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Abstract

We use in situ ambient pressure X-ray photoelectron spectroscopy (APXPS) and
ultraviolet photoelectron spectroscopy (UPS) to develop an effective method for studying
changes in the graphene (Gr) electronic structure according to certain circumstance. The
amount of polymethyl methacrylate (PMMA) residual polymer (RP), inevitably
generated during the Gr transfer process, is significantly reduced from Gr surface by
thermal annealing. This processed Gr is then sequentially exposed to specific gas
environments (Ar, N2, Oz, and CO.), and APXPS or UPS is carried out to investigate the
variations in the Gr electronic structure including the work function. When the amount of
PMMA RP on Gr is reduced, the position of the main carbon peak shifts by more than 0.4
eV to a higher binding energy (in XPS spectra), and the secondary electron cutoff moves
by about 0.2 eV to a lower binding energy (in UPS spectra). These changes are generally
caused by a decrease in the Gr work function. On the other hand, exposure to the gas
environments at different temperatures that we investigated did not produce significant
changes in the work function and chemical states of Gr. These results confirm that the
material in contact with Gr should be considered to achieve the desired Gr performance

in electronics.

Keywords: Graphene, ambient pressure x-ray photoelectron spectroscopy, ultraviolet

photoelectron spectroscopy, electronic structure, work function



Introduction

To overcome the limitations of conventional silicon-based electronics, research
on material sciences is actively ongoing from various perspectives [1-4]. Especially in the
present industry, there is a strong demand for candidate materials with better mechanical
flexibility, optical transparency, chemical/thermal stability and electrical characteristics
than conventional inorganic/metal materials [1-4]. Graphene (Gr), which is a single layer
of a two-dimensional carbon lattice, is considered an excellent material that can meet
these requirements [4-7]. Gr is typically in the form of an assembly of densely bounded
sp>-hybridized state carbon atoms. Such a unique configuration provides strong
mechanical flexibility, optical transmittance (>90%), chemical/thermal stability, and
charge carrier mobility (>10,000 cm?/Vs) [4-7]. When part of a transparent conductive
oxide (TCO), Gr generally provides superior characteristics to commonly used
conventional TCOs such as indium tin oxide (ITO), fluorine doped tin oxide, or doped
zinc oxide [4-7].

Various aspects of Gr-related materials have been studied to take advantage of
their strengths in real industry. In particular, whether or not the properties of Gr vary
depending on a given situation has long been a crucial consideration [5,8-10]. Even
though typical material properties stay almost the same, the carrier concentration of Gr
clearly differs depending on the substance in contact. Specifically, a representative
example is the adsorption of electron-withdrawing or -donating dopant molecules on Gr
[11,12]. When electron-withdrawing or -donating molecules are adjacent to Gr, the
electron transfer from Gr to the dopant or vice versa occurs at the interfacial region. This

process changes the electron concentration and work function of Gr. Thus, it is possible



to change the material properties of Gr depending on its synthesis process or operating
gas environment. The following factors still need to be addressed for the primary
processes used for Gr synthesis: how much the residual polymer (RP) remains on Gr or
the gas surrounding Gr make an influence on the actual device operation [13-15].

Much effort has gone into the development of various analytical methodologies
to examine changes in Gr chemical states and electronic structures. Among them,
ultraviolet photoemission spectroscopy (UPS) and X-ray photoemission spectroscopy
(XPS) are regarded as the most powerful analysis tools [12-15]. In particular, continuous
developments have led to ambient pressure XPS (APXPS) and UPS analysis methods,
which can now characterize Gr electronic configurations while or even after Gr is
exposed to a certain environmental condition [12,16-18]. In other words, current
UPS/XPS-based analytical methods allow of determining the degree of change to Gr
electronic structures depending on the amount of RP adsorption or type of exposure gas.
Nevertheless, to the best of our knowledge, there have been rarely reported on the
characterization of Gr electronic structure in real gas environment using APXPS method.

In this study, we prepared a Gr layer on a SiO2 substrate (Gr/SiO2) by chemical
vapor deposition (CVD) and wet transfer processes [6,19,20]. Then, the changes to the
electronic structure according to certain environmental conditions were examined with
two different photoemission spectroscopy (PES) methods: synchrotron-beam based
APXPS and He-II source-based UPS. The analyses were performed before and after
thermal annealing and gas exposure. Our results clearly elucidated how changes in the RP

amount and gas environment influence the energy level alignments of the Gr/SiO>



structure, which we used to determine which is more influential on the Gr electronic

structure.

