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1. Introduction

2D materials with ultrathin nature such 
as transition metal dichalcogenides 
(MoS2, MoSe2, WS2) or black phosphorus 
have drawn considerable attention. They 
have been investigated for their great 
potential in electronic devices with new 
functions and photocatalyst, because 
they can meet the requirements of the 
device for being more diminutive, super-
speedy, and multifunctional. And, one of 
the most important 2D nanomaterials is 
hexagonal boron nitride (h-BN), which is 
so-called white graphene, owning to the 
analogue structure of graphene. H-BN 
has many unique properties, for instance, 
large optical bandgap (5.8  eV),[1,2] excel-
lent mechanical strength, good chemical 
inertness, and high thermal conductivity 
even at severe temperatures.[3,4] Many 
studies have been carried out to study 
the relation between the unique structure 

and properties of h-BN.[5–8] Moreover, the unique structure 
and properties have promoted their use in various applica-
tions in the field of the dry-lubricant, deep ultraviolet emitter, 
and gate-insulating materials.[1,9,10] The most promising appli-
cation of the h-BN layer is to be used as substrates such as, 
growth templates,[11,12] and tunneling barriers,[13–16] because 
of its atomic flatness and good insulation. For example, an 
h-BN layer with a modified dielectric interface was realized to 
improve carrier transport and heat spreading of a WSe2 field-
effect transistor.[15]

However, the size of h-BN single crystals which are no more 
than one millimeter[16,17–21] in most cases, due to difficulties 
in the growth of crystals, has limited their applications for 2D 
materials devices that are dependent on large, high-quality 
single crystals. Wang et.al has achieved a high-quality h-BN 
sample on a Cu (110) vicinal surface.[22] It was confirmed that 
the as-grown sample was a single-crystal h-BN monolayer with 
a size as large as 100 cm2. Furthermore, on many of the large 
single-crystal h-BN monolayers, a small bilayer h-BN was also 
observed. It has been reported that the characteristics of many 
2D materials are affected by the number of layers.[23–25] In 
terms of mechanical properties, it has been established that the 
mechanical strength of BN nanosheets was insensitive when 
the thickness was added.[26] Moreover, some previous work 
has investigated the electronic properties of h-BN according 
to the number of layers. However, most of them focus on the 
electronic properties of BN as an insulating layer for other 
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conductive materials.[27,28] In addition, whether there are 
significant differences in the electrical properties of h-BN with 
different layers and its mechanism has not been fully clarified.

Here, benefitting from the high-quality h-BN sample sup-
ported by Wang et.al, we investigated the different electrical 
properties of monolayer h-BN and bilayer h-BN based on the 
conductive atomic force microscope (C-AFM) technology. 
We found that bilayer h-BN showed quite different elec-
trical characteristics from monolayer h-BN. This work was 
focused to investigate the mechanism that makes the differ-
ence of electrical characteristics between monolayer h-BN and 
bilayer h-BN. We proposed that the difference of work func-
tions between monolayer h-BN and bilayer h-BN contributed 
to the differentiation in electrical characteristics. Meanwhile, 
the interlayer coupling resistance due to coupling between 
the h-BN layers also made a great effect on the electron 
 transport.[29] Then, the effect of load force on the electric con-
ductivity of monolayer h-BN and bilayer h-BN was also inves-
tigated. It was found that the monolayer h-BN showed much 
more sensitivity to the load force than bilayer h-BN. This work 
offered very significant experimental data and a new perspec-
tive to understand the role of the number of layers played on 
electrical characteristics of h-BN, and further provided a new 
pathway to tune electrical properties of h-BN-based multifunc-
tional nano-electronics devices.

