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ABSTRACT

We report a nanoscale mapping of noise-source-aitedr transport characteristics in the
domains of reduced graphene oxide by utilizing @@isurce imaging strategies. In this method,
current and noise images were measured simultalyeasiag a scanning noise microscopy and
analyzed to map sheeesistancesR ) and noisesource densitieqnfy). The maps showed the
formation of conducting and insulating domains, rehthe insulating domains exhibited up to
three-four orders of higheR, and nes than those of conducting domains. Interestinghg t
sheetconductance ) andnes followed rather opposite poweaaw behaviors likeZ O nei °°

and 2, 0 nex™ in conducting andinsulating domains, respectively, which could be attributed t
the difference in mesoscopic charge transport mestms controlled byes in domains. Notably,
high biases resulted in the increased conductafige) (@nd decreased noisource density
(Anerr) following a relationship likedS O-Aneg:° for both conducting and insulting domains,
which could be explained by the passivation of @ssurces at high biases. Furthermdxe;
versus Ane plot on the annealing also followed a powew dependenceA¢ O-Aner’) in
conducting domains, which could be attributed twieageneration on the annealing. Our results
about mesoscopic charge transports could be signifiadvancements in fundamental researches

and applications.

Keywords: reduced graphene oxide, electrical noise, chaagespiort, scanning noise

microscopy, domain



1. Introduction

Reduced graphene oxide (RGO) is one of the mostipheg materials in nanoelectronics, and
has been widely studied in materials science, r@eids, chemistries, and biologies—[6].
Previous studies showed that RGO has versatilecegloémical and physical properties such as
a high charge storage capacity, a tunability icteleal properties, a high chemical reactivity, an
optical transparency and a mechanical flexibilty]6]. In addition, the large scale fabrication
of RGO devices is possible in a short span of tumeler ambient conditionsia solution
processing methods $82]. Owing to various remarkable properties, RG@ baen used in
versatile applications such as higlerformance supercapacitors, memory devices,
highly-sensitive biological and chemical sensors, and -p@ftfiormance solar cells [18].
RGO films have rich microstructures due to the @neg of the various kinds of functionalities
and the orderedp? and disorderedp® hybridization of carbon bondings4&]. Recent works
have shown significant local variations in curreimsa RGO thin film [9]. Therefore, the
nanoscale investigation of the transport propemie®RGO should be essential for the further
understanding and improvement of R&fased devices. However, still a little is known @bo

the transport properties of RGO at a hanoscale bfstaucture level.

On the other hand, electrical noises, the temgtuetuations, in the currents provide useful
information about materials and devices, and thasses are helpful in understanding charge
traps or noisesource densities, charge inhomogeneities, caymrst and densities in devices
[17-20]. In a RGO film, various localized notsources such as structural defects, electronic

traps, functionalities, and impurities are disttéuli in different domains, generating electrical



noises [2627]. Previously, there have been some studies dbeutoises in RGO devices, and it
has been observed that the noise behaviors depernldeopresence of functional groups and
disorders in the RGO [137]. However, it has been very difficult to idegtibnd map the
activities of such localized noisgources in a RGO film at a nanoscale resolutioceRity, we
have developed a scanning noise imaging methoe2[1,87], allowing us to map the localized
noise-sources in domains and boundaries of graphened20]polymers [19]. Noissource
mappings further helped us in understanding tramsp@chanisms in conducting channels.
However, the nanoscale effects of nes@urces on mesoscopic transport behaviors in the
various domains of RGO have not been explored yet.

Herein, we report a nanoscale direct mapping ohthise-source controlled charge transports
in domains of the RGO film, showingopping and tunneling conduction mechanisms in
conducting andinsulating domains, respectively. In our strategy, firstlye images of electrical
currents and noises on RGO films were measured ltsineously using a scanning noise
microscopy (SNM) [1820] and analyzed to map the sheesistance R ) and noisesource
density (err). The measured maps showed the conducting andgbkating domains, where the
insulating domains exhibited up to three ordermafinitude higheR, andnes than those of the
conducting domains. Notably, we observed oppositeep law relationships likeZ O neg
and.2 O ne> in conducting andinsulating domains, respectively. The results were attribtted
the variations in mesoscopic charge transportsralbed by thenes in the RGO domains.
Interestingly, the increased bias voltage resuhdtie increased conductivitys, and decreased

noise-source densityAnes with a relationship likeAS, O-Aneq>>

in both conducting and
insulating domains, which was explained by the ipatisn of noisesources at the high bias

voltage. The thermal annealing process increaseditda of conducting domains. Most of the



annealed regions exhibited increased conductivity decreased noissource density, while the
conducting domains exhibited the relationship & O-Ane’>. These results show that
charge transports and notseurces are closely related, and the ntiearce activities even play

a determinant role in the nanoscale charge trahggw@momena of RGO films. These results
provide valuable insights about the effect of nesseirces on mesoscopic transports and should

have significant impacts on fundamental researahdsapplications.

