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A B S T R A C T

The effect of atmospheric adsorbates, composed of dry oxygen (O2) and ambient air, on

electrical transport in high-quality and moderate-quality graphene samples was investi-

gated. Atmospheric doping is seen to affect different samples at different rates but in all

samples hole-doping is observed within several minutes of O2 or ambient exposure. After

an initial rapid increase, the doping rate falls off dramatically. It is shown that carrier

mobility (l) can be either improved or degraded depending on the nature of the impurities

affecting transport. The former case represents the first experimental demonstration of an

improvement in carrier mobility with increased doping in graphene. A model is derived to

understand the interplay between charge screening and impurity scattering. The study

points to the possibility that oxygen and water molecules mitigate carrier scattering from

negatively-charged impurities but cause increased carrier scattering from positively-

charged impurities.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Owing to its 2D-nature, graphene offers the ultimate surface

area to volume ratio – this makes the material an ideal sensing

platform. However, such sensitivity also demands the meticu-

lous processing and handling of samples so that unintentional

alteration of material properties is minimized. Not long after

the first graphene devices were measured, a steady stream of

doping studies and a range of sensing studies followed. These

studies have usually involved the flow of a particular gas spe-

cies [1–4], doping from a species in solution [5–8] or by chemi-

cal substitution [9]. Another study [10] examined the ambient

effects on noise characteristics of graphene. While it is recog-

nized that exposure of graphene to atmosphere leads to a

change in electrical properties, there have been no reported

studies dedicated to atmospheric effects on graphene’s electri-

cal transport. The response of graphene in atmosphere is

important for many reasons: graphene device fabrication
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largely involves a number of steps that expose it to

atmosphere, graphene performance in atmosphere is impor-

tant for its use in real-time gas sensing, and many doping

studies on graphene expose it to atmosphere before the doping

step.

Based on previous experiments, the following points are

evident. First, carrier transport in graphene is influenced by

short and long-range scattering for high and low carrier den-

sity, respectively. The crossover between the two regimes is

marked by the transition from linear-in-density conductance

(long-range scattering) to sub-linear conductance (short-

range scattering). Second, conductivity approaches 4 e2/h only

in samples with large impurity density (nimp). For cleaner sam-

ples, this conductivity minimum (rmin) is larger and more

sensitive to fluctuations of impurity density. Moreover, the

conductivity plateau at the neutrality point is determined by

inhomogeneous charge puddles [11–14]. Third, doping

influences graphene by introducing extra charges as well as
.
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scattering sites, thereby increasing the charge density but also

causing additional scattering which may decrease mobility.

Chen et al. [15] studied ionic screening of substrate impu-

rities by exposing graphene to a solution of NaF. As a result,

the gate voltage at which conductivity is minimum (Vg,min)

shifts from +30 V to very near 0 V and mobility improves.

These results fit neatly into long-range scattering theory:

effects of charged impurities (from the substrate) are neutral-

ized via ionic screening and this leads to an improvement in

mobility. Also, increased potassium doping of graphene [1] is

seen to degrade mobility by an order of magnitude as Vg,min

shifts from �9 V to �80 V. Generally, various dopants may

improve transport by acting as compensators [16], i.e., they

reduce impurity scattering in the system by neutralizing

existing impurities and improve mobility. Interestingly, all

previous work points to a decrease (increase) in mobility with

an increase (decrease) in doping. This suggests that it is diffi-

cult to employ a dopant species as a charge screening layer

while simultaneously achieving high doping densities. Our

findings show that, with increasing O2 or ambient exposure,

hole-doping increases (i.e., Vg,min shifts to more positive volt-

ages) while hole mobility (lhole) can increase or decrease

depending on sample quality. Hence, a unique result of this

work is that this is the first experimental demonstration

showing that dopants (atmospheric adsorbates) can compen-

sate for impurities while at the same time improve mobility in

graphene. This provides a practical and powerful counter

example to the accepted notion that increased graphene dop-

ing is associated with a decreased mobility.
2. Experimental setup

Exfoliated graphene (from Kish graphite) is prepared on a

300 nm SiO2/Si substrate. After identification of suitable graph-

ene sheets, we use Raman spectroscopy to confirm sample

thickness. Also, we note the absence of a D band, an indication

of high crystalline order in the graphene lattice [17]. Metal

electrodes (a stack of 10/90 nm of Ti/Au) are deposited onto

graphene by e-beam lithography and a metal liftoff process.