2. Results and Discussion

A schematic illustration showing the experimental process was 
showed in Figure 1a. When the Pt/Ir-coated silicon AFM tip slid 
on the surface of h-BN, an external bias was applied from the 
sample side, and the tip was connected to the ground through 
an external circuit. Thus, the electrons could be transferred 
between AFM tip and h-BN film, so current mapping and topo-
graphic mapping with high-resolutions were obtained simul-
taneously. As can be seen from the optical microscopy image 
(Figure S1, Supporting Information), most of the h-BN grown 
on the Cu (110) surface showed a triangle shape. It also can be 
seen that there was a small triangular h-BN (bilayer h-BN) on 
most of these monolayers h-BN. The AFM topographic map-
ping (Figure  1c1) and scanning electron microscopy (SEM) 
mapping (Figure  1b) displayed the detailed information of the 
h-BN film. As shown in those images, a bilayer h-BN (white 
square in Figure 1b2 and olive square in Figure 1c2) grew on the 
monolayer h-BN. The size of the triangular monolayer h-BN 
was 30–50 µm, while it was ≈5 µm for bilayer h-BN. Figure 1c2 
depicted the cross-sectional height trace of the h-BN corre-
sponding to the blue line on topographic mapping (Figure 1c1). 
As illustrated by the height trace, the altitude intercept of the 
monolayer h-BN and bilayer h-BN was ≈2–3  nm, (Figure  1c2; 
Figure S2, Supporting Information). The height of the BN was 
higher than the thickness of monolayer BN reported by pre-
vious work and the noise was also relatively high. It was mainly 
to ensure the experimental conditions for in situ measure-
ments, the topographic mapping was obtained directly on Cu 
foils substrate. Generally, Cu foil is not suitable as a substrate 
for AFM measurement. Because, the surface is not atomically 
flat, and Cu foil would immediately form an oxide layer in the 

air. These factors will cause the measured results to have a large 
deviation or even a difference of several times. However, in 
order to measure the electrical properties of h-BN, we need to 
test on the Cu substrate which can provide a good conductivity.

Multiple I–V curves (nine data points marked in Figure 1c1) 
for monolayer and bilayer h-BN were presented in Figure 1d,e. 
I–V curves showed that a Schottky contact was formed across 
the tip and h-BN interface. Meanwhile, the I–V curves also 
exhibited a striking difference of electrical characteristics 
between monolayer h-BN and bilayer h-BN. First, bilayer h-BN 
showed much stronger insulation. Under the same test condi-
tions, (an external voltage of ≈ ±1.3 V, and an applied load force 
of ≈110 nN) the current measured for monolayer h-BN was 
three orders of magnitude higher than that obtained for bilayer 
h-BN. For example, when the external bias voltage reached −1 V,  
the current value of the single-layer BN had reached the 
threshold value of −500 nA which can be measured by the 
equipment, while the current of the double-layer BN under the 
same bias voltage was only ≈  −0.1 nA. Second, although both 
h-BN with monolayer and bilayer exhibited diode features, 
bilayer h-BN showed more obvious rectification characteristic. 
It was much easier to conduct when a negative voltage was 
applied for bilayer h-BN. As for the monolayer h-BN, compared 
to the positive voltage, it was also easier to conduct under nega-
tive voltage, but with not too much difference.

