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Abstract: We studied the variation in electrical conductivity of exfoliated RuO2 nanosheets and the 
modulation in the contact resistance of individual nanosheet devices using charge transfer doping 
effects based on surface metal nanoparticle decorations. The electrical conductivity in the mono-
layer and bilayer RuO2 nanosheets gradually increased due to the surface decoration of Cu, and 
subsequently Ag, nanoparticles. We obtained contact resistances between the nanosheet and elec-
trodes using the four-point and two-point probe techniques. Moreover, the contact resistances de-
creased during the surface decoration processes. We established that the surface decoration of metal 
nanoparticles is a suitable method for external contact engineering and the modulation of the inter-
nal properties of nanomaterials. 

Keywords: two-dimensional materials; RuO2; nanosheets; surface charge transfer; electrical conduc-
tivity; contact resistance 
 

1. Introduction 
Numerous researchers have focused on studying two-dimensional (2D) materials 

since Novoselov and Geim first demonstrated the unique physical properties of graphene, 
which is a single layer of carbon [1,2]. Two-dimensional materials find application in a 
wide range of fields, such as atomic electronics [3,4], photonics [5,6], and flexible electron-
ics [7,8]. Therefore, researchers have studied 2D materials extensively, using various lay-
ered materials, such as transition metal dichalcogenides [9–13], black phosphorous [14–
16], and hexagonal boron nitride [17,18], and 2D metal oxides have potential applications 
in fields such as catalysis [19], solar cells [20], supercapacitors [21], and energy storage 
devices [22]. Ruthenium oxide (RuO2) nanosheets have a rutile structure and metallic 
characteristics as a bulk crystal. Therefore, RuO2 nanosheets can be used as a flexible 
transparent conducting material with high thermodynamic stability [23,24]. Researchers 
observed sheet resistance in RuO2 films consisting of exfoliated nanosheets in studies on 
capacitors [25], conducting additives [26], and chemical sensors [27]. The crystal structure 
and physical properties of individual monolayer RuO2 nanosheets were first studied us-
ing the potassium-intercalated RuO2 [28]. Recently, researchers have demonstrated meth-
ods to increase electrical conductivity [29] and modulate the thermoelectric properties [30] 
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of the exfoliated RuO2 nanosheets through surface decoration treatments using Ag nano-
particles. This established the potential application of RuO2 nanosheets as a flexible trans-
parent conducting material. 

We studied the electrical transport properties of individual RuO2 nanosheet devices 
that underwent surface treatment with metal nanoparticles to enhance their electrical con-
ductivity. We measured the variations in electrical conductivity as a result of the surface 
charge transfer doping of Cu and Ag nanoparticles in monolayer and bilayer RuO2 
nanosheets as a function of temperature. Moreover, we performed a quantitative analysis 
of the contact resistances between the nanosheet and electrodes, which had been over-
looked in past studies, using two different measurement configurations, with four-termi-
nal devices. We demonstrated a methodology to modulate the contact properties of de-
vices and materials using RuO2 nanosheets as a conductive material. 

2. Materials and Methods 
2.1. Materilas 

We mixed potassium carbonate (K2CO3 from Wako Pure Chemical Corporation, 
Osaka, Japan) and ruthenium dioxide (RuO2 from Wako Pure Chemical Corporation) 
powders in a 5:8 ratio and pelletized the mixture. The pelletized mixture was heated to 
850 °C for one day in a N2 atmosphere, followed by stirring in water at room temperature 
for one day. The potassium ruthenates (KxRuO2) were filtered and stirred into 1 M hydro-
chloric acid (HCl from Wako Pure Chemical Corporation) aqueous solution for 3 days. H+ 
ions substituted K+ during this process, resulting in hydrogen ruthenates (HxRuO2). We 
mixed HxRuO2 (4 g) with tetrabutylammonium hydroxide (TBAOH, Sigma-Aldrich, St 
Louis, USA) in water (1 L) and stirred the aqueous solution at room temperature for 14 
days. The RuO2 nanosheet was exfoliated and stabilized using tetrabutylammonium ions 
(TBA+). Figure 1a illustrates a low-magnitude transmission electron microscopy (TEM, FEI 
Titan 80-300) image of a 2D nanosheet fabricated using the proposed method. We per-
formed scanning transmission electron microscopy (STEM, FEI Titan 80-300) to study the 
atomic arrangement of the RuO2 nanosheet (Figure 1b). The interplanar d-spacing in the 
electron diffraction (ED) pattern and inter-atomic distance in STEM were equivalent to 
the d-spacing between the monolayer RuO2 nanosheets obtained from our calculations 
[28]. The synthesis and exfoliation of RuO2 nanosheets were described in detail elsewhere 
[28,29,31]. 