Materials and methods

A highly crystalline Gr layer was grown on copper foil through CVD and then
transferred to a 6-in (300 nm) SiO»/Si wafer by the wet-transfer method with a
polymethyl methacrylate (PMMA) stamp. The detailed information about the Gr
growth/transfer processes is given elsewhere [6,7,19,20]. During these processes, a
considerable amount of PMMA RP with a small dose of the metal etchant (FeCls)
unavoidably remained on the Gr surface.

The PES methods are primarily used to investigate changes in Gr chemical state
and electronic structures depending on the circumstances and are divided into two major
categories: in situ APXPS and in situ UPS. For the APXPS analysis, the Gr-coated
Si0,/Si wafer (i.e., the Gr/SiO» structure) was cut to have an area of about 1 x 1 cm?.
Then, it was loaded into the equipment of the Advanced Light Source (ALS) Beamline
9.3.2, as shown in Figure 1. The ALS Beamline 9.3.2 is equipped with a bending magnet
and two grating monochromators of 100 lines (I)/mm and 600 1I/mm. Thus, the incident
photon energy (hv) can be adjusted within the energy range of 200-800 eV. Meanwhile,
the electron analyzer (Scienta R4000 HiPP) was set to a pass energy of 100 eV, step of
100 meV, and dwell time of 200 ms. These settings provided a total resolution (source
and analyzer) of about 220 meV at room temperature (RT) for the given photon energies.

As a first step, the chemical/electronic configurations of Gr/SiO: structures were

investigated in an Ar gas environment at 400 mTorr with different temperatures. In other



words, the XPS spectra of the Gr/SiO: structure were obtained as the temperature was
increased from RT to 250 °C and then 500 °C before being cooled down back to RT.
Meanwhile, the Ar gas pressure was maintained at 400 mTorr. The Gr/SiOz structure was
then measured with XPS at different annealing temperatures in a certain gas environment,
where N2, Oz, or CO; gas at 400 mTorr was added to Ar gas at 400 mTorr. For each
condition, the XPS measurement was performed at two photon energies (430 or 500 eV)
to enhance the experimental reliability. There is a possibility of charging due to defective,
dangling, trap sites or impurity/contamination at interface region. So, depending on the
photon energies, the electrons emitted from the Gr components in Gr/SiO: structure are
able to be emitted from Gr/SiO; structure have slight binding energy differences [21-23].

In situ UPS was used to analyze any obvious changes in the Gr electronic
structure after exposure to different gas environments. UPS was performed with a He 11
(hv: 40.8 eV) photon source at an applied voltage of 5 V. UPS measurements requiring an
ultrahigh vacuum (UHV) condition of over 10?® Torr proceeded after the sample was
exposed to a certain gas environment. An as-prepared sample of the Gr/SiO structure
was loaded into the UHV chamber at ~10~ Torr. Then, the UPS spectra were obtained as
the annealing temperature was increased from RT to 400 °C. The sample was exposed to
a N> gas environment at 400 mTorr for 2 h immediately after being cooled down to RT.
Next, the temperature of the sample was increased to 200 and 400 °C when in the N> gas
environment. This process lastly repeated under O; gas environment. UPS was used for
measurements after each stage.

The sheet resistances of the Gr layers were measured with a four-point probe.

Optical microscopy images and Raman mapping images with spectra were characterized



with Micro-Raman_S (inVia, 514.54 nm). Atomic force microscopy (AFM) was carried
out with Bruker’s FastScan. High-resolution transmission electron microscopy (HRTEM)
was then performed by using a FEI Titan3 G2 60-300 equipped with double aberration

correctors (image and probe) and monochromator at a low acceleration voltage of 80 kV.