2. Methods
2.1 Devicefabrication

We purchased graphene oxide (GO) dispersed in virater Graphene Supermarket (Calverton,
NY, USA) for fabricating devices. The concentratiohpurchased GO solution was 6 mg/ml.
The solution was diluted in DI water to 2 mg/ma sonication for 10 minutes. Then, GO
solution of concentration 2 mg/ml in DI water wasgped on a clean Si/Si@ubstrate (oxide
thickness ~100 nm). The dropped solution on thestsate was kept idle for 30 seconds. Then,
the GO was spun coated on the substrate with 288@dar 60 seconds. To obtain RGO, the spin
coated GO was reduced by an annealing inside tAgzgfurnace tube at 450 °C for 60 minutes
under the flow of argon (Ar) gas (10 ml/s). Thenace tube was rapidly heated up to a target
temperature of 450°C at the rate of 32.5 °C/mineural constant Ar flow (10 ml/s). A metal
electrode (50 nm Au on 3 nm thick Ti) was deposligdhermal evaporation through a shadow
mask. It is to be mentioned here, that we did rset any lithographic process to keep the RGO

surface clean for electrical measurements.

2.2. Current and noise mapping
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Fig. 1. Schematic diagram showing the experimentatigeffor the nanoscale mapping of neiseurce
activities and sheet resistances in the conducimd) insulating domains of RGO device channels. A
small DC bias was applied between the Au electayik Pt tip. AC signals were observed in the output
due to the noises and recorded by a home builtorktanalyzer capable of measuring noises in rea ti

as a function of probe positions.

Fig. 1 shows a schematic diagram of a-gptfor the current and the noise imaging on a RGO
device. For measurements, a platinum (Pt) tip ilesteon a conducting AFM (X&70, Park
Systems) was made a direct contact on the surfateeoRGO device. To achieve a stable
electrical contact, a Pt tip was used (25Pt300Bk Bgstems) as a probe instead of commonly
used metal coated tips of which metal coating Gapédeled out easily during the scanning. After
the probe made a contact on the RGO surface, avbleme (0.4 V) was applied to the metal
electrode of the sample by a function generator3d3S$ Stanford Research Systems). During all
imaging and measurements in this article, the obriteice was maintained atyN via an AFM
force feedback circuit. Typically, the tip scannedhe area of im x 3 um with the scan rate of
0.2 Hz. The electrical currents through the Pt prakere measured and converted to amplified

voltage signals by using a lewoise preamplifier (SR570, Stanford Research Systems). The



topography and the noise images were simultaneoestyded. The electrical noises, fluctuating
components of the current signals, were collectisigpg a band-pass filter (6dB) in the SR570
preamplifier, and the RMS power of the collecteghsis was obtained by a homemade RMS-to-
dc converter built using an AD737 chip (purchaseaimf Analog Devices). Note that the
obtained noise power was the integrated value fenpower spectral density) PSDs over the
frequency ) range of the pass band of the bgwaks filter. By dividing the square of the
measured RMS noise power with the bandwidth oftilied pass filter, we obtained the noise
PSD at the central frequency of the band. Findhg, measured current and noise PSD maps

were analyzed using a network model to obtairRhandnes maps of the domains of RGO.

3. Results and discussion

3.1 Nanoscale mapping of sheet —esistances and noise-source activities in domains of RGO

Fig. 2a shows an atomic force microscopy (AFM) wmaphy image of a thin layer of the
RGO film. The image shows a clean surface withatgghness of ~1 nm which is a typical value
for an individual RGO layer [28]. The scanning élen micrograph (supplementary information
Fig. S1) also shows clean surfaces without anyksrac residues, indicating the high quality of

our RGO samples.

Fig. 2b shows the corresponding current map oRG® film. For the current mapping, the
bias voltage of 0.4 V was applied to the metal tebele and the current output was measured
using the conducting (Pt) AFM tip. The current nséyowed two distinctive regions with low (of
the order of nA) and high currents (of the ordepAj separated by boundaries. The high current

carrying areas (bright yellow regions) with averagelth ~500 nm could be the ordered



conducting domains of the RGO, whereas low curr@amss (dark regions) could belong to

disordered insulating domains. The origin of higirent regions could be the formationspf

rich carbon atoms in the RGO, as predicted prelo[&12]. The sp® hybridization of the

orbitals is responsible for high conductions inbcear allotropes. Previous works usingAé-M,

Raman spectroscopy, near field scanning opticatas@opy and electron microscopies show

that RGO consists of conductingp{-rich) and insulatingsp®-rich) domains of similar sizes

[7,9,14,29-31]. Also, a similar structure modelpiposed in RGO based on conducting and

insulating domains [7]. Our results clearly shovwe flormation of conducting and insulating

domains in the RGO demarcated by the boundaries.

Height (nm) (b)

1.2 24
Length (um)

R (108Q/0) ii

log R (YT)

()

[ Conducting domain

!

