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The transport properties of electronic materials have been long interpreted independently from

both the underlying bulk-like behavior of the substrate or the influence of ambient gases. This is no

longer the case for ultra-thin graphene whose properties are dominated by the interfaces between

the active material and its surroundings. Here, we show that the graphene interactions with its

environments are critical for the electrostatic and electrochemical equilibrium of the active device

layers and their transport properties. Based on the prototypical case of epitaxial graphene on

(000�1) 6 H-SiC and using a combination of in-situ thermoelectric power and resistance

measurements and simulations from first principles, we demonstrate that the cooperative

occurrence of an electrochemically mediated charge transfer from the graphene to air, combined

with the peculiar electronic structure of the graphene/SiC interface, explains the wide variation of

measured conductivity and charge carrier type found in prior reports. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4725413]

I. INTRODUCTION

The exposure of graphene samples to different gases has

been shown to selectively induce p- and n-type behavior in

the intrinsic case (suspended graphene electronically

decoupled from the substrate).1–5 Although exfoliated gra-

phene has been demonstrated as an ideal platform for proof-

of-concept research,6–8 epitaxial graphene is the practical

production route for electronics applications due to compati-

bility with wafer-scale processing techniques.3,9–11 The epi-

taxial system is characterized by an additional layer of

complexity in the fact that the graphene now interacts not

only with the ambient but also with the underlying substrate.

A comprehensive analysis of the electronic and transport

properties of this material in this complex environment is of

paramount importance.

II. EXPERIMENTAL SETUP

Epitaxial graphene is produced via the thermal decom-

position of either 4 H- or 6 H-SiC. Samples are typically sev-

eral layers thick on C-terminated surfaces (multilayer

epitaxial graphene, MEG) and one to two layers thick on Si-

terminated surfaces.12–14 The geometry of the graphene/SiC

interface and the bonding that takes place in this region play

a dominant role in the determination of the electronic proper-

ties of the active graphene layers: interface modifications

can lead to a fine-tuning of the doping and band alignment of

the system and provide a clear insight into the mechanisms

of charge transfer and interface stability.15 These findings,

when placed in the more general context of ambient exposed

graphene samples, provide the framework for the interpreta-

tion of the experimental results and a generalization to a uni-

versal behavior that should be expected in many other

common situations.

The goal of our study is to provide a quantitative and sys-

tematic evaluation of the impact of ambient exposure in epi-

taxial graphene samples. To this aim, we performed

simultaneous thermo-electric power (TEP) and resistance (R)

measurements on multi- and 1- to 3-layer epitaxial graphene

samples14 that were placed in a quartz reactor which has

provisions for evacuation and exposure to various gasses at

desired temperatures and pressures. The 4� 4 mm2 multilayer

epitaxial graphene/SiC samples were mounted on a ceramic

holder attached to a probe as shown on Figure 1. The probe is

loaded into a quartz reactor placed inside a tube furnace. Two

Chromel/Alumel thermocouples �100 lm in diameter were

mounted on the sample with silver epoxy and a small heater

was placed on one end of the sample. For four-probe resist-

ance measurements, two extra copper wires are attached as

current leads. The reactor is evacuated to 2� 10�7 a base

pressure below 10�6 Torr using a turbo molecular pump and

degassed at 500 K, while the time evolution of the Seebeck

coefficient and the four-point resistance are recorded con-

comitantly. Then the reactor is cooled down to room tem-

perature under high vacuum. To measure the Seebeck

coefficient, a temperature difference (DT � 1 K) is gener-

ated across the sample by applying a voltage pulse to the

heater. The typical heating power is �10 mW, and the pulse
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duration is 3–5 seconds.To measure TEP, a temperature dif-

