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p-Type Doping of Epitaxial Graphene by p-tert-Butylcalix[4]arene 
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The Chemical Doping of epitaxial graphene (EG) due to p-tert-butylcalix[4]arene was investigated using high resolution 
photoemission spectroscopy (HRPES). The measured work function changes verified that increased adsorption of the 
p-tert-butylcalix[4]arene on EG showed p-type doping characteristics due to charge transfer from the graphene to the 
p-tert-butylcalix[4]arene through the hydroxyl group. A single oxygen bonding feature associated with the O 1s peak 
was clearly observed in the core-level spectra, indicating the presence of one equivalent adsorption state.
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Figure 1. Synthesis of p-tert-butylcalix[4]arene. Each red, gray, and 
white ball indicates oxygen, carbon, and hydrogen, respectively. 

Introduction

Graphene, which is formed by a single layer of graphite with 
two-dimensional sp2 orbital, has recently attracted considerable 
attention due to its remarkable electronic and optical properties.1 
Its versatile applications in many emerging areas, such as gra-
phene-based electronic devices, have inspired many research 
groups to actively study the material’s properties. It may be 
possible to manipulate both the occupation of electronic states 
near the Fermi level and the magnitude of the gap between the 
valence band and the conduction band by controlling the carrier 
density using metals or molecules in the graphene layer.2-7 
Functionalizing the graphene surfaces using a direct chemical 
grafting process is an important method for further expanding 
the material’s potential.8 Several schemes have been proposed 
to modulate the band gap in graphene,9-13 but relatively few of 
these schemes have been actualized experimentally. One heavi-
ly debated example is the introduction of substrate-induced gaps 
in graphene supported on SiC substrates.14,15 Hence, applica-
tion of graphene to carbon-based electronic devices requires 
the doping of molecules and metals on the graphene layers such 
that the carrier density of the graphene layer is controlled.1,3,16

In this work, we doped epitaxial graphene (EG) with p-tert- 
butylcalix[4]arene. p-tert-Butylcalix[4]arene is characterized 
by a three-dimensional basket shape in which four hydroxyl 
groups interact via hydrogen bonding to stabilize the concave 
conformation. p-tert-Butylcalix[4]arene can also accelerate 
reactions inside its cavity through a combination of local con-
centration effects and polar stabilization of a transition state. 
Hence, we predicted that p-tert-butylcalix[4]arene could suc-
cessfully functionalize the graphene surfaces because it in-
cludes hydroxyl groups that may be used to facilitate chemical 
doping. Increasing the deposition of p-tert-butylcalix[4]arene 
was expected to produce doping and to modulate the EG sur-
face properties. 

Here, we characterized the electronic structure of p-tert- 
butylcalix[4]arene adsorbed on EG as a function of the work 
function and core levels, measured by high resolution photo-
emission spectroscopy (HRPES).

Experimental Methods

p-tert-Butylcalix[4]arene, shown in Fig. 1, is synthesized 
by the condensation of p-tert-butylphenol with formaldehyde 
and sodium hydroxide.17 HRPES experiments were performed 
under ultrahigh vacuum conditions (base pressure = 1.5 × 10‒10 
Torr) at the 8A2 beamline of the Pohang Accelerator Laboratory 
(PAL), which is equipped with an electron analyzer (SES100, 
Gamma Data Scienta). The nitrogen-doped (ND ~ 9 × 1017 cm‒3) 
Si-terminated 6H-SiC(0001) substrate was purchased from Cree 
Research (USA). The annealing temperature was monitored 
with an infrared pyrometer assuming an emissivity of 0.90. 
After degassing the substrate to 900 oC for 24 h, we deposited 
silicon (1 Å/min) for 5 minutes at 900 oC to produce a Si-rich 
surface. Finally, the substrate was graphitized at temperatures 
up to 1180 oC (for two minutes) to produce monolayer graphene. 