Insulating domain

10— seaanl

0.1 1
V(v)

(e)

o Conducting
Domain

Insulating
Domain
sapond 3o papad o oa gl

PRI IR AT Y
102 1013 104 10
Nt (cm-2eV-1)




Fig. 2. Nanoscale mapping of sheetsistancesR:) and noisesource activities in RGO.(a) Contact
mode AFM image of a RGO surface. The surface roeghmas of the order of 1 nm due to wrinkles. (b)
Current image of the RGO surface at the applied bia@.4 V. Different current levels were measurad
the RGO surface showing the formation of conducting insulating domains. (¢)V curves of the
conducting and insulating domains. TIh& curve of the conducting domain was linear as kheesof the
curve on a log-log scale was ~1. TIh# curve of the insulating domain showed a linearavér only at
low voltages (< 0.4 V), antlincreased a8V’ at higher voltages. (§-R- map of the RGO surface. The
R map showed high values in the insulating domaimskaoundaries. (@) High resolutionR; map. The
high resolutiorR, map showed that the conducting domain RadL0’-10°Q/(1. The insulating domains
showed nearly -34 orders higheR- than that of the conducting domain. (e) Curraepntmalized noise
PSD map measured @17.2 Hz. The insulating domains showed high vali#§? Hz ™) of PSD. (fi)
Noise-source densitynts) map. The map was calculated from the measuregrttnormalized noise
PSD and sheetesistance maps. The insulating domains showedhitjie n.x as compared to the
conducting domains () High-resolutionn+ map. Thene in insulating domains were-3 orders higher
than that in the conducting domains. The insulatograins have oxygen functional groups, structural
defects and disorders, which could lead to higlsersburces. (g) versus ng; plots for conducting and
insulating domains showing power law dependenges(ne), separatelyThe black andred circles
represent data points froconducting andinsulating domains, respectivelyrhe exponentis —0.5
and 0.5 for conducting and insulating domains, eepely. The different exponents were attributed t

the difference in the conduction mechanism dugd{oScale bars arguin.

Fig. 2c is a typical currenvoltage (-V) curve of conducting and insulating domains. To
perform this measurement, voltage on the electwaaieswept while keeping the Pt tip stationary

on a conducting or an insulating domain. The pasg#iof the tip inconducting andinsulating



domains were marked by dottéthck and white circles in the Fig. 2b, respectively. TheV
curve of a conducting domain was linear in the agdt range of /4.5 V. However, the
insulating domain showed two different kinds of elegence in the measured voltage range. At
low voltages (below 0.4 V), the-V curve was linear as it was evident from the slopél in

logl versuslogV plot. The current increased rapidly above 0.4 ¥ bacame noflinear. At high
voltages,| increased a¥* (slope of log versus logV is (4, i.e.l O V*. It is to be noted that at
high voltages, the current of insulating domainsidiy approached to the value of that of the
conducting domains. These results implicate thatnibn-linear 1 -V characteristics of the RGO
device arose due to the presence of insulating ohem@he sudden rise in the current at higher
voltages could be attributed to excess injectediezarin the insulating domains as reported
previously [26].

In our previous work, we developed a computatidtexhitive method to calculate a sheet
resistanceR, map from a current map on a twbmensional conducting channel [20]. Taking
advantage of the method, we could obt@inmaps from the current maps, showing the spatial
distribution of R, in RGO. The details of the calculation method aescribed in the
supplementary information and supplementary FigS®and S4.

Fig. 2d(i) and(ii) showsR maps on the RGO film, obtained from the currenpstag. 2b
and supplementarfrig.Sb, respectively. In the maps, the conducting andlatsng domains
could be clearly distinguished. The averaged shesestance value in the conducting domains
was [L0° Q/, which is consistent with the previoustgported sheet resistance of RGO on a
SiO, substrate [7,8]. On the other hand, the sheetteggie value in the insulating domains was
estimated as110° Q/[] and it was about an order of magnitude higher e inside the

conducting domains. This implies that insulatingnaéins in a RGO film can obstruct the
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conduction of charge carriers, increasing the tatalctrical resistance of the RGO film.
Presumably, the oxygen functional groups and athrectural disorders in an insulating domain
can act as carrier scattering centers obstructiagge conductions, resulting in the highin a
domain.

Fig.2e shows a map d@&/I® (at [17.2 Hz) obtained from the noise PSD map measured
simultaneously with the current map. Fig. 2b. Here first measured the map of noise PSJ) (
at [117.2 Hzvia the noise microscopy, and divided the meas$etiap by the square of the
current map to obtain th&/I> map. During the measurement, the bias voltage @#av was
applied to the electrodes. In the conducting domaimeS/I? values weré110°® Hz* which is
comparable to the previously-report&di>values on a pristine graphene [28-25]. On the
other hand, the insulating domains in the RGO dtduttheS/1% values of 02 Hz™* which is
much higher than th&/I? in the conducting domains. This implies the highetivities of
electrical noisesources in insulating domains than in the condgctomains of RGO. Any
electrical potential barriers or structural defeetdhich can produce charge scattering with a
relatively long trapping time, can produce fluctaatin electrical currents, thus generating
electrical noises. For example, it is reported thatelectrical and structural inhomogeneities and
defects produce localized electronic states wharhtcap charge carriers for certain time periods
[17,25]. Such localized states produced by eleatramd structural defects or scattering are
collectively termed as noise-sources. Previous waiggested that an insulating domain in
RGO has abundance of lattice disorders, danglimgi§oand chemical functional groups-12].
Such nanostructured defects in the insulating doroan provide localized electronic states and
act as charge traps which randomly trap and relelagege carriers in the domain [10,16]. The

activities of such charge traps can generate @attnoises by generating random fluctuations
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in the charge carrier number in the domain, and tiney can be the origin of the higHl?
values in the insulating domains.