Results and discussion

The schematic diagram in Figure 1 shows how the sample of the Gr/SiO>
structure was loaded and each experimental step of the APXPS measurement in the ALS
Beamline 9.3.2. In contrast to conventional XPS equipment in a laboratory, this beamline
allows XPS measurements in a certain gas environment at several hundred torr [17,18,24].
In addition to the basic chemical configuration, changes in the XPS spectra provided
information on the surface chemical reaction with specific gas molecules and the energy
alignment at the solid—gas interface. In other words, the growth or reduction of chemical
states in the XPS core-level spectra corresponded to changes in the chemical bonds, while
the binding energy shift between the chemical states of different substances was
associated with the surface potential at the interface [24,25]. Accordingly, the peak
positions in the XPS spectra obtained in different gas environments were used as a
criterion for characterizing the transition behavior of Gr chemical states and electronic
structures [18,25,26]. With respect to the Si—Ox peak position, a shift of the carbon main
peak to a higher binding energy indicated n-type doping of Gr, while a shift to a lower

binding energy indicated p-type doping [13,20,27].



We investigated the Ar gas core-level structure in each gas environment at
different annealing temperatures. The resulting XPS spectra were used to measure
changes in the doping state of Gr. Depending on the sample work function, the vacuum
level (VL) of a gas changed, but the ionization potential (IP) remained constant [28,29].
Therefore, the binding energy of Ar gas indicated relative changes in the sample work
function when experimental conditions such as the partial gas pressure, distance from the
electron analyzer, and gas composition were fixed [28, 29].

Using the PMMA-based wet-transfer process to place a Gr layer on a SiO2
substrate unavoidably left varying degrees of PMMA RP on the surface [5-7]. The RP
clearly influenced the material properties of Gr; it generally degraded the uniformity of
the morphology (roughness) and optical properties (transmittance and haze) of Gr and
completely changed the electronic properties. The HRTEM image in Figure S1 clearly
shows how the PMMA RP adsorbed on the honeycomb lattice structure of Gr. On top of
this surface, RP chunks with various sizes from the sub-nanometer scale to tens of
nanometers stuck strongly depending on the location.

Thermal annealing in an Ar environment at 400 mTorr was used to remove the
PMMA RP from the Gr surface. The APXPS core-level spectra of Gr sample were
obtained at different temperatures during the annealing process. These results elucidated
the changes in the Gr electronic/chemical structure with decreasing RP. We believe that
the removal of PMMA RP can be used to measure the restoration of the original
characteristics of Gr. Fig. 2 shows XPS spectra that were obtained for a certain thermal
annealing process: (a, b) C 1s, (d, e) Ar 2p, and (g, h) Si 2p). During the XPS

measurement, unexpected changes in the gas pressure may shift the peak positions in



XPS core-level spectra. For this reason, we tried to keep the Ar gas pressure at 400 mTorr,
and the XPS measurement was carried out at two photon energies of 430 and 500 eV.
The Si—Ox chemical state of the SiO; substrate, which appeared at ~103.6 eV in the Si 2p
core level, was used as a criterion for calibrating the peak position. The Gr layer mainly
consisted of C—C and C=C bonds, and its chemical state was located at about 283.8+0.1
eV (hv 430 eV:283.76 eV and hv: 500 eV:283.87 eV) before the thermal annealing
process. The chemical state of the Ar gas phase was also observed in the Ar 2p3; core-
level structure (hv 430 eV:243.44 eV and hv 500 eV:243.23 eV). The intensity of Ar 2p
spectra gradually decreases with increasing temperature because the Ar gas density near
sample is proportional to the pressure/temperature ratio of the ideal gas law [30]. Their
shifts in the peak position during or after thermal annealing process allowed us to identify
changes in the Gr electronic structure. As the annealing temperature increased, the peak
positions of the C—C and C=C bonds gradually moved to higher binding energies for each
C 1s core-level structure obtained with different photon energies (hv 430 eV: from
283.76 eV to 284.38 eV and hv 500 eV: 283.87 eV to 284.30 V). The same changes in
behavior were observed at the Ar 2p core levels; the peak of the Si—Ox chemical state
remained unchanged at a binding energy of about 103.6 eV. Figures 2(c), (f), and (i)
summarize the peak shifts described above. The shifts in the peak positions of the C—C
and C=C bonds or Ar gas phase to a higher binding energy were most likely due to the
obvious decrease of PMMA RP on Gr, considering that they remained even after the
temperature was lowered to RT. This interpretation was clearly supported by the results

of the AFM, UPS, and Raman analyses.