These 2-D graphene sheets are then directly used in our atmo-

spheric doping experiments. We avoid further lithographic

patterning to shape the graphene sheets in order to minimize

sample contamination. A degenerately-doped silicon sub-

strate allows for back-gating of the graphene samples, whereby

the induced carrier density, n, is related to the applied

back-gate voltage, VBG, by the relation n = CoxÆVBG/e (Cox =

11.5 nF/cm2 for the 300 nm SiO2 dielectric used in this work).

A number of samples were studied and four cases involv-

ing three distinct samples (labeled D1-D3) are presented –

these four cases cover the range of behavior observed when

graphene is exposed to dry oxygen and moist air, Fig. 1. The

cases also cover a range of sample quality, as indicated by

carrier mobility. It is our intention to look at the behavior of

not just high-quality samples since we are interested in a

comprehensive evaluation of the influence of atmospheric

contamination. Two different types of runs were performed

with D1. Prior to both runs, the samples are pumped under

vacuum (pressure 6 1 · 10�5 mbar) for more than 10 h to drive

out residual adsorbates. In the first run, termed run-A, the
test chamber is opened, leaving the sample exposed to ambi-

ent air with 55% relative humidity, the conditions of our lab

(at this humidity level, water vapor accounts for 1% of the

ambient air by mass). In the second run, run-B, the sample

is exposed to both O2 and ambient air. Initially, the sample re-

mains inside the test chamber while oxygen of 99.99% purity

is introduced at a rate of 10 sccm. During O2 exposure, the

pump is disconnected so the chamber pressure increases

with the inflow of O2; the chamber pressure reaches 0.5 mbar

after 15 min and atmospheric pressure after 30 min. Once at

atmospheric pressure, the chamber remains closed so the

graphene continues to be exposed to pure O2. After nearly

two hours of O2 exposure, the flow is cut off; the test chamber

is opened and the sample is exposed to ambient air for fur-

ther testing. D2 and D3 are subject to run-A only.

Controlled atmospheric exposure and back-gated electri-

cal testing is carried out under the two prescribed environ-

mental conditions using a vacuum probe station (Lakeshore

Cryogenics). In addition, a four-point probe setup (using a

lock-in amplifier with an excitation current of 10 nA) is used

to reduce measurement errors arising from the contacts. I–V

testing, carried out at room temperature, is performed every

2 min for several hours for each doping experiment. Concerns

over the possible breakdown of the gate dielectric limited the

applied back-gate voltage to be swept within the range of

�60 V to +60 V.
3. Results

Case 1: A moderate-quality sample (D1) is subject to run-A.

Ambient doping of graphene affects conductivity in the

following manner. Initially, the sample is at Vg,min = +10 V,

and rmin = 8.5 e2/h; after 141 min of exposure, Vg,min = + 46 V

and rmin has decreased to 5.5 e2/h. D1 has a width of 16 lm

and length of 4 lm.

Case 2: D1, having undergone vacuum desorption to

reverse the effects of run-A, is subject to run-B. After 9 min

of exposure, Vg,min = +10 V and rmin = 7.9 e2/h; after 110 min

of exposure Vg,min = +26 V and rmin = 6.6 e2/h. At this point,

O2 flow is discontinued and the sample is directly exposed

to the ambient. The doping behavior remains qualitatively

the same as before (i.e., hole-doping occurs) but the rate of

doping increases. The rate of doping during ambient exposure

could be higher since moisture is thought to promote hole-

doping by O2 [18]. In total (after 110 min of O2 exposure

followed by 106 min of ambient exposure), Vg,min and rmin

shift to +39 V and 5.4 e2/h, respectively.

