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Electron tunneling through atomically flat and ultrathin hexagonal boron nitride (h-BN) on

gold-coated mica was investigated using conductive atomic force microscopy. Low-bias direct

tunneling was observed in mono-, bi-, and tri-layer h-BN. For all thicknesses, Fowler-Nordheim

tunneling (FNT) occurred at high bias, showing an increase of breakdown voltage with thickness.

Based on the FNT model, the barrier height for tunneling (3.07 eV) and dielectric strength

(7.94 MV/cm) of h-BN are obtained; these values are comparable to those of SiO2. VC 2011
American Institute of Physics. [doi:10.1063/1.3662043]

The excellent properties of graphene have stimulated in-

terest in two-dimensional crystals of other conducting and

semiconducting materials.1–3 These materials require ultra-

flat and low-disorder dielectric layers for device fabrication.

However, charged impurities in traditional oxides or high-k

dielectrics introduce disorder that can degrade mobility and

performance of ultrathin field effect transistors (FET).4

Moreover, gate oxides with thickness less than 5 nm have

been studied for metal-oxide-semiconductor field effect tran-

sistors (MOSFETs). For such ultrathin gate oxides, control

of the thickness and uniformity is particularly important for

reliability and long term stability of MOSFETs.5,6

Recently, hexagonal boron nitride (h-BN), which is an iso-

morph of graphene and an insulator with a wide band gap

(5.2–5.9 eV),7–9 was employed as an improved dielectric for

graphene devices.10 Since h-BN is chemically and thermally

stable and free of dangling bonds and surface charge traps, gra-

phene devices on h-BN show roughness and fluctuations in

potential two orders of magnitude lower than comparable devi-

ces on SiO2,
11,12 which in turn leads to improved mobility,

FET performance, and chemical stability.10,13,14

Conductive atomic force microscopy (C-AFM) has been

used for current measurements in various systems such as

thin oxide layers,5,6,15 self-assembled monolayers (SAMs),16

single molecules,17 and proteins.18 C-AFM is a useful tool

for current measurements of nanoscale materials and for

studying spatial variability of electronic properties. In partic-

ular, mapping by C-AFM can be used to determine whether

the breakdown voltage is uniform or shows local variation

due to defects in the crystal structure. In this letter, we mea-

sure electron tunneling through atomically flat and ultrathin

h-BN using C-AFM. The measurements reveal homogene-

ously insulating behavior and the absence of charged impur-

ities and defects. The data can be used to calculate the

barrier height and dielectric strength in a Fowler-Nordheim

tunneling (FNT) model.

A thin (10 nm) layer of gold was first deposited on mica

to create an atomically flat and conductive substrate. Next,

h-BN powder (Momentive Performance Inc.) was mechani-

cally exfoliated onto the gold-coated mica. C-AFM (XE-

100, Park Systems) was utilized to measure current as shown

in Fig. 1(a). A platinum wire tip (PtProm 10 M_T, Park Sys-

tems) of Fig. 1(b) was used to avoid loss of conductivity due

to wear. h-BN thicker than three layers could be identified

with optical microscopy, whereas the thinner h-BN was

almost optically invisible on the gold-coated mica due to low

optical contrast difference. Therefore, to create mono- and

bi-layer h-BN samples, h-BN was first exfoliated on a Si wa-

fer covered with 295 nm-thick SiO2, on which substrate thin

flakes could be located by optical microscopy. The flakes

were then transferred to the gold-coated mica by spin-

coating polymethyl methacrylate (PMMA), delaminating the

PMMA in KOH, floating the membrane on water, and finally

transferring it onto gold-coated mica with heating at 130 �C
for drying of water and good adhesion. Finally, the PMMA

was removed by dipping a sample in acetone for a day.

Figures 2(a) and 2(b) show optical and topographic

AFM images of h-BN flakes on gold-coated mica. The surfa-

ces are atomically flat (within the resolution of the AFM), as

seen previously.19 Figure 2(c) shows conductance AFM

image of h-BN flakes with different thicknesses. This image

demonstrates that the tunneling current is a function of

FIG. 1. (Color online) (a) Schematic picture of measurement set-up in

C-AFM, (b) SEM image of platinum wire AFM tip.

a)Author to whom correspondence should be addressed. Electronic mail:

jh2228@columbia.edu.
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thickness, as expected, and that the insulating quality is uni-

form within areas of the same thickness.