To understand the discrepant behavior of electrical charac-
teristics between monolayer h-BN and bilayer h-BN, C-AFM 
was used to measure the current mapping that can show the 
current distribution of the whole h-BN samples. And the cor-
responding work functions of the h-BN were also obtained 
by an interleave scan mode (kelvin probe force microscopy, 
KPFM). As illustrated in C-AFM current mappings (Figure 2a), 
regardless of whether a negative or positive bias was applied, 
the bilayer h-BN can show better insulation performance. The 
corresponding potential mapping (Figure  2b) which value 
presented the difference value of work functions between the 
h-BN and tip (i.e., WPotential = Wsample – Wtip), can characterize 
the work function difference of monolayer and bilayer h-BN. As 
displayed, we can see that the zone of monolayer h-BN exhib-
ited positive potential while bilayer h-BN exhibited negative 
potential which indicated that Wmonolayer > Wtip > W bilayer. This 
phenomenon was not just a case. It was discovered in many 
different h-BN samples (Figure S2, Supporting Information). 
The cross-sectional line profiles of the images in Figure  2a,b 
(marked with olive lines) suggested that the tip has a lower 
work function ≈20  mV than that for monolayer h-BN, but 
was ≈25  mV higher than that for bilayer h-BN. Therefore, it 
can be calculated that the work function of single-layer h-BN 
was ≈45 mV higher than that of double-layer h-BN. And it was 
closely relevant to the current distribution in current mappings 
(Figure  2a). Approximately 2 nA current was observed in the 
monolayer h-BN region while almost no current was observed 
in the bilayer region. The close correlation suggested that the 
difference of work functions between monolayer h-BN layer 
and bilayer h-BN contributed to the different electric conduc-
tivity of h-BN. An energy band diagram (Figure  2d,f) of the 
electronic transmission process was proposed to explain the 
mechanism. Due to Wmonolayer > Wtip, the AFM tip had a higher 
Fermi level than that of monolayer h-BN. When the monolayer 
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h-BN was brought into intimate contact with the tip, as the 
Fermi levels had to be aligned, the energy bands would bend 
downward (Figure 2d). Because the external bias was applied to 
the end of h-BN, when a negative voltage was applied, electrons 
could transfer from the monolayer h-BN to the tip easily. While, 
under a positive voltage, electrons transferred from the tip to 
the monolayer h-BN will rencounter a Schottky barrier (qψ1), 
which made it tough to conduct. In the case of bilayer h-BN, 

the AFM tip had a lower Fermi level than the Fermi level of the 
bilayer h-BN (Figure  2f). When the bilayer h-BN was brought 
into intimate contact with the tip, the energy bands had to 
be upward which caused a higher Schottky barrier (qψ2). The 
higher Schottky barrier made it much harder for electron to 
transfer from the tip to bilayer h-BN. That could explain why 
the bilayer h-BN exhibited more obvious rectification character-
istic than monolayer h-BN.

Figure 1. Measurement method, characterization of h-BN, and I–V curves. a) Schematic illustration displaying the experimental process of C-AFM 
measurement. b1) Image of an h-BN sample by SEM. b2) SEM image of bilayer h-BN circled in the white square in Figure 1b1. c) The AFM topographic 
mapping (c1), and the inset image is the topographic mapping of bilayer h-BN zone circled in the olive square, and the cross-section of height trace 
of the h-BN corresponding to the blue line on topographic mapping (c2). d) I–V curves for monolayer h-BN (1–5 data points marked on Figure 1c1) 
under the load force of 110 nN. e) I–V curves for bilayer h-BN (6–9 data points marked on inset image in Figure 1c1) under the load force of 110 nN.
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Figure 2. Mechanisms of the different behavior of electrical characteristics between monolayer h-BN and bilayer h-BN. a) C-AFM current mappings 
when a1) a negative and a2) positive external bias was applied. b) Corresponding potential mapping of h-BN. c) Corresponding line-scan profile of 
potential mapping in Figure 2b and current mappings in Figure 2a. The data between the red parallel lines correspond to the positions between the two 
red stars in Figure 2a,b. d) Energy band diagram of the working process of monolayer h-BN: d1) before contact state and d2) after contact state. e) The 
equivalent circuit diagram of monolayer h-BN only including Schottky barrier contact resistance. f) Energy band diagram of the electronic transmission 
process of bilayer h-BN: f1) before contact state and f2) after contact state. g) The equivalent circuit diagram of bilayer h-BN, where interlayer resistance 
(Rint) due to the coupling between the h-BN layers made great effect on the total resistance.
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However, it still cannot explain all the different behaviors of 
electrical characteristics between monolayer and bilayer h-BN. 
First, the Schottky barrier in the level of mV was not enough 
to make so obvious a difference. Second, it cannot explain why 
bilayer h-BN can exhibit such an excellent electrical insulation. 
In prior reports, the lack of sufficient screening of the sub-
strate interface, and the interlayer coupling resistances were 
thought to be the cause of the dependence of intrinsic prop-
erties on the number of layers in many 2D materials.[30–33] 
Moreover, a resistor network model was proposed to depict the 
coupling between graphene layers involving the influence of 
interlayer screening.[34] Inspired by these works, and based on 
the experimental findings, we proposed that the interlayer cou-
pling resistances played an important role in excellent electrical 
insulation of bilayer h-BN. As illustrated in Figure  2e, in the 
equivalent circuit diagram of monolayer h-BN, there was only 
Schottky barrier contact resistance (Rs) that impacted the elec-
tron transport. And in the equivalent circuit diagram of bilayer 
h-BN, the total resistance (Rtotal) contained contributions from 
the RS and the interlayer coupling resistance (Rint) between the 
layers as shown in Figure 2g. Moreover, compared to the Rs, the 
Rint may make more impact on the electron transport. Besides, 
in the process of preparation of h-BN, some defects will form. 
These defects have been demonstrated to make effects on 
the electronic, magnetic properties, and chemical reactivity 
of h-BN. [35–37] For example, the conductivity of nanoribbons 
became increased due to doping-like conducting edge states 
and vacancy defects.[35] Line defects may create two deep narrow 
bands in a band gap which transformed h-BN from insulator to 
semiconductor.[36] Although the high-resolution transmission 
electron microscopy (presented in the previous work)[22] has 
shown the high crystalline quality of the h-BN sample, very few 
defects can still be observed. The inevitable defects may have 
a certain impact on the electrical properties of the single and 
double-layer BN, which is requried for more in-depth research.

