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Abstract

Here we demonstrate a new method for doping graphene using Metal Organic
Chemical Vapor Deposition (MOCVD) reactor. The original undoped graphene
was of a very high quality mounted on Si/SiO, substrates, they were then doped
in the MOCVD’s reactor wusing tertiarybutylphosphine (TBP) and
tertiarybutylarsene (TBA). Post process Raman spectroscopy confirmed the
presence of a single layer of phosphor doped graphene (G/P) and Arsine doped
graphene (G/As) when doped by TBP or by TBA, respectively. Blue shift of the
2D peak assured p-type doping. The work function determined by ultraviolet
photoelectron spectroscopy varied from 4.5 eV for Pristine Graphene to 4.7, 4.8
eV for G/As, G/P, respectively. The increase of the work function is attributed to
electron transfer from the graphene to the dopant. Our results suggest that doping
graphene by MOCVD with TBA or TBP can easily and effectively alternate the
work function by few tenths of eV and improve the electronic properties of
graphene. The MOCVD technology of doping graphene opens a new route on
which other semiconductors can be epitaxially grown on it in a continues process
in the same MOCVD reactor.
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1. Introduction

Graphene is a basic structural element of many carbon allotropes such as carbon
nanotubes, graphite and fullerenes [1]. It is one of the most promising nanomaterials
due to its excellent electrical charge transport [2], thermal conductivity [3], and op-

tical transparency [4].

The unique characteristics of graphene stem from its honeycomb lattice which con-
sists of two equivalent sub-lattices of carbon atoms bonded by ¢ bonds. Although
these ¢ bonds are within the 2D plane, the main bond that contributes to the delo-
calized network of electrons is the 7t bond, which is out of the plane bond [5]. Due
to these unique characteristics of high lateral conductivity and optical transparency,
graphene has attracted many researchers and engineering communities in making
optoelectronic devices via graphene doping [6]. Many methods have been sug-
gested to enhance the properties (electrical and optical) of graphene such as chem-
ical doping [7], deposition of alkali metals [8] and substitutional doping [9].
Although these methods successfully enhance the properties of graphene, still
they tend to damage the basal plane of graphene and eventually reduce its carrier’s
mobility [10]. On the other hand, there are methods, such as noncovalent and co-
valent doping that do not disturb graphene’s structure and hence maintain it elec-
tron’s high mobility. In those methods, the dopant ions are physically adsorbed on
the surface of the graphene without modifying its structure. These methods mini-
mally damage the basal plane of graphene and result in an enhancement of the elec-
trical parameters [11]. Another parameter that should be taken into consideration
when doping is variation of the work function due to doping. The work function
of graphene can be varied by shifting the Fermi level due to of both, addition of
electrons to the conduction band (n-doping) or removal of electrons from the
valence band (p-doping) [12]. Changing the work function of electrode such as
anode or a cathode can be used to reduce the potential barrier of organic devices
such as: organic light emitting diodes (OLED). Therefore, variation of the work
function in the graphene layer is crucial for improving device performances [13].
Researches have tried to control the work function of graphene by using different
materials such as Au-ion, NH3, self-assembled monolayer or metal oxide interlayer
all these materials have shown P type doping which caused the work function to
increase [13, 14, 15, 16, 17]. Chemical doping was also used a method to dope
graphene and hence modulate the work function. Metals with high work function
such as Au, Ir, Mo, Os, Pd, were used to increase the work function of graphene
[18]. Such doping varied the Fermi level without introducing substitutional impu-
rities, or damage to the basal plane, which can interrupt the conjugated network
[19]. Researchers have been seeking for alternative source for doping graphene
at a lower temperature, [20]. One of the possible dopants sources for phosphorus