Figure 3(a) shows I-V curves taken for a 3 nm-thick

h-BN flake at different loading forces. The curves show lin-

ear behavior at low bias due to direct tunneling and a sharp

turn-on above �3.5 V. Up to �2nN, the low-bias current

increases with force most probably due to the increase in the

contact area between the tip and h-BN with increasing load-

ing force,18 after which the curves are virtually identical.

Similarly, the low-bias tunnel conductance (dI/dV), as shown

in the inset of Fig. 3(a) saturates over 2nN. Thin water layer

might form between h-BN and the AFM tip. However,

increase of current at higher sample-tip forces and stable I-V
curves indicates that water layer does not play a role in this

measurement. Therefore, for all subsequent experiments, a

loading force of 2nN was used. Small asymmetry the meas-

ured current-voltage (I-V) curves has been attributed to the

non-uniformity of electric field between the AFM tip and the

gold-coated mica, which results in reduction of an attractive

force between the tip and the sample and also the polarity de-

pendent tunneling barrier shape.18 However, this asymmetry

behavior is small enough to be neglected.

Figure 3(b) shows I-V measurements of h-BN flakes

with various thicknesses from 1-31 layers. Mono-, bi-, and

tri-layer samples show measurable low-bias conductance,

which we ascribe to direct tunneling. Thicker samples are

insulating at low bias and show sharp increases at a break-

down voltage that increases with thickness. The low-bias

region is highlighted in Fig. 3(c). The inset shows the con-

ductance as a function of sample thickness, which decays

exponentially, as expected for direct tunneling.20 At low bias

voltage (V), where the tunneling barrier is not deformed

severely by the applied electric field, the tunneling current

(I) simply linearly depends on V as follows:21

IðVÞ ¼ Aeff

ffiffiffiffiffiffiffiffiffi
m/B

p
q2V

h2d
exp

�4p
ffiffiffiffiffiffiffiffiffi
m/B

p
d

h

" #
; (1)

where Aeff and /B are, respectively, effective contact area

and barrier height. The values of q, m, d, and h are electron

charge, free electron mass, separation between the two elec-

trodes, and Plank’s constant, respectively. Although Eq. (1)

describes the observed exponential decay of tunneling cur-

rent in d, further quantitative analysis is difficult since Aeff

and /B are convoluted in the linear tunneling conductance.

In a high bias regime, the tunneling process is domi-

nated by field-emission tunneling across the barrier and the

tunneling current becomes non-linear. We analyze the high-

bias data using the Fowler-Nordheim tunneling theory. The

equation for FNT can be expressed as follows:6,15,22–24

IðVÞ ¼ Aeff q
3mV2

8ph/Bd2m�
exp

�8p
ffiffiffiffiffiffiffiffi
2m�
p

/
3
2

Bd

3hqV

" #
; (2)

FIG. 2. (Color online) (a) Optical mi-

croscopic image, (b) topological, and (c)

conductance AFM images of h-BN

flakes on gold-coated mica. The profile

lines of (b) and (c) show changes of

thickness (nm) and current (nA) along

dashed line of (a), respectively. The

limit of current which can be measured

in C-AFM is 10 nA. Conductance AFM

image of (c) was acquired using a tip

bias of 1 V. The scale bar is 5 lm.

FIG. 3. (Color online) I-V measurements (a) in 3 nm-thick h-BN with vari-

ous loading forces and (b) in h-BN of various thicknesses (N¼ layer num-

ber) with fixed loading force of 2nN. Inset of (a) shows tunnel conductance

in the linear regime of small tip bias with different loading forces. (c) I-V
curves of mono-, bi-, and tri-layer h-BN. Inset of (c) shows log-scale tunnel

conductance in the linear regime (direct tunneling).
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where m�/m is 0.26 for h-BN with the bare electron mass

m.25 This equation then can be reexpressed as

ln
IðVÞ
V2
¼ ln

Aeff q
3m

8ph/Bd2m�
� 8p

ffiffiffiffiffiffiffiffi
2m�
p

/
3
2

Bd

3hqV
: (3)

Figure 4 shows the measured tunneling current presented in

ln(I(V)/V2) versus 1/V for each different thickness at the high

bias regime. A strong linear dependence in this plot, which

can be best fitted by Eq. (3), indicates that the tunneling

through h-BN at high bias can be explained by FNT model.