 
Figure 1. Exfoliated RuO2 nanosheet and metal nanoparticle decoration. (a) Transmission electron 
microscopy (TEM) and (b) scanning transmission electron microscopy (STEM) images of an exfoli-
ated RuO2 nanosheet. The inset image of (b) illustrates an electron diffraction (ED) pattern of the 
nanosheet. (c,d) Low-magnitude TEM images of a RuO2 nanosheet (c) before, and (d) after, the sur-
face decoration with Cu nanoparticles. 
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2.2. Metal Nanoparticle Surface Decorations 
We employed surface charge transfer, using the surface decoration of metal nanopar-

ticles, to modulate the electrical transport properties of RuO2 nanosheets [29,30]. Copper 
(Cu) nanoparticles were decorated on the nanosheets using 0.05 M Cu acetate 
(Cu(OOCCH3)2 > 99.999%, Alfa Aesar, Massachusetts, USA) at room temperature for one 
day and washed with deionized water to remove the residual particles. The nanoparticle 
decorated RuO2 nanosheet was immersed in 0.05 M sodium borohydride (NaBH2 > 99.99, 
Aldrich, St Louis, USA) for 2 min to reduce the copper oxide (CuOx) formed as a by-prod-
uct of the surface decoration process using Cu acetate. Figure 1c,d illustrate the surface of 
a RuO2 nanosheet before and after the Cu nanoparticle decoration process. We carried out 
the subsequent Ag nanoparticle decoration following the same processes, using 0.05 M 
Ag acetate (CH3COOAg > 99%, Aldrich, St Louis, MO, USA) for additional carrier density 
modulations of the RuO2 nanosheets. 

2.3. Device Fabrication 
We diluted the chemically exfoliated RuO2 solution in deionized (DI) water in a 1:20 

ratio. Before dispersing the diluted RuO2 nanosheets, we used the O2 plasma method (CO-
VANCE, Femto Science Inc.) for hydrophilic surface treatment on thermally oxidized sil-
icon (SiO2/Si) substrates. Moreover, the alignment marks were patterned using the photo-
lithography process (MDA-400S, Midas System) during our experiment. We determined 
the thickness of the nanosheets using atomic force microscopy (AFM, XE-150, Park Sys-
tems) on the SiO2/Si substrates to test the monolayer and bilayer RuO2 nanosheets (Figure 
2a,b) [30]. The nanosheets dispersed on the substrate were patterned for transport meas-
urements using electron-beam lithography (VEGA 3, Tescan and NPGS, JC Nabity Lithog-
raphy Systems) and the lift-off process (Figure 2c,d). The open patterns were exposed to 
inductively coupled Ag plasma for 3 min, followed by deposition of Ti (10 nm)/Au (150 
nm) using an ultra-high vacuum etching and sputtering system (custom-made) to im-
prove the electrical contact between the nanosheet and electrodes [32]. 

2.4. Measurement Techniques 
Figure 2e illustrates a scanning electron microscopy (SEM, JEOl-7800F, JEOL Ltd.) 

image of a four-terminal device with individual monolayer RuO2 nanosheets. We meas-
ured the resistances of the individual monolayer RuO2 nanosheets using four-point and 
two-point probe measurement techniques at constant current (2182 Nanovoltmeter and 
236 Source Measure Unit, Keithley) to obtain their electrical transport properties. In the 
four-point probe measurement, the voltage drop due to contact resistance was excluded 
by physically separating the voltage measurement circuit (inner two electrodes) from the 
applied current circuit (outer two electrodes). On the other hand, the two-probe resistance 
value includes the contact and measurement circuit resistance because the voltage drop 
was measured across the overall circuit [32,33]. Figure 2f illustrates the I–V curves and 
resistances of a monolayer RuO2 nanosheet obtained using two different measurement 
configurations. We calculated the electrical conductivity of the nanosheets using the fol-
lowing formula: σ = L/(R·w·t), where σ, L, R, w, and t are the electrical conductivity, length, 
resistance, width, and thickness, respectively. Moreover, we used a closed-cycle cryostat 
(X-1AL, ARS) under high-vacuum conditions to measure all transport properties, includ-
ing the temperature dependence [33]. 
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Figure 2. Device fabrication and four-point probe measurement. (a,b) Atomic force microscopy 
(AFM) image and height profile of a monolayer RuO2 nanosheet. (c,d) Optical microscopy (OM) 
images of the nanosheet (c) before and (d) after metallization process. (e) Scanning electron micros-
copy (SEM) image of the nanosheet device with four terminals. (f) I–V curves obtained from the 
monolayer RuO2 nanosheet using the four- (closed orange circles) and two-point probe (open green 
circles) measurement techniques. All images and data were obtained from the same nanosheet. 