Further using th&/I?> maps, we calculated effective charge trap derfsif) maps showing
the quantitative distribution of electronic trapmngrating electrical noises in the domains of the
RGO film. Fig. 2f(i) and(ii) shownet maps on the RGO film, obtained from t&4% maps in
Fig. 2e and supplementarlyig.S6, respectively. The detailed calculation method tf@ nes is
shown in the supplementary information. In briefe wnodeled the RGO film as a
two—dimensional network on &y plane comprised of small RGO segments of a scalzape
with its area of )% A RGO segment at &,(y) was assumed to have a sheet resistRngey)
and an effective noissource densityg(X, y). Each node at &,(y) can be considered as a point
where a conducting AFM tip was placed to mead(ey) andS (f, x, y) in our experiments.
Each node atx( y) was connected with four neighboring nodes throsgtall RGO channels
with its area of £l)%, a sheet resistand® (x+Al/2, y+Al/2), and effective noisesource density
Ner(X£Al/2, y+Al/2). We can estimate that each connecting RGO chdraseh resistance aR

2
[R, and it generates the current noisem‘:%’;—Tneff-(Al)2 with the total carrier

numberAC in the small segment of argal)?. Furthermore, assuming thatis small, the sheet
resistance and the effective neiseurce density of each RGO segment »atyj can be
approximated as the averaged values of those af REBO channels atx£Al/2, y+Al/2)
connecting the node with four neighboring nodesntythe estimate® (x, y) values (Fig. 2d (i)
and (ii)), the effective noissource densitye(X, y) at each point could be calculated from the
S(f, x, y) values at the corresponding nodexaty] (details in the supplementary information).

The nes maps show the inhomogeneous distributions of ridge densities on the RGO film. The

12



conducting domains exhibitatys values in the range @fl0" to 10° cmi?eV . On the other
hand, the insulating domains exhibited rather high values in the range dfl0* to 10°
cm eV’ At the domain boundaries, thes was about(10™ cm?eV'. In a quantitative
manner, the results directly show that the densftyelectronic traps is much higher in the
insulating domain in RGO than in the conducting domwhich has been only theoretically
estimated before. The lattice disorders, dangliogdls, and chemical functional groups, which
are abundant in the insulating domains, could aa&lactronic traps and result in the high in
the domains, as suggested in previous worksJap

Fig. 2g is a scatter plot showing the relation leetwthe effective noissource densityes
and the sheetonductance®’, on a RGO film. Each data point in the plot shovpai of ne¢ and
2 values at an individual position on the RGO filithe data from theconducting and
insulating domains were plotted withlack andred colors, respectively. The solid lines are the
least square fittings. To obtain the digital dat@aidomain, we selected and cropped the maps of
that particular domain from both, andnes maps. The digital data of the maps of a domairewer
utilized for plotting purposes. In the conductingnthins, annverse correlation between the
and 2 was observed. Here, nearly two orders of magnitadiation in2; was observed, which
could be associated with nearly four orders of ntage variation in thews. By fitting the data,
we found that® was approximately proportional to thg: - as indicated with a yellow line in
the Fig. 2g. On the other hand, in the insulatiomdins, alirect correlation between thgs and
2 was observed, which is in opposite to the resulthe conducting domains. The was
approximately proportional to theq>> in the insulating domains as indicated with a blkge

in the Fig. 2g. These results show that the nurabetectronic traps or noissources in a RGO

13



can be a key factor determining the electrical cmtidity in the domains of the RGO, and
noise-sources could have a completely contrasting rommducting and insulating domains.

In RGO, the dominant charge transport mechanismbeatopping [12]. In a conducting
domain of RGO, a large number of hopping statesteXihus, the charge carriers mainly flow
through the hopping states and the trap-to-trapsitian of carriers is limited [3286]. In this
case, the charge traps obstruct the charge cooduloyi reducing the carrier mobility [34,36].
Further, previous works based on an effective nmadapproximation theory [36] show that the
mobility (1) can be inversely proportional to the square oddhe charge trap density as