Case 3: A different moderate-quality sample (D2) is subject

to run-A. Increasing exposure to the ambient hole-dopes the

sample, with Vg,min increasing from +8 V to +31 V; rmin de-

creases from 6.2 e2/h to 4.5 e2/h. Near the end of the exposure,

a minor kink in the conductance curve begins to show. D2 has

a width of 5 lm and length of 2 lm.

Case 4: A high-quality sample (D3) is subject to run-A. The

sample shows the expected hole-doping with increasing

ambient exposure. After over two hours of exposure, Vg,min

increases from �15 V to 16 V and rmin remains nearly

constant throughout. D3 has a width of 1 lm and length of

3 lm.



Fig. 1 – Conductivity vs. back-gate voltage, r-VBG, is plotted for three samples across four different runs. In case-1 (a), D1 is

subject to run-A, or ambient exposure. r-VBG is plotted after 3, 9, 18, 36, 74, and 141 min of exposure. In case-2 (b), D1 is

subject to run-B, a doping sequence using O2 and ambient. The sample is first exposed to O2 for 112 min, with r-VBG plotted

after 9, 24, 52, and 112 min of exposure; it is then exposed to the ambient for another 104 min, with r-VBG plotted after 1, 12,

64, and 104 min of exposure. In case-3 (c), D2 is subject to run-A; r-VBG is plotted after 4, 9, 15, 39, 100, and 171 min of

exposure. In case-4 (d), D3 is subject to run-A; r-VBG is plotted after 5, 10, 20, 35, 105, and 135 min of exposure (d). An SEM

image of D1, with electrodes contacting the graphene sheet, is shown in the inset to (a). Four-point testing is conducted

across the four electrodes denoted in the SEM image (scale bar = 1 lm).
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In addition to oxygen and the ambient, we exposed our

graphene samples to nitrogen. After continuous nitrogen flow

(for 1 h) to the test chamber, little change in the conductance

is observed. This result suggests that oxygen and water are

the primary species in the atmosphere responsible for doping

graphene, consistent with previous observations [19–22].

To better understand the influence of these atmospheric

adsorbates on the transport, it is instructive to first consider

the broader scope of scattering mechanisms in graphene.

Mobility in graphene is limited by various scattering sources

[23]: (i) lattice phonons that limit mobility to 2 · 105 cm2/V-s

(llattice), (ii) SiO2 phonons that limit mobility to 4 · 104 cm2/

V-s (loxide), and (iii) impurities (limp). Herein, we neglect the

role of edge scattering since the samples in this work have

widths on the lm-scale. Using Matthiessen’s rule, the total

mobility can be written as:

1
l
¼ 1

llattice

þ 1
loxide

þ 1
limp

: ð1Þ

With mobilities in the range of 1000–4000 cm2/V-s and the

predominantly linear conductance behavior at high carrier

density (n P 4 · 1012 cm�2), it is apparent that substrate impu-

rities play a predominant scattering role for samples studied
in this work. The assumption of impurity-limited transport

allows us to express conductivity as follows [24,25]:

rðn� �nÞ ¼
20 � e2

h � n�

nimp
if n� �n 6 n�

20 � e2

h � n
nimp

if n� �n > n�

������
ð2Þ

where n is the induced carrier density, nimp is the impurity

density, n is the carrier density corresponding to Vg,min, and

n* characterizes the width of the minimum conductivity

plateau.

Fig. 2a plots Vg,min vs. exposure time for the experiments

of case-2 through case-4. Under atmospheric exposure, Vg,min

shifts significantly to more positive voltages, indicative of

hole-doping, with the steepest shifts seen within the first

30 min of exposure. After about two hours, the capacity for

the atmosphere to further hole-dope the graphene samples

begins to saturate. In case-2, the doping behavior appears to

show two trends; the noticeable increase in the shift of Vg,min

halfway through the entire exposure time coincides with the

switch from O2 doping to ambient doping. For all samples, it

was possible to bring the I–V back to nearly its original state

(before doping) after prolonged (>4 h) vacuum desorption.

For example, with D1 subject to run-A, Vg,min shifts from

+10 V to +46 V. After vacuum desorption, Vg,min falls back to



Fig. 3 – Impurity density is plotted for case-2 through case-4.