p-tert-Butylcalix[4]arene was purified by turbo pumping 
to remove impurities before dosing on the EG surface. A di-
rect solid doser was used to introduce the p-tert-butylcalix[4] 
arene. The C 1s, O 1s core-level spectra and valence spectra 
were measured using photon energies of 320, 600, and 130 eV. 
Secondary electron emission spectra (‒20 V sample bias) were 
measured at a photon energy of 80 eV. The binding energies 
of the core-level spectra were determined with respect to the 
binding energies of the clean Au 4f core level and the valence 
band (Fermi energy) for the same photon energy. All spectra 
were recorded in the normal emission mode. The photoemission 
spectra were carefully analyzed using a standard nonlinear least- 
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Figure 2. (Left panel) C 1s core-level spectra obtained at photon energy
of 330 eV. The inset of the left panel indicates the S2 intensity difference
between EG (black colored spectrum) and a 4000L (red colored spec-
trum)deposition of p-tert-butylcalix[4]arene on EG. (Middle panel) 
O 1s core-level spectra obtained at photon energy of 600 eV. (Right 
panel) Valence band spectra obtained at photon energy of 130 eV. The
inset of the right panel shows a magnification of the valence-band spec-
tra of the Fermi level. (a), (c), and (e) EG and (b), (d), and (f) 4000 L 
p-tert-butylcalix[4]arene adsorbed on EG at 100 oC. 
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Figure 3. Work function measurements using the secondary electron 
cutoff with a photon energy of 80 eV and a sample bias of ‒20 V. (a) 
Pristine monolayer graphene, (b) 500 L, (c) 1000 L, and (d) 4000 L p-
tert-butylcalix[4]arene adsorbed on EG. The inset shows the decrease
in the work function as a function of p-tert-butylcalix[4]arene exposure.

squares fitting procedure with Voigt functions.18 

Results and Discussion

First, we carried out core-level HRPES experiments to chara-
cterize the structure of p-tert-butylcalix[4]arene adsorbed on 
EG. Figure 2(a) shows the C 1s core-level spectrum of a gra-
phene layer grown on 6H-SiC(0001) obtained after annealing 
at 1180 oC for 2 minutes. At this annealing temperature, the 
thickness of the graphene layer was almost 1.0 mL (mono-
layer), as confirmed by PES (attenuation of the Si 2p signal, 
data not shown) and low-energy electron diffraction (LEED) 
experiments.19 As shown in Fig. 2(a), three distinct peaks emerg-
ed at 285.5, 284.8, and 283.6 eV, which were assigned, respec-
tively, to sp2 carbon atoms in the interface layer weakly interact-
ing with the carbon atoms of the underlying substrate (marked 
as S2), carbon atoms in the interface layer bound to one Si and 
three C atoms in the underlying substrate (marked as S1), and 
SiC (marked as SiC).20,21 After confirming the pristine state of 
the monolayer graphene by C 1s core-level spectroscopy, we 
exposed the EG to 4000 L p-tert-butylcalix[4]arene. Figure 2(b) 
shows the C 1s core-level spectrum after the adsorption of p- 
tert-butylcalix[4]arene (4000 L) on EG, during which the sub-
strate temperature was maintained at 100 oC to enhance the 
adsorption rate. In this spectrum, we observed a decrease in 
the intensity of the S2 peak (~18%, see the inset of the left 
panel; Fig. 2(a), (b)) induced by the interfacial carbon. Because 
S2 included several defects, a decrease in this peak intensity 
due to p-tert-butylcalix[4]arene exposure was reasonable. Ex-
cluding this phenomenon, we found no changes in the C 1s 
spectrum. Next, we focused on the presence and bonding fea-
tures of the oxygen atoms in the p-tert-butylcalix[4]arene. We 
acquired O 1s core-level spectra to track the adsorption of p-tert- 
butylcalix[4]arene on EG. The O 1s core-level spectrum of the 

system with p-tert-butylcalix[4]arene adsorbed on EG (Fig. 2(d)) 
displayed a single peak at 532.8 eV, which was assigned to 
oxygen interacting with the EG. Hence, through spectral an-
alysis, we clearly confirmed that p-tert-Butylcalix[4]arene ad-
sorbed on EG without bond breaking.