and arsenic doping are tertiarybutylphosphine (TBP) and tertiarybutylarsene
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(TBA), respectively, which start to decompose at low temperature around 400°C.
Phosphorus has five valence electrons, but on the third electron shell, yielding a
significantly larger covalent atomic radius of 106 pico-meter (pm), compare with
77 pm for Carbon, 82 pm for Boron and 75 pm for Nitrogen. Cruz-Silva et al.
[21] used Density Functional simulations (DFT) to show that phosphorus can atta-
ch to carbon atoms; however they showed that this attachment can strongly modify
the structural carbon lattice due to structural strain. Denis et al. [22] employed the
first principle calculations to study the doping of graphene by phosphorus. Their
results showed that phosphorus can open a large band gap (from 0.66 to 0.1 eV)
and that it is possible to tune the band gap of graphene when doping with phos-
phorus. In another research, Dai et al. [23] used DFT calculations and found that
adsorption of gas molecules can be strongly detected after doping Graphene with
phosphorus. They should that by doping Graphene with phosphorus the electrical
properties of Graphene can be varied, which can be used to detect toxic gases [23].
Substitutional doping of phosphorus on Cu was researched by Larrude et al. [24].
They found that doping Graphene with phosphorus increases the work function and
that the doping mechanism in is attributed to electron transfer from the Graphene to
the Cu substrate [24]. Arsenic, like phosphorus, has five valence electrons, it has a
similar electronegativity and ionization energies to phosphorus and as such readily
forms covalent molecules with most of the nonmetals. Its covalent atomic radius is
higher than phosphorus (119 pm, compared with 106 pm). Denis et al. [25] inves-
tigated doped graphene by Arsenic using Density Functional Theory (DFT) and
compared heteroatoms doping of graphene with Gallium, Germanium, Arsenic,
and Selenium Atoms. They showed that doping Graphene with Arsenic offers a
widest range of gap variation with respect to dopant concentration (from 0.3 to
1.3 eV).

In this paper, we report on doping of graphene in a MOCVD reactor using TBA as
arsenic precursor and TBP as phosphorus precursor. Doping graphene by MOCVD
has many advantages such as: ability to produce conformable coatings [26], a proven
technology for large area deposition [27], ability to handle material with high vapor
deposition [28], and capability to produce multilayer’s [29]. The MOCVD technol-
ogy of doping graphene opens a new route on which other semiconductors can be
epitaxially grown on it in continues process in the same MOCVD reactor [30,
31]. We optimized the doping conditions through Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), Ultra violet photoelectron spectroscopy (UPS),
and electrical measurement analyses. Understanding the factors which govern the
doping properties will open unique paths for controlling the physical properties of
graphene, thus allowing the tailoring of materials for designated devices and

applications.
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2. Experimental

Monolayer graphene was grown by Chemical Vapor deposition (CVD) on copper
catalyst (6 x 4 sz) and transferred to a Si/SiO, (2.5 x 2.5 sz) substrate using
wet transfer process. Such ready samples can be purchased from companies such
as “ACS materials”, where the sheet resistance of the specimen is 450Q/Sq .
The exposure to TBP in the MOCVD reactor was carried out using 3 x 2 inch
Thomas Swan MOCVD system at pressure of 400Torr where the TBP flow was
70 sccm. During the doping the temperature was ramped to 650 °C (nominally)
within 5 minutes, held for 5 minutes and cooled down naturally to 200 °C. The
TBP was flowing through the reactor during the all these stages, where under
200 °C the TBP flow was terminated. The same procedure was performed for
TBA accepts that during the doping the temperature was ramped to at 450 °C or

700 °C for 5 minutes, respectively.