ference DT is introduced across the sample by applying a

voltage pulse across a platinum resistive heater, as shown

in Figure S1. The slope of the thermo-emf (DV) versus tem-

perature difference (DT) due to the heat pulse is used to

obtain TEP at a given temperature. In order to measure the

4-probe resistance (R), an excitation current was applied

through the two current leads and the voltage across the

two thermocouple wires was measured. Further experimen-

tal details are described in Ref. 14. The TEP and R of gra-

phene were measured over a temperature range of 300 K to

550 K.

The sign of the TEP provides information about changes

in the doping type of the active graphene layers and, in par-

ticular, of the relative energetic position of the Fermi level,

EF, and the Dirac point energy, ED (the energy of the vertex

of the Dirac cone), due to exposure to the ambient: a positive

TEP is the signature of a p-type (electron depletion) doping,

while a negative TEP corresponds to n-type doping (electron

addition). Conversely, the resistance R of the sample corre-

lates with the density of the charge carriers available for

transport on the active layer.

III. RESULTS AND DISCUSSION

In the initial experiment, we prepared an as-grown MEG

sample on C-face SiC and starting from ambient conditions,

we measured the variation of the thermo-electric response as

a function of the environment composition. The results, dis-

played in Figures 2(a)–2(c), show that initially the system

possesses a p-type doping character with a TEP value of

S�þ 10 lV/K and R� 7 X. The sample was then annealed

at 500 K under high vacuum conditions (P¼ 2� 10�7 Torr).

Interestingly, the TEP changed sign (an indication that the

sample becomes n-type) to finally reach a constant value of

S��20 lV/K. As the sample was cooled back to 300 K

under vacuum, the TEP became even more negative and

eventually saturated at ��30 lV/K. As seen in Figure 2(b),

the resistance R of the sample increased from its room tem-

perature value of �7 X to reach �10 X under vacuum at

500 K and eventually saturated at �8 X During cooling, R

continued to decrease, returning to its initial value of �7 X.

These findings are clearly interpreted in terms of the inter-

play between TEP and resistance: Figure 2(c) demonstrates

that as TEP approaches zero, the resistance increases and

reaches its maximum value when the TEP signal changes

sign. This is an indication that the sheet charge density is

decreasing upon annealing and becomes zero when the TEP

is zero. This corresponds to passing through the Dirac Point,

where indeed the resistance achieves its expected maximum

value. After this point, the graphene becomes n-type and

eventually reaches its intrinsic conductivity value.

In order to ascertain the reproducibility of these results

and confirm that the variation between n- and p-type conduc-

tivity was a result of factors from the environment, we re-

exposed the above sample to the ambient. Indeed the TEP

measurement gave again a value of S> 0, that is, the gra-

phene was p-type. Repeating the vacuum annealing process

restored n-type doping with S��30 lV/K, showing the

reproducibility of our measurements. Finally, in order to rule

out possible effects of the surface preparation, we repeated

the measurements on a sample that was first vacuum

annealed at elevated temperatures to prepare a pristine gra-

phene surface. Then the ambient was introduced into the

vacuum system at room temperature. The initially negative

TEP signal (��30 lV/K) of the annealed graphene gradu-

ally increased, passed through zero, and reached a positive

FIG. 1. The schematics of the TEP measurement system. (a) Schematic dia-

gram of the quartz reactor containing the sample located inside a tube fur-

nace and connected to a turbo molecular pump and a gas handling system.

(b) Graphene sample with two K-type thermocouples attached �2 mm apart

with a platinum resistive heater anchored closer to one thermocouple. Vol-

tages V1, V2, and DV¼V1–V2 used to determine the thermo-emf (DV) and

the temperature difference (DT) are also shown.

FIG. 2. Simultaneous TEP and R measurements of multilayer epitaxial graphene (MEG) on C-face SiC. The time evolution of the (a) TEP (left axis) and the

corresponding temperature profile (right axis) are plotted during the vacuum-annealing process. (b) Simultaneous behavior of R and temperature during the

degassing process. (c) Simultaneous TEP and R of the vacuum-annealed MEG on C-face SiC during annealing plotted in an expanded scale.
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value (þ15 lV/K) within �3 h. Concomitantly, the value of