After thermal annealing at 400 °C under the UHV condition, several nanoscale
lumps on the Gr surface noticeably disappeared, as shown in AFM images of Figure S2
(a)-(c) (root mean square of as-deposited Gr: 0.992 nm; root mean square of annealed Gr:
0.711 nm). The changes in the UPS spectra of Gr/SiO> according to the annealing
temperature can be a good criterion for investigating the PMMA adsorbed on Gr. The
PMMA RP on Gr is known to act as a p-type electron-withdrawing dopant [31,32].
Therefore, if the amount of PMMA RP on Gr is decreased by thermal annealing, this
could reduce the work function of Gr. The work function was calculated from the UPS
spectra as follows [1,12]:

® =hv (He I1 =40.8 eV) — Ecutoff + Erermi (1)

where ®, hv, Ecuwofr, and Erermi correspond to the work function of Gr, the
incoming photon energy of 40.8 eV from the He II source, the secondary cutoff energy in
the UPS spectra, and the Fermi energy (binding energy of 0 in UPS spectra), respectively.
Both the UPS spectra and calculated work function are displayed in Figures S3(a)—(c). As
the annealing temperature increased, the Gr work function gradually decreased from
about 4.68+0.02 eV to 4.47+0.03 eV. As the annealing temperature increased, the
electronic structure in the valence band became more like that of Gr, while the chemical
states of PMMA RP obviously disappeared [33,34]. The UPS results elucidate that
removing PMMA RP from the Gr layer led to the n-type doping effect on the Gr
electronic structure. Similarly, the Raman results clearly support n-type doping effects on
Gr due to thermal annealing under the UHV condition. The peak position of the G band
shifted by a wavenumber of about 4 and such shift to a lower wavenumber corresponds to

n-type doping of Gr.
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As discussed previously, a large amount of PMMA RP was removed from the Gr
layer by thermal annealing. To study the reactivity of Gr to specific gases, this sample
was then immediately placed into different gas environments without being exposed to
air. N2 gas at 400 mTorr was added to the Ar gas at 400 mTorr; then, the XPS spectra of
the Gr/Si0; structure were obtained at different temperatures (RT, 250 °C, and 500 °C) at
a total gas pressure of 800 mTorr. Similarly, the experiments in O> and CO> gas
environments were performed in sequence (see Figure 1). The XPS results for the
exposure to each gas environment (N2 + Ar, Oz + Ar, and CO2 + Ar mixed gas) are
displayed in Figures 3 and S5-S7). Because there was little difference in the analysis
depth between the photon sources at 430 and 500 eV, the XPS results with those two
different sources were assumed to show similar transition behaviors according to the
environment. Thus, their common trend changes were considered as the standard for
judging the Gr electronic structure at a specific analysis stage. For the C 1s core-level
structures in Figures 3(a)—(1), there were no obvious changes in the peak positions of the
C—C and C=C bonds depending on the gas environment. Their variations were less than
0.1 eV, and the transition behavior showed no obvious consistency. The XPS spectra
indicated no further growth of the C—O bond in the Gr layer despite exposure to reactive
Oz or CO; gas. On the other hand, the binding energy of Ar gas in a mixed state with
other gases does not give a clear change behavior because it also varies depending on
variables other than the sample work function, such as the mixing ratio of gases near the
sample surface and the interaction between the two gases. So, although Ar gas was
included in all gas environments, it was not possible to use it for calculating the work

function without a delicate calibration process. In summary, the XPS results indicated
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that the different gas environments had little effect on the Gr electronic structure,
including the work function and doping state. This is in contrast to the effect of reducing
the amount of PMMA RP on the Gr surface.