3. Results and Discussion 
3.1. Increase in Electrical Conductivity 

Figure 3a demonstrates the variations in the electrical conductivity of the pristine 
RuO2 nanosheets due to the surface decoration treatment using Cu-nanoparticles fol-
lowed by Ag-nanoparticles. We tested five-different monolayer and two bilayer 
nanosheets using the four-point probe measurement technique to determine the relation-
ship between the surface doping process and the nanosheet thickness [28]. Although we 
observed differences in the conductivity of the nanosheets, the distributions of the con-
ductivity values were consistent with the distributions observed in past studies using sin-
gle-crystalline RuO2 nanosheets [29]. Furthermore, the increase in the magnitude of con-
ductivity was approximately constant with the nanosheets with the same number of lay-
ers, except for one nanosheet. The deviations in enhanced conductivity were equal to 0.08 
and 0.03 (103 Ωm−1) for the 4-monolayer and 2-bilayer nanosheets, respectively (Figure 3b). 
The impact of Ag doping on the electrical conductivity of the nanosheets was approxi-
mately 10-times stronger than the impact of Cu doping in the both monolayer and bilayer 
nanosheets, but was weaker than the impact of Ag decoration without Cu decoration ob-
served in past studies [29]. This was because the majority of the surface area of the 
nanosheets was covered with pre-decorated Cu nanoparticles, leaving insufficient surface 
area for decoration with Ag nanoparticles, which have a higher doping efficiency than Cu 
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nanoparticles. In both metal nanoparticle doping processes, the conductivities of the mon-
olayers were 10-times higher compared to the conductivities of the bilayers. This result 
agreed with the results from past studies [29]. 

 
Figure 3. Enhancement of electrical conductivity. (a) Increasing the electrical conductivity of RuO2 nanosheets using sur-
face decoration with Cu and Ag nanoparticles. The closed green and open orange circles represent the conductivity values 
obtained from monolayer and bilayer nanosheets, respectively. (b) Magnitude of the conductivity gain in the Cu (green) 
and Ag (orange) treatments. The small conductivity gains of Cu-doped bilayers can be confirmed in the inset. (c) Temper-
ature dependent electrical conductivities before (orange) and after (green) the Cu treatment obtained from a monolayer 
nanosheet using the four-probe measurement technique. The open circles and solid lines indicate the data measured dur-
ing temperature ramp-down and ramp-up, respectively. (d) Direct comparison of the temperature dependencies in pris-
tine (black), Cu-doped (green), and Ag-doped (orange) states using the normalized conductivities, based on room tem-
perature values. 

Figure 3c demonstrates the change in electrical conductivity before and after the Cu 
decoration process as a function of the temperature obtained from the monolayer 
nanosheet, with the highest room-temperature conductivity when using the four probes. 
The increase in conductivity as a result of Cu doping was observed over the entire tem-
perature sweep range, and the reproducibility of the temperature dependence was con-
firmed by the ramp-down and ramp-up tests. These facts demonstrate the high stability 
of the metal nanoparticle surface decoration doping. The low thermally excited noise level 
appearing at room temperature was eliminated at low temperatures in the most conduc-
tive nanosheet. Figure 3d demonstrates the change in temperature-dependent conductiv-
ity in the other nanosheet tested, with additional Ag doping. To directly observe the 
changes originating from the different doping processes, we calculated the normalized 
conductivity at room temperature, using the following equation: σnormalized = (σT − σT = 300 
K)/σT = 300 K, where T is the temperature. The RuO2 nanosheets without metallic nanoparticle 
surface decoration exhibited a semiconducting behavior; that is, the conductivity de-
creased corresponding to a decrease in temperature, because of the low carrier density 
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due to the small band overlap, despite the semi-metallic band structure of RuO2 [29,30]. 
The charge carriers transferred by the Cu nanoparticles increased the electrical conductiv-
ity of RuO2 nanosheets and the temperature dependence of conductivity. However, the 
Cu surface treatment could not overcome the temperature-dependent decrease in intrinsic 
carrier density. A charge exceeding the intrinsic carrier density was transferred during 
the Ag surface treatment at temperatures above 250 K. As a result, at room temperature, 
a metallic behavior with an increase in electrical conductivity with decreasing tempera-
ture was observed [32]. As the temperature decreased below 250 K, however, it changed 
to a semiconducting temperature behavior, due to the decrease in intrinsic carrier density. 
We established that the charge density transferred by the Cu- and subsequence Ag-nano-
particle decoration process was comparable to the internal carrier density. In this 
nanosheet, the noise level increased with decreasing temperature, indicating unstable 
electric contact between the nanosheet and electrodes. 