From the slope of each curve, the barrier height (/B) of

3.07 eV (60.3) is obtained, which is comparable to that of

SiO2 (3.25 eV).5 Variation in the calculated barrier height is

attributed to the instrumental offset of AFM in h-BN thick-

ness measurement,26 absorbed water layer on h-BN,15 and

tip contamination.23 From intercept of Eq. (3), we estimate

that effective contact area (Aeff) in this measurement is

5.71� 10�16 m2 in average, corresponding to a circular con-

tact area with diameter of 25 nm (610 nm).

At the extreme high bias limit before failure of the de-

vice, tunneling current starts to increase exponentially, signal-

ing the dielectric breakdown of h-BN. The inset of Fig. 4(b)

shows this exponential increase in I as a function of V in the

breakdown regime for different thicknesses of h-BN. In this

work, the dielectric break down voltage (Vbreak) was obtained

using the constant current method (the voltage at which the

current reaches 10�11A).27 From linear increase of Vbreak with

increasing number of h-BN layers we estimate the dielectric

breakdown strength of 7.94 MV/cm. We note that this value is

close to that of SiO2 (8-10 MV/cm),28 suggesting that h-BN

can replace SiO2 with a similar insulating characteristics but

with less charge impurities, better uniformity and atomically

flat surface for applications requiring high quality controlled

tunnel barriers.

In summary, electron tunneling characteristics of atomi-

cally flat and ultrathin h-BN was studied using C-AFM.

From C-AFM images, uniform and excellent insulating prop-

erties of ultrathin h-BN are demonstrated. Direct tunneling

was observed in thin h-BN of mono-, bi-, and tri-layer. At

high bias regime, Fowler-Nordheim tunneling occurred in h-

BN thicker than four layers. We estimate the barrier height

for tunneling and dielectric breakdown strength of h-BN are

3.03 eV (60.3) and 7.94 MV/cm, respectively. These results

confirmed that h-BN is the most promising candidate for

ultrathin insulator and gate dielectric.
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FIG. 4. (Color online) (a) ln(I/V2) vs. 1/V
curves for fitting of Fowler-Nordheim

tunneling model. From linear fitting of

curves, barrier height of 3.07 eV (60.3)

for tunneling was calculated. (b) Change

of breakdown voltage with thickness of

h-BN. The slope of linear fitting in (b)

shows dielectric strength of ultrathin h-

BN (7.94 MV/cm). Inset of (b) shows

log-scale tunnel current curves to deter-

mine breakdown voltages for h-BN of

various thicknesses, where numbers rep-

resent layer of h-BN.

243114-3 Lee et al. Appl. Phys. Lett. 99, 243114 (2011)

Downloaded 22 Dec 2011 to 128.59.87.99. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1038/nnano.2010.279
http://dx.doi.org/10.1038/nnano.2010.279
http://dx.doi.org/10.1103/PhysRevB.80.184505
http://dx.doi.org/10.1063/1.3492843
http://dx.doi.org/10.1016/S0921-5107(96)01619-4
http://dx.doi.org/10.1063/1.122690
http://dx.doi.org/10.1103/PhysRevB.51.6868
http://dx.doi.org/10.1103/PhysRevB.30.6051
http://dx.doi.org/10.1038/nmat1134
http://dx.doi.org/10.1038/nnano.2010.172
http://dx.doi.org/10.1038/nnano.2010.172
http://dx.doi.org/10.1038/nmat2968
http://dx.doi.org/10.1021/nl2005115
http://dx.doi.org/10.1021/nl200758b
http://dx.doi.org/10.1063/1.3599708
http://dx.doi.org/10.1016/S0169-4332(00)00223-3
http://dx.doi.org/10.1021/la703147q
http://dx.doi.org/10.1126/science.1064354
http://dx.doi.org/10.1021/nl048218x
http://dx.doi.org/10.1038/nature08569
http://dx.doi.org/10.1021/jp9921699
http://dx.doi.org/10.1021/jp9921699
http://dx.doi.org/10.1063/1.1729774
http://dx.doi.org/10.1098/rspa.1928.0091
http://dx.doi.org/10.1016/j.apsusc.2005.04.010
http://dx.doi.org/10.1016/j.apsusc.2005.04.010
http://dx.doi.org/10.1116/1.589918
http://dx.doi.org/10.1116/1.589918
http://dx.doi.org/10.1103/PhysRevB.44.7787
http://dx.doi.org/10.1021/nl061420a
http://dx.doi.org/10.1016/j.sse.2008.04.003
http://dx.doi.org/10.1116/1.3562276