The UPS measurement was conducted for each gas exposure and thermal
annealing process in homemade PES equipment (See Figure S8) as another way to
analyze the gas environment effects on the Gr properties. Unlike APXPS, UPS cannot be
performed in an actual gas environment; thus, this experiment provided information
about whether Gr showed obvious changes in the electronic structure before and after
exposure to a specific gas environment. To reduce the PMMA RP on the Gr surface, the
sample of the Gr/SiO> structure was subjected to thermal annealing at 400 °C. This
eliminated the chemical states related to PMMA RP, which decreased the work function
of Gr. Such changes due to thermal annealing in an Ar environment (see Figures S9(a)
and (b)) are mostly similar to those from thermal annealing in UHV (see Figures S3(a)
and (b)). On the other hand, the Gr electronic structure has few changes even after
exposure to a N2 or Oz gas environment at different temperatures, and stay it similar to
that obtained from clean Gr [35]. The experimental sequence shown in Figure 4(b) was
employed, and UPS measurements were performed between stages of specific gas
environments in steps 1-8. As shown in Figures 4(c) and (d), there is the slight changes
in electronic configuration due to the carbon contamination adsorption at R.T., however,
the valence band still retains its structure similar to that of clean graphene. Accordingly
the secondary electron cutoffs in the actual UPS spectra stayed almost the same after

exposure to each gas condition.
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Figure 5 sums up the results of the APXPS and in situ UPS analyses and
describes the change trend of the Gr electronic structure according to the amount of
PMMA RP on Gr or gas exposure condition. When a considerable amount of PMMA RP
is removed by thermal annealing, the work function of Gr decreases because of the n-type
doping effect. The UPS results directly reflected the decrease in the Gr work function
with the transition of the valence band. Such changes are directly connected with the shift
of the carbon main peak to a higher binding energy in the APXPS results. In contrast,
exposing the Gr electronic structure to different gas environments had an insignificant
impact. Although the reactive gases of N2, Oz, and CO: were injected close to the limit,
there was no obvious transition in both the carbon main peak and secondary electron
cutoff for all tested gas environments. The Gr electronic structure remained almost the
same during (APXPS: pN», pO; and pCO> of 400 mTorr) or after (in situ UPS: pN> and

pO:2 of 400 mTorr) exposure to a specific gas environment.

Conclusions

We used PES-based methods to develop an effective approach to characterizing
the changes to the Gr electronic structure according to the situation. We controlled the
amount of PMMA RP on Gr and the gas environment to investigate changes in the peak
positions of the main carbon bonds and secondary electron cutoff position for the valence
band shape with APXPS and in situ UPS. We compared the results of these methods to
measure changes in the Gr work function with different PMMA RP amounts and gas
environments, including the annealing temperature. The results confirmed that the Gr

electronic structure is more strongly influenced by the amount of PMMA RP than by the
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gas environment. The findings of this study show that the material in contact with Gr is

an essential consideration for achieving excellent performance with Gr-based electronics.
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Figure captions

Figure 1 The schematic diagram elucidating how the sample of Gr/SiO2 structure was
loaded and each of experimental steps was gone through in 9.3.2 beamline in ALS
for APXPS measurement.

Figure 2 The XPS spectra of Gr/SiO> structure obtained under Ar gas environment at
different temperatures. Each of XPS core levels were investigated with two
photon energies of 430 eV ((a) C 1s, (d) Ar 2p and (g) Si 2p) and 500 eV ((b) C 1s,
(e) Ar 2p and (h) Si 2p) to enhance experimental reliability and based on these
results, the centers of C-C/C=C peak (c), Ar 2p32 peak (d) and Si-Ox peak (e)
were summarized as a result.

Figure 3 The C 1s core levels of Gr/SiO; structures measured under different gas
environments: 1) Nz gas (400 mTorr) with Ar gas (400mTorr) - (a) hv: 430 eV, (b)
hv: 500 eV and (c) the center-positions of C-C/C=C peaks obtained, 2) O gas
(400 mTorr) with Ar gas (400mTorr) - (d) hv: 430 eV, (e) hv: 500 eV and (f) the
center-positions of C-C/C=C peaks obtained and 3) CO: gas (400 mTorr) with Ar
gas (400mTorr) - (g) hv: 430 eV, (h) hv: 500 eV and (i) the center-positions of C-
C/C=C peaks obtained.

Figure 4 Whole experimental sequence used to carry out the UPS measurement after
exposing to specific gas environment at different annealing temperatures. The
resulting UPS spectra, consisting of secondary cutoff and valence band regions,

obtained after exposing each of gas conditions.
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Figure 5 The summary of APXPS and in-situ UPS results, which describes the change
trend of the Gr electronic structure according to the amount of PMMA RP on Gr

or gas exposure conditions.
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