3.2. Contact Resistance 
Figure 4a demonstrates the raw data measured by the four- and two-point probe 

techniques at a 10 nA current for the pristine monolayer RuO2 nanosheet with the highest 
conductivity. The high reproducibility and low noise level, despite the infinitesimal meas-
ured, current indicated the stability of the electrical contact between the nanosheet and 
metal electrodes formed by the plasma etching process. We determined the contact re-
sistance values by calculating the difference between the resistances of the two measure-
ment configurations. The contact resistance in the pristine nanosheet increased from about 
4.1 to 14.0 kΩ, corresponding to a decrease in temperature from 300 to 100 K, and ac-
counted for approximately 40% of the total device resistance. The surface decoration with 
metal nanoparticles marginally reduced the semiconducting properties of the pristine 
RuO2 nanosheet. As shown in Figure 4b and inset, the Cu doping effect decreased the 
temperature dependence of resistance and decreased the contact resistance, to approxi-
mately 3.6 kΩ at 300 K and 9.1 kΩ at 100 K. The proportion of contact resistance in the 
total device resistance was approximately equal to the proportion of contact resistance 
before Cu doping. We observed that the proportion remained unchanged (a deviation of 
0.6%) at low temperatures. This was because of the increased sensitivity of the carrier den-
sity dependence owing to the decreased mobility change at low temperature [29]. The 
ratios of the resistance of doped nanosheets to the resistance of pristine nanosheets re-
mained equal in both measurement configurations at 100 K. Moreover, the ratios of the 
contact resistance to the total resistance remained approximately the same (deviation less 
than 1% at 100 K and 3% at room temperature) after the doping process. These facts sug-
gest that the contact resistance of RuO2 nanosheets is determined by the carrier density 
over the entire temperature sweep range. 

We demonstrated these phenomena of the contact resistance in the Ag treatment with 
a higher doping effect. As shown in Figure 4c, the semiconducting properties of the RuO2 
nanosheets decreased during each doping process. This phenomenon was represented 
using the normalized resistance calculated from the following equation: Rnormalized = (RT − 
RT = 300 K)/RT = 300 K. The contact resistances were successfully extracted from the noisy raw 
data of the four-probe resistances by fitting the measured data (Figure 4d). As shown in 
the most conductive nanosheet, the Cu nanoparticles decreased the contact resistance in 
this nanosheet with low conductivity, and an additional reduction was demonstrated 
through subsequent Ag nanoparticle decoration. In contrast, the contact resistance values 
of this nanosheet were found to be five-fold larger than that of the most conductive 
nanosheet. This is because of the incomplete surface treatment before the metallization of 
the electrodes, leading to an increase in the total resistance, as well as the amplified noise, 
by degrading the benefits of the four-probe technique. 
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Figure 4. Contact resistances. (a) Temperature dependent resistances of a pristine monolayer RuO2 nanosheet measured 
by the four- (orange) and two-probe (green) measurement techniques. The inset image shows the contact resistances of 
the nanosheet as a function of the temperature obtained from the two different measurement configurations. The open 
circles and solid lines indicate the data measured during temperature ramp-down and ramp-up, respectively. (b) Tem-
perature dependence of the four-probes (orange), two-probes (green), and contact resistances (inset) obtained from the 
nanosheet after the surface decoration of Cu-nanoparticles. (c) Direct comparison of the temperature dependencies of the 
four- (orange) and two-point probe (green) measurements in pristine, Cu-doped, and Ag-doped states using the normal-
ized resistances at room temperature. (d) Change of temperature-dependent contact resistance during the doping pro-
cesses calculated from the two measurement configurations. 

4. Conclusions 
We analyzed the changes in electrical conductivity and contact resistance of RuO2 

nanosheets using charge transfer doping effects based on surface metal nanoparticle dec-
oration. The electrical conductivity of RuO2 nanosheets increased gradually because of the 
surface decoration with Cu- and Ag nanoparticles. The additional carriers transferred 
from the metal nanoparticles to the RuO2 nanosheets decreased the semiconducting tem-
perature behavior of the pristine RuO2 nanosheets, due to insufficient carrier density. We 
obtained the contact resistance between the nanosheet and electrodes from the resistances 
measured using the four- and two-point probe techniques. Moreover, the contact re-
sistance decreased gradually during the surface decoration processes. From a quantitative 
analysis based on the two different measurement configurations, we observed that the 
resistance and carrier density of the nanosheets had a significant impact on the contact 
resistance. The surface decoration of metal nanoparticles for external contact engineering, 
as well as the modulation of the internal properties of nanomaterials, can be successfully 
used for future research in the field of 2D materials. 
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