R initially increased and passed through a maximum when

TEP passed through zero, as expected. These results are

summarized in Figure 3(a) and strongly suggest that environ-

mental factors are the cause of the p-type behavior of

ambient exposed C-face epitaxial graphene. Without the

influence of the ambient, the natural conductivity state of

MEG is n-type (Figure 3(b)), as previously reported.12

The results above were for a multilayer epitaxial gra-

phene sample; MEG is known to have many layers that could

result in competing parallel conductivity paths, clouding the

interpretation of the thermopower measurements. Moreover,

the typically rough morphology of MEG may increase ambi-

ent interaction. To rule out competing effects and isolate

completely, the role of the ambient interactions, we per-

formed TEP measurements on single layer graphene pro-

duced by the electro static deposition (ESD) technique.16,17

This technique allows us to controllably remove the top

layers in MEG samples and leave only a monolayer of gra-

phene on top of the SiC substrate.14

The 1-3 layers of C-face graphene sample were vacuum

annealed under the same conditions described above for

MEG. As reported in Figure 4, we again found that the TEP

under ambient conditions was positive (�þ2 lV/K), became

negative (��3 lV/K) after vacuum annealing at �525 K

and became more negative upon cooling to �300 K. Just as

in the MEG case, the exposure of epitaxial graphene to the

ambient gave rise to p-type conductivity. The TEP values in

both conditions were about an order of magnitude smaller

than those in MEG. Since S is proportional to the sheet car-

rier density, ns, this implies that the latter is about one order

of magnitude lower than the MEG samples, both before and

after annealing. It seems likely that the reduced number of

layers in the sample is at least partly responsible for the large

reduction in sheet carrier density. Indeed, the n-type conduc-

tivity of the after anneal result is consistent with the recent

interpretation put forward by Lin et al., who, analyzing Hall

conductivity data in MEG samples, drew the conclusion that

the layer(s) closest to the SiC substrate were n-type doped

with a carrier concentration of 1011 to 1012 cm�2, which is

about one order of magnitude lower than typical MEG

data.18

The impact of adsorbates and ambient gases on the elec-

tronic properties of graphene systems has been extensively

studied. Lohmann et al. using gated Hall effect measure-

ments on single layer exfoliated graphene concluded that

“adsorbed dipolar molecules such as water” resulted in

p-type conductivity.19 More recently, Levesque et al. identi-

fied the water/oxygen redox couple as the underlying mecha-

nism responsible for charge doping in graphene-SiO2 and

graphene-parylene FETs.20 However, in the latter work, the

choice of the geometry of the sample was chosen in order to

preclude strong bonding from playing an important role in

the measurement so as to isolate the effect of gas interaction.

This is fundamentally different from the epitaxial graphene

case, where the interaction with the substrate is not only in-

evitable, but plays an integral part in the determination of the

properties of the active layer. Our thermopower results can

only be understood by considering the doping effect of ambi-

ent factors combined with the effect of the reconstruction of

the 6 H-SiC-graphene interface.

It is by now well established that the exposure of surfaces

to air can result in an electrochemically-mediated electron

transfer between the system and oxygen contained in the am-

bient gas (water/oxygen redox couple). This mechanism was

originally proposed to explain p-type conductivity characteris-

tics of hydrogen-terminated diamond surfaces21–24 and has

been observed in a variety of other systems (single-wall nano-

tubes, multi-wall nanotubes and activated carbon fibers) when

the band lineup between the ambient and electronic states in

the semiconductor is appropriate.25

Here, however, the above mechanism is competing with

the bonding characteristics of the graphene-SiC interface,

which controls the electrostatic and electrochemical bound-

ary conditions for the system. The most evident signature of

this interface phase is the presence of a surface state local-

ized on the C rest atoms of the (2� 2)C surface reconstruc-

tion of ð000�1Þ of 6 H-SiC. This is the state that pins the

Fermi energy of the graphene and makes it n-type in the ab-

sence of the charge transfer from the water-oxygen redox

couple.14 Using simulations from first principles based on

FIG. 3. Simultaneous measurement of TEP and R of the annealed MEG

upon (a) exposure to ambient air at 300 K plotted in an expanded scale. (b)

exposure to ambient air and ammonia.