3. Instrumentation

The quality of the graphene was evaluated by Raman spectroscopy using a confocal
micro-Raman spectrometer (NT-MDT, NTEGRA SPECTRA) equipped with a 514
nm laser excitation source (power at sample is below 0.1 mW), a 100 objective and a
CCD detector. The focused laser spot has a diameter of about 1—2um, and the spec-
tral resolution is about 3 cm™'. The wavenumber calibration was achieved based on
the standard values for crystalline silicon band checked at 520 cm ™! and the vibra-
tional stretching mode of atmospheric nitrogen at 2332 cm™'. All the spectra were
recorded at room temperature. X-ray Photoelectron Spectroscopy (XPS) spectra
were carried out in a UHV ESCALAB 290Xi spectrometer, equipped with a hemi-
spherical electron energy analyzer. Kratos AXIS ULTRA system using a concentric
hemispherical analyzer for photo-excited electron detection. XPS measurements
were performed using a monochromatic Al Ko X-ray source (hv = 1486.6 eV) at
75W and detection pass energies ranging between 20 and 80 eV. UPS measurements
were carried out with Kratos AXIS ULTRA system using a concentric hemispherical
analyzer for photo-excited electron detection. UPS was measured with helium
discharge lamp, using He I (21.22 V) and He II (40.8 eV) radiation lines. Energy
scale was referenced to the Fermi level measured on bare Au substrate. The vacuum
level was obtained from the secondary-electron cutoff (photoemission onset)
measured in the low kinetic energy region of the He (I) spectra. Total energy reso-
lution was less than 100 meV, as was determined from the Fermi edge of Au refer-
ence sample. Hall Effect measurements were performed to obtain the charge carriers’
type, density and mobility. In the Hall measurements, the magnetic fields varied
from 0 KG and 10 KG The field step was 1 KG. For electrical measurements

(Hall effect and sheet conductivity) Indium electrodes were placed according the
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van der Paw geometry to determine the four-probe conductivity, cg (from the sheet

resistance, Rg) of the sample at every stage of the measurement.

4. Results and discussion

Raman of Pristine Graphene is characterized by 3 main peaks, the 2D peak (3100
em ), G peak (1580 cm '), and D peak (1360 cm ™). The 2D peak originates
from a second-order Raman scattering process in which two phonons are created
[32]. The G peak originates from the doubly-degenerate in-plane sp> carbon atoms
stretching mode [32]. The D peak originates from the second-order Raman scattering
processes in which two phonons with equal and opposite wavevector are created
[32]. The 2D peak is mostly used for distinguishing between a single layer Graphene
and a multilayer Graphene [25]. The D peak is widely used to denote defects in the
Graphene sample [32]. Raman spectrum of undoped graphene (Si/SiO,/G) is clearly
different from doped graphene by As (Si/SiO,/G/As) at 450 °C and 700 °C respec-
tively Fig. 1 (A,B). The G peak position of graphene is blue-shifted from 1580 to
1597, 1601 cm™" for 450 °C and 700 °C, respectively, as shown in Fig. 1 (A,B).

Variation of the 2D peak position can also be observed, indicating the increasing
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Fig. 1. Raman spectra of Si/SiO,/G (black) graphene doped with Si/SiO,/G/As (red) at 450 °C (A) and
700 °C (red) (B) respectively, and Si/SiO,/G (black)and Si/S SiO,/G/P at 650 °C (red) (C).
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doping concentrations. Noticeably, the L,p/Ig ratio, that is used to estimate the
doping intensity, decreases after increasing of the temperatures. The ratio is reduced
from 1.9 for pristine graphene to 1.4 and 0.8, for 450 °C and 700°C-doped graphene,
respectively. The Raman spectrum features of the changing peak positions and the
I,p/Ig ratio confirms the doping increases with temperature. The Raman spectrum
also shows a variation in the D peak, indicating a higher defect density of the basal
plane. Raman spectra of un-doped (Si/SiO,/G) and graphene doped by P (Si/SiO,/G/
P) at different temperatures are shown in Fig. 1(C). The G (1588 cm ™) and 2D
(3086 cm™ ') peaks are shifted by 11 cm™' and 19 cm ™', respectively. The Raman
spectrum of Si/Si0,/G/P also shows a change in D peak, which also indicates of the
existence of a high defect density of the basal plane. Variation of the 2D peak posi-

tion is also observed, which indicates an increase due to doping concentrations [33].

Fig. 2 shows XPS spectra of un-doped and the P and As doped graphene layers on Si/
S SiO; substrate. The quantitative chemical analysis of each graphene film, obtained
from these spectra, is summarized in Table 1. The As and P atomic % values reported

in Table 1 are relative to the carbon content.