0 neir°%, 1)

when the trap states have a Gaussian distributicthe energy domain with a rather large
distribution width as reported for the RGO [37].tBldhat the conductivity, is proportional to
ney, and the conducting domains have nearly uniformieadensity () as carbon atoms have
mostly sp? bondings [9]. Thus, this result is consistent wath observation of O nes °° in the
conducting domains. On the other hand, the insygadomains have only few numbers of
hopping states and have a large number of trapgtaigs. In this case, the charge conduction
through the hopping states is limited, and chaayeiers are mainly flown by tunneling from a
trapping state to another trapping state—fg¥. In such trapto—-trap conduction, the carrier
mobility can have a direct correlation with theptidensity as traps assist in conductionH88.
Particularly, when the trap density is rather heghin the insulating domains of RGO, the
mobility x can be proportional to the square root of the gdarap density [36]. Then, the
relationship2, O nex> is consistent with our result. It is also worthntiening that our results
are consistent with previous studies about thetratat characteristics of RGO with varying

temperature measurements [42,4&Jr example, previous works show that the eledtrica
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transport of the RGO at different temperaturesngfiyodepends on trap or noise-source densities
which are determined by the reduction status of R&Oa low reduction status when noise-
source density is high, an activated conductioobserved in the RGO at a room temperature,
which was attributed to the trap-to-trap transitafrcarriers. At a low temperature or in a highly-
reduced GO film, there are not sufficient energyest for a direct transition among the traps, and
hopping mechanism dominates. In this case, contycomains and hopping of carriers can
determine the conduction mechanism. On the othed,hat a room temperature, the insulating
domains and trap-to-trap transition could contebdbminantly to the electrical conduction,
which is consistent with our works [42,43]. Thessults provide important insights about the
role of electronic traps as dominant neseurces on the charge transports in different dasnai
of RGO. Considering that the notsmurces can be a critical factor determining the
characteristics of RG&based devices, our work should significantly cdntie to the basic

researches and applications of RGO.

3.2. Effect of bias voltages on the noise-source activities in domains of RGO

15
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Fig. 3.Effect of bias voltages on the noiseurce activities in the conducting and the insudatiomains

of RGO.(a) Sheet resistance m&p)(of the RGO at the bias voltage of 0.2 V. fb)map of the RGO at
the bias voltage of 2 V. THR decreased with increase in the bias voltage. gttdri voltages, thB, of
insulating domains decreased and rapidly approaithtrtht of theR of the conducting domains. (c) The
noise-source densitynts) map at 0.2 V (d) Thes map at 2 V. The; decreased up to three orders of

magnitude in the insulating domains at the higltag® due to the passivation of neiseurces. (ep2
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andAngs plot. The\2 andAnes showed a powetaw dependence following the relatifg: O-Ang>for
both conducting and insulating domains, which wgbated to the Fermi level shift due to neiseurce
passivation. (f) Noise PSDBersus frequency plot at different biases in conductirgmdins. At low
frequencies and low bias voltages the conductingiailes showed a&ll/f noise behavior, and PSD
decreased with increasing bias voltage. (g) NoiS® Rersus frequency plot at different biases in
insulating domains. The noise PSD decayed/Ai the insulating domain. At low voltages and low
frequencies, a peak appeared in the r&tSD versus frequency plots of the insulating domains. This
peak could be attributed to additional relaxatiancpsses originated from polar hydroxyl functional

groups £OH, -COOH) attached to the insulating domains. Scale &g 250 nm.

In order to estimate the effect of electric fietdstheR , we mapped thR values at the bias
voltages of0.2 V and 2 V, as shown in thd=ig.3a and 3b, respectively. The maps were
calculated from corresponding current maps meadwyelle method described in supplementary
information. The insulating domains showRdof the order of1%/ at the low bias (0.2 V). At
the high bias of 2 V, we observed over two ordémnagnitude decrease in tRe (<10'Q/0) in
the insulating domains, as can be seen from thgoanson of Fig. 3a and 3b. On the other hand,
we did not observe any significant changefirfor conducting domains due to the increase in
the voltage. Note that th& of the insulating domains drastically decreased aearly
approached to the values of those of the condudkimgains at the high bias. The results show
that the high bias affected the electronic transpbthe RGO, mostly in insulating domains. The
distinctive behavior oR in the insulating domain of RGO could be attriloute the presence of
the high density of defects, functionalities anslodders creating a high potential barrier [13]. A

high bias could have provided sufficient energiescharge carriers to overcome the barrier
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potential of insulating domains, resulting in enteth carrier injections from the electrodes.
Those injected carriers could outnumber intringigiers in insulating domains resulting in rapid

decrease iR, [19,21,22].

To observe the effects of a high bias on a r@isarce density, we mapped and compared the
Nett Values at the bias voltages®@? V and2 V, as shown in the Figc and3d, respectively. The
maps were calculated from tiS#1> maps (supplementary Fig. S7) obtained from theesaraa
of the RGO device from whicR. map was measured in Fig. 3a. The maps show aralbver
decrease img of the RGO at a high bias. The insulating domarbibited the highngs
[10"°cm %eV at the low bias voltage of 0.2 V, whereas thedecreased by nearly three orders
of magnitude at the high bias of 2 V. On the otieand, thene« values in the conducting domains
of the RGO decreased slightly at 2 V as compare@.20V. The results indicate that the high
bias voltage significantly affected the noiseurce activities of the RGO. Presumably,
noise-sources would have been passivated by excessdadjeatriers, leading to a large decrease
in the ne at the high bias voltage [22446]. Since insulating domains have rather many
noise-sources compared to conducting domains, we carceipe drastic decrease of thg in
the insulating domains. It should be mentioned shiah decrease in nots®urces at a high bias
can make RGO devices advantageous for a high eoltipgration because the most of organic

materials-based devices exhibit increased neggrirces at a high bias.