The large values for nimp suggest that carrier transport in

our samples is largely determined by impurity scattering.

Fig. 2 – The shift in Vg,min vs. exposure time for case-2

through case-4 is shown in (a). In (b), lhole (extracted at a

hole density of 4 · 1012 cm�2) vs. exposure time is shown for

same set of experiments. The trend-line for case-2 is broken

into two to distinguish between the response with and

without O2 flow.
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+8 V and the I–V qualitatively matches the I–V from before

run-A. Given that vacuum desorption (carried out at room

temperature) may restore the effects of atmospheric doping,

the adsorbates interact with graphene through physisorption

or a weak chemisorption process such as dipole–dipole inter-

actions. (Note that after several cycles of atmospheric doping

followed by vacuum desorption, we begin to see a small but

non-reversible doping effect). This result is supported by

theoretical studies which discuss a weak charge transfer be-

tween O2 and carbon nanotubes [26,27] or between water

and graphene [20,28,29]. In addition, weak chemisorption is

expected to slightly modify the band structure of graphene

[28], whose impact on the transport behavior observed in

our samples depends on the role of weak chemisorption rela-

tive to physisorption. More aggressive desorption methods

such as current annealing [30] or baking [31] can be used to

study this interplay between physisorption and weak chemi-

sorption of atmospheric adsorbates.
Next, we consider the influence of atmospheric doping on

mobility, extracted via the relation l = r/(nÆe). In Fig. 2b, we

show lhole (extracted for a hole density of 4 · 1012 cm�2) vs.

exposure time for case-2 through case-4. Throughout our anal-

ysis, this method of extracting l is valid only for transport at

high carrier densities. At low densities, the conductivity curves

are non-linear and dominated by substrate impurities. At high

densities (n P 4 · 1012 cm�2), the conductivity approaches a

linear-in-density form. For case-2, lhole increases by 36% – from

845 to 1152 cm2/V-s – after 216 min of atmospheric exposure.

This increase suggests that adsorbates help to compensate

for substrate impurities in case-2. Meanwhile, lhole reduces

by 16% after 171 min of exposure for case-3 and by 21% after

135 min of exposure for case-4.

Fig. 3a plots nimp vs. exposure time for case-2 through

case-4. We estimate the net impurity density using the rela-

tion in (2). In addition, we note the reciprocal relation be-

tween l and nimp by inserting (2) into the mobility expression:

l ¼ 20 � e
2

h
� 1
nimp � e

ð3Þ

The calculated range of nimp is from 1.2 · 1012 to 1.6 · 1012

cm�2 for the high-quality sample (D3) and from 4.2 · 1012 to

5.7 · 1012 cm�2 for the moderate-quality samples (D1 and D2).

4. Discussion

In D2 (case-3) and D3 (case-4), ambient exposure results in a

decrease in lhole. On the other hand, D1 (case-2) shows an

improvement in lhole with O2 and ambient exposure; this case

also features a prominent kink in the conductivity curve that

disappears with increased hole-doping. Interestingly, for

case-2, adsorbates play a dual role of hole dopant (expressed

by a shift of Vg,min to more positive values) and charge screen-

ing layer (expressed by an increase in carrier mobility). The

former is expected since doping by oxygen or water is known

to result in hole-doping [1,15,32–34]. In regards to the latter,

others have shown an increase in l accompanied by a
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decrease in doping (i.e., Vg,min shifts towards zero) [15,32] or

chemical doping without affecting scattering [3]. However

no one has demonstrated, to our knowledge, an occasion

where an increase in l is accompanied by an increase in dop-

ing. Herein, we find that it is possible for atmospheric adsor-

bates to decrease scattering from substrate impurities while

at the same time increase hole-doping in graphene.