In all tested samples, as expected, carbon signal is well observed (Table 1) indicating
presence of graphene indicating that graphene layer was not removed or destroyed
during the doping process. Presence of small amount of P signal (Fig.2 C, D) in
the doped sample (Si/SiO,/G/P) reveals a small amount of doping which can be

seen in Table 1.
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Fig. 2. High resolution Cls XPS spectra of Si/SiO,/G (a) and Si/SiO,/G/P (b) films. The three features
C=C spz, c—C sp3 , C—0 and C==0 are also shown. High resolution XP spectra of the P, (c, d) regions
for Si/SiO,/G (A, B), undoped and doped Graphene with P (C, D) samples.
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Table 1. Elemental composition of Si/SiO,/G, Graphene doped with Si/SiO,/G/P
and Graphene doped with Si/SiO,/G/As at different temperatures.

o C As P
Undoped Graphene 38.9 41.5 - -
Graphene Doped by As 450 °C 45.8 374 0.08 -
Graphene Doped by As 700 °C 47.5 30.5 0.12 -
Graphene Doped by P 650 °C 46.8 32.1 - 0.06

As can be seen in Fig. 3, in As doped graphene samples (Si/Si0,/G/As) doped at
450 °C and 700 °C (Fig 3 A,B), As signal is observed, indicating successful doping
process (Fig. 3 C,D).

Three main peaks in the XPS spectra can be seen (Figs. 2(A,B), 3 (A,B)). The peak
at 285.3 eV is related to C=C sp2 bonds, another one at 285.5 eV is related to
Cc—C sp3, another one at 286.2 eV which is related to C—O bonds, and the last
one at 288.8 eV is related to C=O bonds. Kwon et al. [34] found out that
when doping graphene with different metal chlorides; the Cls core level can be
affected due to the doping process. This affect is shown in the XPS (Figs.
2(A,B), 3 (A,B)) throw variation in the Ic—c/Ic_c intensity ratio. For all doped
samples (with P, and As) the Ic—c/Ic_c intensity ratio increases. These results

are correlated with Kwon et al. [34], which showed that increased Ic—c/Ic—c
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Fig. 3. High resolution Cls XPS spectra of Si/Si0,/G/As at 450 °C (A) and Si/SiO,/G/As at 700 °C (B)
films. The three features C=C sp>, C—C sp> C—0 and C=0 are also shown. High resolution XP spectra
of the P,, (C—D) regions for Graphene doped with As (C, D) samples are also shown.
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Fig. 4. UPS spectra covering the secondary electron threshold Region for Si/SiO,/G (black) Si/SiO,/G/
As (purple (450 °C), blue (700 °C)) and Si/SiO,/G/P (red) (650 °C) at different temperatures.

intensity ratio can be associated with p-doping. The C—O percentage is also
reduced in the doped graphene (P, and As).In C=O0 the variation due to doping
was non-significant. This result, together with the increase of the oxygen atomic
% during the doping procedure (see Table 1) can affect the electrical properties

of the graphene (sheet resistance, mobility etc.).

To investigate the influence of doping Graphene with P and As the work function
(WF) was measured by ultraviolet photoemission spectra (UPS) (Fig. 4). The cutoff
binding energies (E.yof) determined by the extrapolation procedure and the work
function obtained by subtraction of ® = 21.2 by E . is shown. The effect of As
and P doped graphene on the work function was analyzed by UPS. Fig. 4 shows
the secondary electron cutoff region of the Si/Si0,/G, Si/Si0,/G/As and Si/SiO,/
G/P at different temperatures.