Fig. 3e shows scatter plots &g, versus Anes in conducting (black curve) and insulating (red
curve) domains. Each data point in the plot reprissa pair ofAn.s and A2 values at the
individual positions of the RGO film. The& (or ns) map at 0.2 V was subtracted from

corresponding map at 2 V to obtal®, (or Ane) values. A positive correlation following a
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power law A O-Aneq') between\S andAng was observed in both conducting and insulating
domains The least square fittings (solid lines) of theadimidicate that exponentof the fitting

curves on a logog scale weréD.5+0.1 for both conducting and insulating domains.

A high bias generates a large number of carrierRG0O, which could shift a Fermi level
towards a conductionvglance) band when electronéidle) are majority carriers [42416]. Due
to the shift in a Fermi level, traps and netseurces whose energy levels are below the Fermi
level would be passivated by charge carriers-§64. When a high bias is applied, there exist
excess electrical carriers in a system. Hence, sbiasion of the noise-sources can be
effectively filled with the carriers and do not ¢obute to the noise generation. The passivation
of noise-sources refers to such screening of theergburces by the excess carriers. Since a
Fermi level in RGO is a slowly varying function of8], the Fermi level shifAEf is expected to
be small. ThenAngs andAn can be approximated é$.s=—AAEr, An = BAEF and An=—EAngx
whereA, B, andE are proportionality constants. A change in a caetidily by a bias voltage
change can be written as

Ao = etnp—eun= e(L+AL)(n+An) — eun= epAn + enAu +eALAn, (2)

where subscripts and| stand for thehigh andlow bias conditions, respectively. A low bias
noise-source densityer | can be expressed in terms/ptby equation (1) asneﬁ_|=%.,u|'2, where
D is a proportionality constant. A high bias cafeetf a noisesource density by a large extent,
and it can also bring some change in a mobility,4226]. Thus, a noissource density at a
high biasnes_nh can be written aSes (44 +AL) % Assuming, Azl <<l and applying Taylor

expansion tmes n, We can obtain
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Aners = u(ners,) = #(ners,) = l-iz-(”i_’f)_z B %-lif ?

Dﬂl
~ —2 A _— _2 4 3
Dl‘gff,l Dn;;:;zl ( )
Thus, Ap dependence ome can be approximated @gi=—D.- ne;]{ZIAneff. Substitutingu

and\p values in equation (2), we can obtain
Ao = —eDEneff lAneff Denlneff lAneff + - eDEn Aneff A 4)
Analytically, a Fermi level shift can passivate moiwisesources if a noisesource density is
high at that point. If the noissource density chandenes is originating from the Fermi level
shift, then theAnes would be rather large at the places where ithe, would be large.
Experimentally, we also observed the similar betvashowing a linear dependence betwegn
and Anesr (See supplementary Fig.S8). Thusy | in equation (4) can be substituted G&ner,

whereC is a proportionality constant. Then, equationo@) be modified as

Ao = —eDEC™Y2An}}; — ~DeC™3/*nyAn [/? + - eDEC™3/2An, 5. (5)
If Angs is much larger than initial carrier density, which holds in our cases due to the
passivation of a large number of neiseurces at the high bias, we can negl8tté&m in the

equation (5) and it can be further simplified as

Ac= (—eDECz + ~eDEC™ )Anl/z (6)

This result indicates a relationshiyr O Aner”>, explaining our experimental results. Some
data deviate from the approximation, resulting he broadening of data points in the plots.
Interestingly, equation (6) is also valid for thietp of insulating domains, implicating that a

similar hopping process could dominate transpori@n insulating domain at a high bias. A high
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bias creates a plenty of carriers in insulating dms, and those carriers make hopping more

favorable than trap-to-trap transitions [34].

Fig.3f and 3g show the frequency dependence of normalized re&® G/I) at different
voltages inconducting andinsulating domains, respectivelf.he spectra were measured using
a fast-Fourier transform (FFT) spectrum analyzdR{8), Stanford Research Systems),
while keeping the stationary contact of the conishgcAFM tip at the conducting (i) or
insulating (ii) domains marked by dotted circleshe Fig. 3aln the measured frequency
range (1 Hz-10 kHz), the normalized PSD of a cotidgcdomain as well as an insulating
domain followed af” behavior for all voltage conditions (0.2 to 3V)hél exponeniB was
estimated from the slopes of the spectra, rangiog f0.9 to 1.1. These results show that the
conducting and the insulating domains of the RG@agehad a typical/f noise behavior at low
frequencies as previously reported, implying thhé tnoises originated in the multiple
noise-sources of varying relaxation times (trapping-aégiing time) [15,16,20,24].