To illuminate the sample-to-sample variation and the

changing behavior of each sample under atmospheric expo-

sure, a phenomenological but physically-intuitive model is

developed. We begin with the premise that – for exfoliated

graphene on SiO2 – substrate impurities lead to electron–hole

puddles in the graphene sheet [11–14]. With the range of nimp

seen in our samples, it is apparent that transport is strongly

influenced by these charge puddles. Hence, in our model

the graphene sheets are divided into a collection of p- and

n-regions corresponding to the type of substrate impurity

dominating in that region. Several premises need to be estab-

lished evenin a basic model such as this. First, what parame-

ters should be assumed for the p- and n-regions? To simplify

the model, all p-regions are assumed to be homogeneous, as

are all n-regions, though the two regions are quite distinct

from one another. Second, should we use percolation theory

or a resistor network [35] to model the transport properties?

We choose the latter since it has been shown that percolation

theory is not needed to model the system of impurities affect-

ing graphene conductance [36]; p–n junctions are modeled to

be ballistic. And third, using a resistor network model, how

many regions should be assumed to be p-type, how many to

be n-type, and how should they be configured? We perform

a few case studies – for instance, p- and n-regions or p-, n-,

and p-regions connected in series – to identify which config-

uration gives the best fit to the experimental data.

The conductivity of each distinct p- and n-region, adapted

from the expression in (2), is modeled as:

rðVBGÞ ¼
rmin if VBG � Vg;min 6 V�

rmin þ s � VBG � Vg;min

�� ��� V�
� �

if VBG � Vg;min > V�

�����

ð4Þ
Fig. 4 – A resistor network of p- and n-regions is used to

model the electrical behavior of graphene under

atmospheric exposure. For D1 in case-2 (a), we find that a

series connection of p-, n-, and p-regions gives a robust

model that brings out the key features of the conductivity

curve. For D3 in case-4 (b), we find an optimal configuration

using a series connection of n-, p-, and n-regions. In each

case, the model for r vs. VBG is shown at the start and end of

the doping experiments; the results compare well to

experimental data. In (c), we plot nimp vs. exposure time for

the p- and n-regions represented by the models for case-2

and case-4. It is seen that the p-regions show a decrease in

nimp with increasing atmospheric exposure. Finally, we

illustrate the configuration of p- and n-regions used to

model either case.
where V* characterizes the width of the minimum conductivity

plateau, an indication of sample quality. In each region, the

adjustable parameters Vg,min, rmin and s are found semi-

empirically. Where possible, Vg,min and rmin reflect the

experimental data. For instance, the position of the kink and

minimum conductivity point of case-2 guides the selection of

Vg,min and rmin for the p- and n-regions of the model. The

parameter s is used as a fitting parameter to find the best fit be-

tween model and experiment. By comparing the expressions

in (2) and (4), it is seen that s in (4) plays the role of 1/nimp in

(2). That is, s reveals information about sample quality (a

higher s indicates a cleaner sample). Finally, V* is related to

the impurity density [24]; for the moderate-quality samples

(D1 and D2), V* is set to 6 V while for the high-quality sample

(D3), V* is set to 3 V.

The resistor network model is used to illustrate the electri-

cal response of our samples to atmospheric exposure; the



1732 C A R B O N 5 0 ( 2 0 1 2 ) 1 7 2 7 – 1 7 3 3
model fitting is performed at the beginning and end of the

exposure. Fig. 4a–b compares r vs. VBG as generated by our

model with the experimental data for case-2 and case-4. For

D1 in case-2 (Fig. 4a), we find that a series connection of p-,

n-, and p-regions leads to a robust model that brings out the

key features of the conductivity curve. The model is able to

portray the kink behavior observed at the start of the exposure

and the disappearance of the kink at the end of the exposure.