The secondary electron cutoff was determined by extrapolating two dashed lines
from the background and the onset in the secondary electron threshold. The work
function of the Si/S i0,/G was measured to be 4.5 eV, which is close to values re-
ported in the literature [35/27]. The work function value obtained for Si/SiO,/G/As
at 700 °C was 4.8 eV and for Si/SiO,/G/As at 450 °C was 4.67 eV. The work func-
tion value obtained for Si/SiO,/G/P was 4.7 eV. For all doped samples the work
function increased. This behavior is typical for p-doped graphene, where the increase
in the work function can be attributed to electron transfer, shifting the Fermi level
from the Dirac point to the valence band. In order to understand the effect of P
and As doped graphene on the sheet resistance and the mobility, the electrical prop-
erties of the doped graphene were measured. Fig. 5 shows the sheet resistance (A),
and electron mobility (B), of annealed- pristine graphene (at 650 °C) (red), P-doped
(at 650 °C) (brown), As-doped (700 °C) (orange), As-doped (450 °C) (blue)and As
doped (at 650 °C) and measured at 77 K (green).
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Fig. 5. Sheet resistance (A), electron mobility (B) of pristine graphene (red), annealed-un doped pristine
graphene (650 °C) (purple), P-doped (650 °C) (brown), As-doped (450 °C) (blue), As-doped (700 °C)
(orange) and As doped (650 °C) and measured at 77 °K (green).

The sheet resistance of pristine graphene and doped graphene were measured on Si/
Si0O, substrates and are presented in Fig. 5(A). The sheet resistance of pristine gra-
phene gradually increases from 450 ohm/sq ™' to 593 ohm/sq ™", 590 ohm/sq ", 665
ohm/sq~' and 850 ohm/sq ' for pristine graphene, annealed-pristine graphene
doped at 650 °C, As-doped graphene at 450 °C, As-doped graphene at (700 °C)
and P doped (650 °C), respectively. The sheet resistance increases could be attrib-
uted to the formation of lattice defects formation, which are caused during doping
at high temperatures, this can be seen on the Raman analysis (Fig 1 A—C) that
the 2D peak and the D peaks varies. Hall measurement provides the doping type
as well; the results obtained matched that of the UPS measurements which showed
P type doping. The mobility of each sample was calculated (Fig. 5B) from Hall mea-
surements. The estimated mobility of pristine graphene was 1290 cm® V™" s~'. After
annealing (at 650 °C) for 5 min it was found out that there was no change in the
mobility. Doping graphene with As at 450 °C for the same duration, showed slightly
decrease in electron mobility to 1250 em®V~' s7!. On the other hand, when
increasing the annealing temperature to 700 °C the mobility increased to 1570cm?
V! 57!, When doping with P the mobility increased as high as 1865 cm?/V '
s~!. Carrier concentrations of annealed-pristine graphene at 650 °C was 8 x 10'2
cm 2, and for As-doped graphene at 450 °C, As-doped graphene at (700 °C) and
P doped (650 °C), was 8 x 10'%, 6 x 10" cm ™2 4 x 10'* cm™ 2 respectively. So
no significant variation can be seen due to the doping process. Our results show

that when temperature increases, formation of clusters (P,As) may take place.
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This cluster formation can be attributed to increase in thermal energy. This may lead
to an enhancement in mobility and reduction in graphene doping level. Theoretical
models [36, 37] have shown that cluster formation is attributed to increase in
mobility. Our results are consistent with these models and emphasis the critical

role of low level doping in Graphene [38].

5. Conclusion

In summary, we have investigated the effect of As and P doping on graphene when
done in a MOCVD reactor. After doping, Raman results showed a blue shift of the G
band in Si/SiO,/G/P, and Si/SiO,/G/As, which indicates p-type doping. The increase
in the work function from 4.5 eV in Si/SiO,/G to 4.7 ¢V in Si/SiO,/G/P, and to 4.8
eV in Si/Si0,/G/As suggests also p type-doped graphene which agrees with the
Raman measurements. The doping mechanism in Si/SiO,/G/P, and in Si/SiO,/G/
As can clearly indicate electrons are transferred from the doped graphene to the
dopant (As,P). The electrical properties of pristine graphene, and on doped gra-
phene; Si/SiO,/G/P and Si/Si0,/G/As, were measured by Hall effect and sheet resis-
tance in order to investigate the doping effect on these properties. The results showed
that after doping, there is an increase in the mobility. Our results show that doping
graphene by MOCVD with TBA or TBP can easily and effectively vary the elec-
tronic properties of graphene.
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