The ability to regulate the electronic characteristic of 2D 
materials plays a key role in the application in electronic and 
optoelectronic devices. The electronic characteristic can be 
tuned via various methods such as employing an electric 
field, mechanical strain, and varying thickness.[38–40] Here, the 
influence of the load force on the electric properties of h-BN 
was studied. As shown in the I–V curves of monolayer h-BN 
(Figure  3a), the electron transport became much easier when 
the load force increased. And the diode feature was also weak-
ened with the increased load force. The modulated electrical 

characteristics may be due to the reduction of Schottky barrier 
height caused by increased strain.[39,40] As to the bilayer h-BN, 
it was not so sensitive as monolayer h-BN to the load force. As 
illustrated in Figure 3b, no current was observed in I–V curves 
of bilayer h-BN when a weak load force was applied. When 
the load force was increased to a certain degree (≈88 nN), the 
current was suddenly observed in the negative voltage region. 
And it exhibited an obvious diode feature. Then, when the 
load force continued to increase, the I–V curve did not change 
significantly. This may be due to the excellent insulation of 
bilayer h-BN and the contact area of the tip and samples which 
need enough load force for the electron transport. Besides, the 
increased load force may decrease the interlayer distance which 
result in a weakened interlayer coupling resistance.[40,41]

The I–V curves were obtained at the static measurement. To 
gain an insight into the dynamics of the force effect, current 
mappings were obtained by C-AFM under a fixed external bias 
and various load forces with different h-BN samples (Figures 4 
and  5; Figures S4–S8, Supporting Information). As illustrated 
in current mappings, the current signal increased gradually 
with the increased load force when a positive or negative bias 
was applied. This phenomenon was consistent with the charac-
teristics measured by I–V curves. More detailed information of 
the current signal can be obtained from the line-scan profiles 
of the current mappings under different load force (Figure S4, 
Supporting Information) marked with olive lines in Figure  4a. 
Moreover, in order to have a more intuitive understanding of the 
 distribution of the current signal in the current mapping, the sta-
tistical distributions (Figures 4b and 5b) which exhibited a most 
probable current signal peak were summed up. Since the h-BN 
layers were not regular squares, we only selected a part region of 
the BN layer for statistical analysis of the current when different 
loading forces were applied. For monolayer, the corresponding 
raw data used for statistics was extracted from the region 
marked by the red square in Figure 4a, while for bilayer, the cor-
responding raw data was extracted from the region marked by 
the olive square in Figure  4a. For example, the most probable 
current signal of the selected monolayer h-BN zone was 2.17 ± 
0.101 nA at the load force of 110 nN for monolayer h-BN when a 
positive bias was applied. As illustrated in the statistical distribu-
tions of the current signal for various load forces, the most prob-
able current signal peak of the monolayer h-BN region under 
different load force maintained on the order of nA (Figures 4b 
and  5b). While for the bilayer h-BN region, the most probable 
current signal peak under different load forces only maintained 

