawn in Figure 9a). As it can be seen, in both cases the areas are close and along the
line with slope +3, corresponding to the same initial state than metallic Zn. This could be explained
by an oxidation state lower than +2 expected for a Zn sub-oxide. In addition, the peak at ~990 eV
shows a relaxation energy between metallic Zn and ZnO. The relaxation energy R(L3) is composed
by three terms: R(L3) = Ratom(L3) + Ratom(Q + ∆Q) + R(extra− atomic), where Ratom(L3) is related to
the reconfiguration of the Zn electrons, Ratom(Q + ∆Q) refers to the relaxation energy of the electrons
transferred to the valence band from the nearby atoms and finally R(extra− atomic) is the relaxation
energy related to the dipoles induced in the surroundings by charge transference. As Ratom(L3) is
constant for all Zn compounds, the differences of the Auger parameter, and thus on the relaxation
energy, between two Zn-LMM contributions, is given by ∆α′ = 2 ∆Ratomo(Q + ∆Q)+ 2∆(extra− atomic).
From this expression, the variation of the Auger parameter of ZnOx and Zn would be established
by differences of charge transfer from the Zn environment to screen the hole created by the emitted
electron. In particular, as suggested previously [39], this could be related to charge transfer from Zn
atoms, where oxygen is not able to strongly bond and the ionic character of the sub-oxide decreases
compared to ZnO, reducing the extra-atomic term.
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Finally, it is interesting to discuss the role of different graphitic substrates on the ZnO deposition
process. HOPG and GO, which can be understood as graphene-based multilayer systems, show a
similar mode of growth based in a very low rate nucleation process that leaves large non-covered areas,
which translates into the growth of micrometric ZnO clusters with a composition near to stoichiometric
ZnO, even for the very early stages of growth. Although it is true that GO is partially reduced when
ZnO is deposited, the C 1s spectra of both substrates show clear chemical differences in terms of
number of defects and oxidation state of carbon. In fact, compared to HOPG, ZnO grown on GO
shows a non-negligible amount of sub-oxide, which can be only explained in terms of these initial
chemical differences. Moreover, G/Cu and G/SiO2 substrates have in common that, on average, only one
layer of graphene interacts with the ZnO deposits, i.e., they are graphene-monolayer-based systems.
For both graphene substrates, although the mode of growth is of Volmer–Weber type, as for HOPG
and GO substrates, the nucleation step is performed in different way. Now nucleation is slightly faster,
especially from a certain stage, and leads to a quick coverage of a fraction of the surface with smaller
ZnO structures. Precisely, it is in these early stages of growth where we found the maximum amount
of this sub-oxide. Once these ZnO structures grow and the coverage continues until the coalescence,
the XPS signal from this sub-oxide decreases and finally disappears, showing that it appears near the
interface with the graphene substrate, whatever the support is. The chemical interaction between
deposited zinc, oxygen molecules of the chamber atmosphere, graphene and support (Cu or SiO2) is
extremely complex. It depends on the nature of the substrate supporting the graphene, the quality of
this one and the environmental history of the sample (in terms of details of CVD process, transport
and exposure to air). These cross-relations have been shown in detail for the G/Cu case [41] and will
have a significant impact on the grade and characteristics of the sub-oxide, i.e., on its unique spectral
shape. It is not the aim of this article to discuss in such detail the origin of this sub-oxide component
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for the G/SiO2 system, but to show the influence the oxidation state and number of defects of the
graphitic-based substrate. In this sense, we would like to note three important points. Firstly, despite
the equivalent first atomic layer of HOPG, G/SiO2 and G/Cu, the substrate below the graphene layer
influences the mode of growth and chemical state of the ZnO deposit. In this sense, we point out
the differences between G/Cu and G/SiO2 regarding the details of the Zn-LMM Auger transitions
at the very early stages of growth. More inert substrates such as HOPG show only the deposition
of ZnO, possibly related to the absence of initial reactive chemical species intercalated between the
first graphene layers (as oxygen or water in the case of Cu or SiO2). More in detail, the electronic
interaction between the top graphene-like layer and its support (Cu, SiO2 or even HOPG bulk) could
have a significant influence on the doping of graphene, and thus possibly on its chemistry during
the oxide growth. We remark that these are very complex interactions, as it was previously shown
in the case of the ZnO/graphene/Cu system [40,41]. In second place both, the number of defects and
different oxidation state of carbon affect also the mode of growth of ZnO, as shown by the differences
between GO and the G/SiO2. Finally, and related to the first point, the growth of ZnO on multilayer
graphene-based systems is different from monolayer ones, being the early stages of growth limited by
a slow nucleation process.

5. Conclusions

It has been shown how the initial chemical nature of the graphene-based substrates determines
the growth of ZnO performed under equivalent experimental conditions. By comparing graphene
transferred to SiO2 (an inert supporting substrate that guarantees a graphene decoupled state) and GO,
it is clear that the details of the mode of growth are different. Although the growth of ZnO follows a
Volmer–Weber mode on both systems, the nucleation process, and thus the final size of the ZnO clusters,
is different. In particular, GO shows a lower nucleation density with larger structures. B, the defects
(sites with sp3 hybridization) act as nucleation sites in both cases. In addition, the interaction between
deposited Zn, oxygen atmosphere and the substrates evolve in different ways. In the case of G/SiO2,
an important amount of ZnOx (sub-oxide) coexists with ZnO at the very early stages of growth, the
former appearing only near the ZnO/G/SiO2 interface. Although GO is partially reduced by X-ray
irradiation, the difference between the oxidation state of carbon atoms is still important, as it has
been proved its influence on ZnO growth. Finally, when these results are compared to similar studies
regarding HOPG and G/Cu, we see more clearly how, in spite of the equivalent first atomic layer
(a single plane of hexagonally coordinated carbon atoms), the characteristics of the mode of growth
and the initial chemical composition of the oxide deposit are different. Therefore, the growth of metal
oxides on graphene-based systems is a complex issue controlled by multiple factors such as number
of defects, oxidation state, number of graphene layers (multi or monolayer systems) and complex
interactions between ZnO, graphene, support (i.e., Cu or SiO2) and environmental history of the sample
(for example, chemical species intercalated between graphene and support).
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