Finally, we acquired angle-integrated valence band spectra 
to clarify the molecular doping effects of p-tert-butylcalix[4] 
arene adsorption. Figure 2(e) shows four distinct hybridized 
features that evolved at 3.0, 4.7, 8.2, and 11.0 eV below EF, 
which agree well with the results obtained by Johansson et al. 
at 1150 oC.22,23 The strong peak near 4.7 eV was assigned to 
the strong π band at the M point.24 Figure 2(f) shows a remark-
able change in the electronic structure after deposition of p-tert- 
butylcalix[4]arene (4000 L). First, we observed that the peak 
was marked by a shift to a lower binding energy. Compared to 
the graphene layered surface (Fig. 2(e)), the binding energy 
was shifted in this case by 0.74 eV (see Fig. 2(f)), which may 
have been due to the hydroxyl group (-OH) being included in 
p-tert-butylcalix[4]arene molecular doping. Secondly, we found 
that the graphene induced peak disappeared. This phenomenon 
could be explained by the rehybridization of EG due to ad-
sorbed hydroxyl group, which would break the mirror symmetry 
of the π-π* band crossing. Because we assigned the oxygen 
peak to the adsorption of hydroxyl group at the interface layer, 
the decrease in the density of states (DOS) at the Fermi level 
provided indirect evidence for the adsorption of hydroxyl groups 
on EG (Fig. 2(f)). Thirdly, the intensity of the peak at 4.7 eV 
decreased with respect to the intensities of the other peaks as 
we compared valence band spectra shown in Fig. 2(e) with 
that shown in Fig. 2(f). This feature was the signature of the 
adsorption of hydroxyl group, and we assigned this band to 
the π band of graphene at the M point. 

We also measured the work function as a function of p-tert- 
butylcalix[4]arene exposure by monitoring the low kinetic ener-
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Figure 4. Schematic diagrams for p-tert-butylcalix[4]arene adsorbed on EG. (a) side view, (b) top view. Each red, gray, white, and dark cyan ball
indicates oxygen, carbon, hydrogen, and graphene, respectively.  

gy cutoff region, as shown in Fig. 3. Global doping effects on 
monolayer graphene were assessed by measuring the difference 
of the secondary electron edge between two systems, which is 
equal to the work function difference.25 The black spectrum 
displayed in Fig. 3(a) corresponds to the pristine monolayer 
graphene reference spectrum with 4.3 eV work function value.26 
As we increased the coverage of p-tert-butylcalix[4]arene up 
to 4000 L in Figs. 3(b) to 3(d), we clearly observed that the 
secondary electron edge shifted to higher kinetic energies by 
190 meV with respect to the pristine monolayer graphene. In 
other words, molecular doping by p-tert-butylcalix[4]arene 
increased the work function of graphene. The inset shown in 
Fig. 3 displays the increase in the work function of monolayer 
graphene, up to 4.49 eV, with increased doping of p-tert-butyl-
calix[4]arene. It is known that the sample work function of 
inert substrates such as graphite (excluding metal substrates) 
is extremely sensitive to interfacial charge transfer, and an up-
ward shift of vacuum level or increase in sample work func-
tion occurs if electrons transfer from the substrate to the adsor-
bate overlayer.27-29 As proposed in Fig. 3, the strong electron- 
accepting characteristic of p-tert-butylcalix[4]arene favors 
electron transfer from EG into p-tert-butylcalix[4]arene, creat-
ing an interface dipole, which causes increase in sample work 
function indicating a typical p-type doping. Similar pheno-
mena have been found in F4-TCNQ/EG systems, in which the 
increasing of the work function was also observed.6 Modify-
ing the EG surface with p-tert-butylcalix[4]arene is therefore 
expected to favor electron transfer from EG into p-tert-butyl-
calix[4]arene molecules, leading to an electron accumulation 
layer in p-tert-butylcalix[4]arene and a depletion layer in EG, 
thereby achieving p-type doping of EG. As a result, we expect 
that the origin of p-type doping is induced by charge transfer 
from graphene to hydroxyl group being included in p-tert- 
butylcalix[4]arene due to the difference in electronegativity 
between carbon and oxygen. 

Figure 4 displays the schematic diagram of the expected ad-
sorption geometry of p-tert-butylcalix[4]arene adsorbed on 
EG. As shown in this model, the four oxygen in the p-tert- 
butylcalix[4]arene are expected to adsorb on the top sites of 
the graphene layer to form an sp3 orbital, which is similar to 
the hydrogen on graphene system.30

Conclusions

We investigated the chemical doping of EG with p-tert- 

butylcalix[4]arene with a view to advancing doping techno-
logies at the atomic scale beyond doping with hydroxyl group. 
HRPES was used to confirm the increase in the work function 
(p-type). We investigated the variations in the electronic struc-
ture of hydroxyl group adsorbed on EG with increasing doses 
of p-tert-butylcalix[4]arene. We believe that the p-tert-butyl-
calix[4]arene-doped graphene layer may be useful for applica-
tions in electronic devices. The hydroxyl group in the p-tert- 
butylcalix[4]arene may possibly be utilized as an active center 
for the chemical functionalization of EG. 
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