FIG. 4. The time evolution of TEP and R the corre-

sponding temperature profile during the vacuum anneal-

ing of the few layers of graphene (1-3 layers) on C-face

SiC. The temperature profile is shown on the right axis.

The observed behavior is similar to what was observed

for the MEG sample shown in Figure 1. Note that the

TEP measurement on few layers of C-face graphene is

performed on the same sample that had been previously

used for TEP measurement of MEG.
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density functional theory,14 we have interpreted the results

of TEP and R measurements in terms of the interplay

between bonding and electrochemical reactions at the sur-

face and demonstrate that indeed, doping from the ambient

is a significant contributory factor to the variations in sheet

densities.1,14,17

In Figure 5(a), we show the energy level diagram of the

water/oxygen redox couple (blue lines) compared to the the-

oretical band diagrams of epitaxial graphene/SiC, as

obtained in our first principles simulations. The Fermi

energy, eF, and the electron chemical potential, le� , are con-

ceptually identical concepts. Usually, eF is reported in elec-

tron volts per electron referred to the vacuum level. In

electrochemistry le� is referred to a potential reference state,

often, but not always, the potential, E, of the standard hydro-

gen electrode (SHE). Thin water films are often present on

surfaces exposed to humid air.13 Within the water film, the

dissolved CO2 gives rise to acidity through the reaction,

CO2 þ H2O ¼ HCO�3ðaqÞ þ HþðaqÞ: (1)

In turn, the dissolved oxygen and the protons permit the elec-

trochemical redox couple, which in equilibrium fixes the

electron chemical potential (Fermi energy) in the film.

O2 þ 4HþðaqÞ þ 4e� ¼ 2H2O: (2)

If the redox couple and the semiconductor reach equilibrium,

their Fermi energies will be equal. Since the water film is in

contact with essentially infinite sources of O2 and CO2, the

Fermi energy will be “pinned” at the electron electrochemi-

cal potential of the redox couple. The Fermi energy of the re-

dox couple is given by the Nernst equation, which for

Reaction 2 reduces to,

leðeVÞ ¼ �4:44þ ð�1Þðþ1:23Þ

þ 0:0592

4
½4pH � log10ðpO2

Þ�: (3)

In Equation (3), le (eV) is referred to the vacuum level,

T¼ 298 K, the activity of H2O is taken to be unity, ideal gas

behavior is assumed, and PO2
is in bar.

The direction of electron transfer between semiconduc-

tor and the redox couple depends on the value of le in both.

When the electron chemical potential in the semiconductor

is higher than the water film, then electron transfer from the

semiconductor to the redox couple, thereby driving Reaction

2 in the forward direction. This results in the formation of a

positive space charge layer in the semiconductor and charge-

compensating anions in the adsorbed film. At moderate pH,

if the semiconductor is exposed to ambient air containing

FIG. 5. Energy level diagram of the water/oxygen redox couple (blue lines)

compared to the theoretical band diagrams of epitaxial graphene/SiC from

our simulations (the zero of energy corresponds to the vacuum level of the

system). Shaded areas are the projected bulk bands from the SiC substrate.

(a) (left panel) Water-free surface: the EF is pinned by an interface state

located in the conduction band just above the Dirac point causing electron

doping of graphene. These states are due to dangling bonds of the C rest

atom on the SiC ð000�1Þ (2� 2)C surface reconstruction (see panel c) and

Supplemental Information). (right panel) P-type doping of graphene when

the Fermi energy, EF, is pinned at the chemical potential l determined by

the redox potential of oxygen dissolved in the mildly acidic water adsorbed

on the SiC surface. Bands calculated for a (positive) surface charge corre-

sponding to a depletion of �4.5� 1014 electrons/cm2. (b) Difference

between the Fermi and Dirac energy as a function of surface charge. The

neutrality point (EDirac¼EFermi) coincides with a charge depletion of

�1� 1014 electrons/cm2. (c) Geometry of the graphene/SiC interface (Si,

purple; C, cyan; Si adatoms, darker purple). For a detailed account of the

interface structure see Supplemental Information. The electron density of

the dangling bond state localized on the interface C rest atoms at the Dirac

point is shown with the red isosurface (0.15� 10�3 electrons.)