The noise PSD of both conducting and insulating @losywere decreased by nearly four
orders of magnitude as a bias voltage was increflaged0.2 to 3 V. Interestingly, a broad peak
appeared aiB kHz in the PSD spectra of the insulating domain®w voltages (0.2 to 0.4 V),
whereas the peak did not exist in the spectraettmducting domains. The voltage dependence
of noise PSD reduction could be due to the paseivaf noise-sources by a high bias [22]. The
broad peak in the insulating domains could be katted to the distribution of relaxation
processes [47]. Usually, the relaxation functign for a specific relaxation process decays
exponentially and follows a relation lilge O € whereT is the relaxation time [47,48]. The
noise PSD of this relaxation process generatesrentzian noise of a typet/f1+(2mft)?], and

numerous such relaxation processes having differeggult in thel/f kind of noise [40]. On the

21



other hand, previous works show that heterogeseitiganic functionalities and disorders in the
RGO could produce a different kind of relaxationgess which decays neexponentially (e.qg.
polynomial etc) [47,48]. In an insulating domaintbé RGO, the different clusters of atoms with
—OH and -COOH groups (24 nm of size) could cooperatively produce additiona
non—exponential relaxations [481]. Such relaxation process generates a broadeseddin a

noise PSDversus frequency spectrum [47,49,51].

3.3 Effect of thermal annealing on the sheet —esistance and noise—source activities
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Fig. 4. Effect of thermal annealing on the sheet resistamzbnoisesource activities in the conducting
and the insulating domains of RGO channels. Coldnghows the images from RGO annealed for 15
minutes, whereas 2nd column shows images from quksé 30 minutes annealed sample (a,b) Sheet-
resistanceR.) maps of RGO device annealed for 15 minutes ahdesjuently annealed for 30 minutes at
450°C, respectively at the same region. We can clestythe growth and expansion of the conducting
domains on the annealing (for an eye guidelinesumd conducting domain is marked with dotted lime i
Fig.4a and 4b). At a short annealing time the sidg¢be conducting domains were < 100 nm. The longe
annealing time significantly decreas®&d. (c¢) Noise-source densityrnts) map of the RGO device

annealed for 15 minutes. The maps showed rathbBmbigeven in small conducting domains. (d} map
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of the RGO device annealed for subsequent 30 ninufbe ng reduced significantly on further
annealing for 30 minutes. As the conducting domairsved on heating, lowes values were observed
in those regions. (e) Th&2; versus Ang plot on the annealind\2;, versus Anes showed two different
kinds of dependence in conducting and insulatingialos. The conducting domain showed a scaling
behavior A O-Ang’° due to an increase in the carrier number and @hithe Fermi level on an

annealing. The dependence was uncorrelated im$ldaiting domains. Scale bars are 250 nm.

Fig. 4a shows th& map of the RGO sample annealed for 15 minutes.4kgs theR; map

of the same region after subsequent annealing GomButes. The furnace tube was rapidly
heated up to the target temperature of 450 °C mtte of 32.5 °C/min, and the RGO was
annealed at the temperature for different timeqgasrunder the flow of argon (Ar) gas (10 ml/s).
We made scratch marks on the device to identifyegific location and used them to come back
to the same area for mapping after the annealingess. A bias voltage of 0.4 V was applied
during electrical measurements. Most of the pathefRGO (Fig. 4a) showdd values higher
than 18Q/_ in the sample annealed for 15 minutes. Only a fien patches of conducting
domains of average siz&00 nm exhibited®  values below 1&/ 1. Since the boundaries of the
conducting domains had large (~13°Q/0)), the conducting domain could be easily visualized
the Fig. 4a and 4b. One of the conducting domamaearked by blue dotted lines in Fig. 4a and
4b. When the RGO sample was subsequently anneatednbther 30 minutes (Fig.4b), the
conducting domains became larger and exhibitectrasiwv R, ((110°Q/0)) values. The insulating
domains also showed a considerable decreage Bnd most of the regions of the insulating
domains exhibite®®  values below 18/ after annealing for 30 minutes. The results sHuat t

the annealing of the RGO could restore the condtitin both conducting and insulating
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domains of the film. It has been previously repdrteat during the annealing process, the
oxidized regions of the GO can be slowly convettethesp? configuration which leads to the
delocalization of the carriers 9]. Further, the conducting domains grow in theesand
contributed in the electrical conduction-f. Previously, it was reported that the anneabhg
the RGO produces large conducting domains whichriatein sp? hybridized carbon atoms
[9,29-31]. Hence, annealing process increasesdheentration of delocalizedelectrons due to
the formation of largesp® conducting domains. In a way, an annealing protessmilar to a
doping process and increases the carrier concemraesulting in a small shift in the Fermi
level. Note that th& maps in our method allowed us to monitor the nscopic changes in the
domains of the RGO on an annealing, providing irgurinsights about the growth mechanism
and electrical conduction of the domains.