Figure 3. I–V curves under different applied load forces for a) monolayer h-BN and b) bilayer h-BN.
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on the order of pA (Figures 4c and 5c). Moreover, the most prob-
able current signal peak of the monolayer h-BN region increased 
with the increased load force, while such discernible change of 
the current signal was not observed for the bilayer h-BN region 
(Figures 4b,c and 5b,c). It was consistent with the change of I–V 

curves (Figure  3a,b) which showed monolayer h-BN was more 
sensitive to the load force. However, compared to the static elec-
trical characteristic measurement, the current signal was much 
lower measured by dynamics scanning. It was possibly caused 
by localized changes in contact during dynamic scanning,[42] 

Figure 4. Force dependent current signal for both monolayer and bilayer h-BN zones when a positive external bias of +1.3 V was applied. a) C-AFM 
current mappings under different load forces. b) The corresponding statistics of the current signal under a series of load forces for the monolayer 
h-BN zone in Figure 4a (The corresponding raw data used for statistics was extracted from the monolayer zone marked by red square box in Figure 4a).  
c) The corresponding statistics of the current signal under a series of load forces for the bilayer h-BN zone in Figure 4a (The corresponding raw data 
used for statistics was extracted from the bilayer zone marked by olive square box in Figure 4a). d) Measured force–indentation curves of h-BN. By 
fitting the curves, the average elastic modulus of h-BN with monolayer and bilayer was obtained. e) Corresponding average current mappings under 
different pressure for the h-BN of the monolayer zone and bilayer zone. The average value of current for monolayer h-BN was calculated by randomly 
selecting three 6 × 6 µm areas of the monolayer zones. And, the average value of current for bilayer h-BN was calculated by randomly selecting three 
1 × 1 µm areas of the bilayer zones.
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Figure 5. Force-dependent current signal for both monolayer and bilayer h-BN zones, when a negative external bias of −1.3 V was applied. a) C-AFM 
current mappings under different load forces. b) The corresponding statistics of the current signal under a series of load forces for the monolayer h-BN 
zone in Figure 5a (The corresponding raw data used for statistics was extracted from the bilayer zone marked by red square box in Figure 5a). c) The 
corresponding statistics of the current signal under a series of load forces for the bilayer h-BN zone in Figure 5a (The corresponding raw data used for 
statistics was extracted from the bilayer zone marked by olive square box in Figure 5a). d) Corresponding average current of current mappings under 
different pressure for the h-BN of the monolayer zone and bilayer zone. The average value of current for monolayer h-BN was calculated by randomly 
selecting three 6 × 6 µm areas of the monolayer zone. And, the average value of current for bilayer h-BN was calculated by randomly selecting three  
1 × 1 µm areas of the bilayer zone.
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which can be further improved in the future through design 
adjustment. Furthermore, dynamic scanning measurements 
can offer a high-speed response and statistical data of thousands 
of pixels which can eliminate the issues caused by artificiality.

To reveal the effect of pressure on the electrical character-
istic, an effective electrical contact area was proposed during 
the C-AFM measurement because of the special tip geometry. 
The effective contact area can be approximated by the Hertz 
model:[43]

2
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Here, A represents the effective contact area. F stands for 
the load force. The R is the radius of the AFM tip used as  
25 nm. K denotes the reduced Young’s modulus which is cal-
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Here Et is Young’s module of the tip, νt and νs represent 
the Poisson ratios of the tip and h-BN sample, respectively. 
Here, Et  = 165  GPa, νt  = 0.22, and νs  = 0.211.[26,44,45] Es is 
Young’s modulus of the h-BN which can be approximated by 
Hertz–Sneddon[46]
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where, α is the half opening angle of the indenting cone, used 
as 18°, and δ is the indentation of the sample under load force.