FIG. 6. Temperature dependence of (a) S and (b) R of

the vacuum-annealed and air-exposed multilayer epi-

taxial graphene (MEG) on C-face SiC. (1) Heating por-

tion of the experiment and (2) cooling portion of the

experiment. Data obtained during desorption are

excluded from both plots.
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CO2, the anion will be the bicarbonate ion, HCO�3 as shown

in Equation (1).

In the left panel of Figure 5(a) are the results for the

clean graphene/SiC system (after the vacuum annealing pro-

cess). The system is n-type, with a work function W(SiC)
�4.1 eV (Ref. 26) and the Fermi energy is pinned by an

interface state localized on the C rest atoms of the (2� 2)C

surface reconstruction of ð000�1Þ of 6 H-SiC (see Figure 5(c)

and Ref. 3). In this case, the Dirac point energy of graphene

(the energy of the vertex of the Dirac cone), is lower than the

Fermi energy (��4.46 eV with respect to the vacuum level),

in good agreement with the available data.27 This situation is

similar to that of hydrogenated diamond, hence the same

charge transfer mechanism that is observed in that case is

available to ambient-exposed epitaxial graphene. The chemi-

cal potential for the oxygen dissolved in water in contact

with the graphene lies between �5.66 eV and �4.83 eV

(blue levels in Figure 5(a)) with respect to the vacuum level,

depending on the pH value of the solution (0 to 14, respec-

tively).28 For the solutions with pH¼ 14, l¼�4.83 eV and

the reaction that takes place is O2þ 2H2Oþ 4e�

¼ 4OH�.21,29 Spontaneous electron transfer would occur from

the graphene to the mildly acidic oxygen/water layer at ambi-

ent, mediated by the redox reaction O2þ 2H2Oþ 4e�

¼ 2H2O.21,29 Thus, since the Dirac energy of graphene lies

near the redox potential of dissolved oxygen, surface electrons

will readily transfer from the graphene to the adsorbed water,

and the graphene will become p-type. In Figure 5(b), we plot

the evolution of the relative position of the Fermi and

Dirac energies as a function of the surface charge as obtained

in our first principles calculations. The neutrality point is

identified with a depletion of �1� 1014 electrons/cm2 from

the graphene surface. These data correlate directly with the

results of our TEP measurements in the monolayer case.

Now it is important to comment on the nonlinear behav-

ior as a function of temperature of both the positive TEP

prior to desorption of adsorbed waterþ oxygen, and the neg-

ative TEP after desorption (Figure 6). Interestingly, in con-

trast with the behavior of TEP, the nonlinear relationship

between R and T of ambient exposed sample becomes linear

after oxygen desorption. The temperature-dependent electri-

cal conductivity due to screening effects is expected to

decrease quadratically.30 This mechanism in turn produces

thermopower that is quadratic in temperature rather than lin-

ear, as in the simple Mott formula.31 Previous works32,33 on

graphene thermopower did not consider temperature depend-

ence due to screening. Moreover, the Mott formula only in

the low-temperature limit was considered to calculate the

thermopower and so, as a result, the deviations from the

Mott formula are observed. This explains the wide variation

of measured conductivity.6–9,12,13

IV. CONCLUSIONS

In summary, both multilayer and monolayer graphene on

C-face SiC show p-type behavior under ambient conditions at

300 K, but become n-type when annealed in high vacuum as

observed using both in-situ TEP and 4-probe resistance meas-

urements. This implies that the p-type doping is due to

ambient-related factors and the natural conductivity state of

the epitaxial graphene on C-face SiC is n-type, as expected by

work function considerations. It is proposed that an electron

exchange between the oxygen electrochemical redox couple

in adsorbed water and electronic states in the graphene causes

the p-type behavior. The n-type behavior for the vacuum

annealed graphene is due to the pinning of the Fermi energy at

a state associated with the dangling bonds of the SiC surface.
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