Fig. 4c shows thees map of the RGO annealed for 15 minutes. m&emap was calculated
from S/1 map (supplementary Fig. S9) obtained on the same where theR- map in the
Fig.4a was measured. Most of the regions on the RIBCexhibited a rather large notssource
densityne of (10" cmi eV >, However, small conducting domains with relativielyw ne; were
also found surrounded by boundaries with highof (3x10" cmi2eV . The highnett implicates
insufficient reduction of GO films annealed for frfbnutes. The functional groups and lattice
disorders are the main sources of noises in the ,RBO insufficient annealing time may result
in a rather high density of such notseurces. Our results indicate that the annealinGOf

initiates the formation of conducting domains adl e the reduction of noissources.

Fig. 4d shows thees map of the RGO after a subsequent annealing foniBQtes at 456C.

For comparative studies, we mapped the same argsoas in the Fig. 4a. They values were
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lower than 1¢* cmi?eV?, indicating that overalhe; decreased by nearly two orders. The
conducting areas with a lom became larger and their boundaries got extended.céntral
regions of conducting domains exhibited a very Inw value of (10" cmi?eV 'which is
comparable to that of the graphene [20]. Theselteeslearly show that the prolong annealing
can significantly reduce thees of the RGO film. Previous studies show that aneating
provides a thermal energy which could reduce kttisorders, dangling bonds, and chemical
functional groups in RGO {82]. It was reported that the annealing processdceemove the
defects like —OH and —COOH functionalities and diaiggbonds [52, 53]. The removal of these
functionalities creates crystallographic misfits structures which are further healed 9o
hybridization, increasing the structural order-ndsgrther, previous results by TEM imaging
have shown such a healing process of defected gmaplRGO tosp® configuration by an
annealing [52,53]. The annealing also restores hjtiapordered structures, resulting in the
reduction of electronic traps and lowk in the domains. Our methods enabled the microscopi
monitoring of annealing effects on the propertieR60 films including the growth ap? rich

carbon film by an annealing.

Fig. 4e shows the scatter plot of a changeinversus a change ime on the subsequent
annealing. To obtail\Z;, (or Ang) values,S (or neg) at 15 minutes annealed film were
subtracted from corresponding values of the saine diter subsequent 30 minutes annealed
film. The data points aonducting andinsulating domains are plotted withlack andred colors,
respectively. Note that the conducting and thelatsyg domains exhibited different behaviors in
the AZ versus Aneir plot. The data points of the conductipmains (black color) showed a
powerlaw dependence following2 O-Ane’> as indicated by the red fitting line. However,

we could not establish any correlation in insulgtitomains due to the wide variation of the data.
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Presumably, in conducting domains, the subsequergading of a RGO sample removes defects
and increases carrier concentrations-IZ]. Previously, it has been observed that the aimge

of the RGO can lead to a Fermi level shift in tieoddered graphitic sample due to generation of
additional carriers [54,55]. Therefore, we can gmxuation (6) in this case as well which can
explain theAS O-Ane’° behavior in the conducting domains of the RGO. Shbsequent
annealing of insulating domain of the RGO couldiiplly remove functional groups. However,
Angi could not be very large due to incomplete redugtresulting in a wide variation @5
and Ang data points on the plot. These results show thatneethod can be a useful tool to
guantitatively investigate the effect of annealorgcharge transport properties in the domain of

a RGO film.

4. Conclusions

In summary, we report a strategy to measure thestate noise-source-controlled charge
transports in the domains of RGO films showingetight conduction mechanism in conducting
and insulating domains. In this method, we analybedmaps of the shegésistanceR ) and
noise-source densitynggs). The maps showed two distinctive regions witleahigh or low R,
(ner) Values, which can be identified as conducting iasdlating domains, respectively. In fact,
the insulating domains exhibited up te43orders higher values & andnes, which could be
attributed to the presence of functionalities aafidts. Interestingly, the sheebnductanceX)
and noisesource density in theonducting and theinsulating domains were found to be
correlated by arinverse (5 O neg %) and adirect (5 O nex’) powerlaw dependence,

respectively. The different behaviors can be aited to the difference in conduction
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mechanisms controlled by in the domains. Notably, a high bias passivatedittise-sources,
resulting in a large increase in the conductancg @ecrease in the notssurce density.
Furthermore, the change in the sheehductancé\s’ versus the change in noissourceAng
due to a high bias also exhibited a power law bieidike AS O-Ang> which could have been
associated with noissource passivation by the high bias voltage. Artta¢iannealing improved
the electrical properties of the RGO, resultinginareased sheetonductance and decreased
noise-sources. Furthermore, the conducting domains esloteelarger in sizes, and thes’
versus Angg plot followed a relationship lik&S O-Ang> presumably due to the enhancement
of the carrier density on the annealing. Our raesat mapping the nanoscale effects of
noise-source activities provide valuable insights on msespic transports in RGO domains and

can have significant impacts on basic researche@paattical applications.
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