As illustrated in Figure 4d, load–indentation curves of mono-
layer h-BN and bilayer h-BN were obtained using AFM. The 
Young’s modulus of h-BN with monolayer and bilayer could  
be deduced by fitting the loading curves using Equation (3). 
The Young’s modulus of monolayer h-BN and bilayer h-BN 
were ≈355 and 328  GPa, respectively. These values were on 
the same order of magnitude as those obtained by previous 
studies using AFM.[47–49] And, the value of Young’s modulus 
of monolayer h-BN was much closer to that of bilayer h-BN 
which was consistent with the previous work.[26] It suggested 
that the mechanical strength of BN nanosheets was insensitive 
to thickness. The relationship of the average value of current 
with the pressure was investigated (Figures 4e and 5d; Figures 
S5–S8, Supporting Information). The average value of current 
for monolayer BN was calculated by random selecting three  
6 × 6 µm areas of the monolayer zones, while the average value 
of current for bilayer BN was calculated by randomly selecting 
three 1 × 1  µm areas of the bilayer zones. It was shown that 
when a positive bias was applied, the average value of cur-
rent for monolayer h-BN linearly increased with the increased 
pressure with a slope of 0.9527 nA ± 0.0596 nA GPa−1, and a 
correlation coefficient of 0.98 (Figure  4e). While, the average 
value of current for bilayer h-BN also linearly increased with 
the increased pressure, but with a much smaller slope of  
0.0039 nA ± 0.0008 nA GPa−1, and a lower correlation coefficient  
of 0.80. A similar phenomenon was also observed when a nega-
tive bias was applied (Figure 5d; Figures S6 and S8, Supporting 

Information) which verified that monolayer h-BN was more 
sensitive to the load force. And this may offer a whole new 
pathway to tune the electrical characteristics of the electronic 
and optoelectronic devices based on h-BN.

3. Conclusion

In summary, based on the C-AFM technology, we investigated 
the different electrical properties of monolayer h-BN and bilayer 
h-BN. We found that bilayer h-BN showed quite different elec-
trical characteristics from monolayer h-BN. We proposed that 
the difference of work functions between monolayer h-BN and 
bilayer h-BN contributed to the dissimilar electrical charac-
teristics. Meanwhile, the interlayer coupling resistance due to 
coupling between the h-BN layers also made a great effect on 
the electron transport. Besides, the effect of load force for the 
electrical characteristics of h-BN with different layers was also 
investigated. It was found that the monolayer h-BN showed 
much more sensitivity to the load force than bilayer h-BN 
which may offer a new pathway to tune the electrical charac-
teristics of multifunctional h-BN-based nano-electronic devices. 
This work provided very meaningful experimental data and a 
new sight to understand the role of the number of layers on 
electrical properties of h-BN, which we hope can offer mean-
ingful suggestions for future studies and applications on h-BN 
and other 2D nanomaterials in general.

4. Experimental Section
Device Fabrication: Under a mixed gas of Ar and H2 (500 sccm Ar, 

10 sccm H2), the Cu foil was first annealed at 1000 °C for 30  min at 
atmospheric pressure. Then, the precursor of ammonia borane was 
heated to 65 °C at the upstream of the tube in the sublimation process. 
The system was naturally cooled to room temperature after the growth 
time of ≈1 h. The obtained h-BN samples with an area of 1.5 × 1.5 cm 
were fixed on ITO glasses. The sample was connected to the ground 
through an external circuit from the Cu substrate.

Characterization and Measurements: The h-BN samples were 
investigated by a field-emission SEM (Hitachi, SU8020). All AFM 
mappings were obtained by using the equipment Dimension Icon 
(Bruker, USA) with the conductive tips coated Pt/Ir (EFM, NanoWorld; 
the spring constant radii of the tips were 2.8 N m−1 and 25 nm, 
respectively). The current mappings were obtained in the conductive 
atomic force microscopy (C-AFM) mode. And, the potential mappings 
were obtained in kelvin probe force microscopy (KPFM) mode. The 
work function of the Pt/Ir tip was ≈4.75 eV, which was calibrated using 
a standard sample HOPG. Besides, all the AFM experiments were 
measured in a glove box that was filled with dried nitrogen.
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