For D3 in case-4 (Fig. 4b), we find an optimal configuration

using a series connection of n-, p-, and n-regions. In Fig. 4c,

we plot nimp vs. exposure time for the p- and n-regions in

case-2 and case-4; nimp changes with doping as a result of

charge transfer from the adsorbates to the graphene. Herein,

nimp can be viewed as an effective impurity density that char-

acterizes the combined doping from the adsorbates and the

substrate impurities, as well as the interactions between

adsorbates and impurities. Comparing nimp before and after

doping for case-2, it is seen that nimp of the p-region decreases

from 3.57 · 1012 to 3.24 · 1012 cm�2 while nimp of the n-region

increases from 3.15 · 1012 to 3.35 · 1012 cm�2. Meanwhile for

case-4, nimp of the p-region decreases from 2.82 · 1012 to

1.76 · 1012 cm�2 and nimp of the n-region increases from

0.79 · 1012 to 1.56 · 1012 cm�2. These trends for the p- and n-re-

gions are also seen for case-3 (not shown), which is modeled

using a series p-n connection. We highlight the similar trends

(that transport in p-regions improves while in n-regions it de-

grades) for case-2 and case-4 because the two showed sharply

different responses to doping (lhole increases by 36% in case-2

while it decreases by 21% in case-4). This provides some in-

sight into the sample-to-sample variation and the response

to atmospheric doping observed in this work. All model

parameters used to fit the experiments of case-2 through

case-4 are listed in the Supplementary material.

That p-regions (n-regions) see a decrease (increase) in nimp

with increased atmospheric doping suggests that adsorbates

help to mitigate (heighten) carrier scattering in the p-regions

(n-regions). This behavior can be understood in terms of the

interactions between adsorbates and substrate impurities.

In particular, there is an interaction asymmetry in the follow-

ing two cases: (i) repulsion between negatively-charged adsor-

bates (since these adsorbates donate holes to graphene) and

negatively-charged substrate impurities (underneath p-re-

gions of graphene) and (ii) attraction between negatively-

charged adsorbates and positively-charged substrate impuri-

ties (underneath n-regions of graphene). In the first case (p-

regions of graphene), two like charges are on opposite sides

of the graphene sheet; their electric field components trans-

verse to the basal plane cancel and l increases. In the second

case (n-regions of graphene), positive and negative charges

are on opposite sides of the graphene sheet; as a result, carri-

ers see a larger potential and l decreases. Hence we expect

that samples consisting mainly of p-regions would see overall

l improve, whereas samples consisting mainly of n-regions

would see overall l decrease.

Various arguments have been advanced to support the

commonly observed electron–hole asymmetry in graphene,

which is also evident in our samples. Novikov [37] suggests

that due to attraction–repulsion asymmetry, the effect of

screening can increase or decrease depending on whether
the screening layer is positively or negatively charged. This

asymmetry is a feature unique to scattering for relativistic

particles. In our experiments, however, asymmetry in the

I–V does not correlate to graphene thickness. This finding,

in combination with the fact that carriers in bi- or few-layer

graphene are massive, suggests that attraction–repulsion

asymmetry is not responsible for the asymmetry in this

work. Another perspective [38–40] identifies the contact me-

tal to graphene work function difference as the source of

asymmetry. Since our adhesion layer of Ti has a lower

work-function than that of graphene, adjacent graphene re-

gions undergo n-doping. Yet after testing various electrode

configurations (invasive vs. non-invasive) without observing

a significant difference in the conductance behavior, we in-

fer that contact doping does not influence the atmospheric

doping trends shown in this work. Lastly, we remark that

this asymmetry is possibly due to the inherent variation

of substrate impurities. At any rate, while we do not fully

understand the origin of this asymmetry, this does not alter

the trends of atmospheric doping on graphene transport

observed in this work.
5. Conclusion

We study the transport properties of graphene exposed to

atmospheric adsorbates (oxygen and water) and model the

interaction between adsorbates and substrate impurities.

Our results show that, with increased hole-doping from the

atmosphere, either an improvement or degradation of carrier

mobility occurs depending on the nature of the substrate

impurities. That it is possible to increase mobility with in-

creased doping is a surprising result in light of the fact that

increased doping levels have been previously observed to de-

grade mobility. It is postulated that oxygen and water adsor-

bates interact with both positive and negative substrate

impurities but only compensate for negatively-charged impu-

rities. Whether an increase in mobility is seen then depends

on the composition of substrate impurities: for graphene

sheets consisting mainly of p-regions (corresponding to nega-

tively-charged impurities in the substrate), the adsorbate

layer tends to screen the substrate impurities and assists in

the mitigation of carrier scattering. An understanding of the

interplay between graphene, its supporting substrate, and

atmospheric adsorbates is acutely critical to the design and

fabrication of graphene devices and sensing platforms.
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