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Defects play a key role in determining the properties and tech-
nological applications of nanoscale materials and, because they
tend to be highly localized, characterizing them at the single-
defect level is of particular importance. Scanning tunnelling
microscopy has long been used to image the electronic struc-
ture of individual point defects in conductors1, semiconduc-
tors2–4 and ultrathin films5–9, but such single-defect electronic
characterization remains an elusive goal for intrinsic bulk insu-
lators. Here, we show that individual native defects in an intrin-
sic bulk hexagonal boron nitride insulator can be characterized
and manipulated using a scanning tunnelling microscope. This
would typically be impossible due to the lack of a conducting
drain path for electrical current. We overcome this problem
by using a graphene/boron nitride heterostructure, which
exploits the atomically thin nature of graphene to allow the
visualization of defect phenomena in the underlying bulk
boron nitride. We observe three different defect structures
that we attribute to defects within the bulk insulating boron
nitride. Using scanning tunnelling spectroscopy we obtain
charge and energy-level information for these boron nitride
defect structures. We also show that it is possible to manip-
ulate the defects through voltage pulses applied to the
scanning tunnelling microscope tip.

Boron nitride (BN) is an essential component in many new and
technologically promising devices that incorporate two-dimensional
materials10–12 and so it is crucial to understand the nature of intrin-
sic defects in BN layers. Previous cathodoluminescence and elemen-
tal analysis of high-purity single-crystal BN synthesized at high
pressure and temperature indicated the existence of residual impu-
rities and defects12,13. Optoelectronic experiments have revealed that
these defects give rise to photoactive states within the BN
bandgap14,15. So far, however, these studies have been limited to
spatially averaged defect behavior, and the investigation of individual
defects at the nanoscale remains an outstanding challenge.

Here, we visualize individual BN defects by capping a BN crystal
with a monolayer of graphene. Figure 1a shows a typical scanning
tunnelling microscopy (STM) topographic image of our graphene/
BN heterostructures, where a 7 nm moiré pattern can be seen on
top of long-range height fluctuations spanning tens of nanometres,
similar to previous imaging of graphene on BN16,17. Localized
shallow dips and a protrusion are also visible (Δz < 0.1 Å). More
revealing, however, are the differential conductance (dI/dV) maps
shown in Fig. 1b. Striking new features are visible in these data.
We observe randomly distributed bright (high dI/dV) and dark

(low dI/dV) circular dots (∼20 nm in diameter) that have varying
degrees of intensity (see Supplementary Sections 1 and 2 for inten-
sities and densities). Another common feature, as seen at the right
edge of the map in Fig. 1b, is a sharp ring structure with an interior
that does not obscure the moiré pattern. Close-up topographic
studies of these defects reveal unblemished atomically resolved gra-
phene honeycomb structure with occasional slight dips or a protru-
sion with |Δz| < 0.1 Å (Supplementary Section 3). Maps obtained at
numerous locations with many tips across three different devices
replicate these observations.

Figure 2a,b presents higher-resolution dI/dVmaps of representa-
tive bright and dark dot defects. These maps show clearly that the
graphene moiré pattern is not obscured by the defects. To determine
the effect of these defects on the electronic structure of graphene, we
performed dI/dV spectroscopy at varying distances from the dot
centres (each spectrum was started with the same tunnel current I
and sample bias Vs). These data are plotted in Fig. 2c,d for the
bright and dark dots, respectively. The spectra are characteristic of
undamaged graphene18, but show an electron/hole asymmetry
that is dependent on the tip position relative to the centre of a
defect. In Fig. 2c, for example, we see that dI/dV (Vs > 0) increases
as the tip approaches the bright-dot centre. Figure 2d shows the
opposite trend, as seen by the decrease in dI/dV (Vs > 0) as the
STM tip approaches the dark-dot centre. These basic trends were
seen for all bright and dark dot defects, regardless of the intensity
and tip–height configuration (Supplementary Section 4). These
observations can be understood by recalling that dI/dV reflects
the graphene local density of states (LDOS). The distance-depen-
dent enhancement of dI/dV above the Dirac point (Vs ≈ −0.17 V)
as the tip nears a bright dot in Fig. 2c can therefore be interpreted
as arising from the attraction of negatively charged Dirac fermions
to the dot centre. We thus conclude that the bright dot in Fig. 2a
reflects a positively charged defect in BN19,20. Similarly, the dis-
tance-dependent reduction of dI/dV above the Dirac point in
Fig. 2d arises from the repulsion of negatively charged Dirac fer-
mions from the defect. We thus conclude that the dark dots are
negatively charged19,20.

We now focus on the ring defects, as displayed at the right edge
of Fig. 1b. We find that the ring radius depends on the values of Vs

and backgate voltage Vg. Figure 3 shows that the ring radius changes
from 2 nm (Fig. 3a) to 11 nm (Fig. 3b) as Vg is changed from
Vg = 17 V to 9 V (with constant Vs = −0.3 V). Figure 3c shows the
dependence of the ring radius on Vg for various Vs values (denoted
by distinct symbols). These data were obtained by measuring the
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ring radius from dI/dVmaps taken at the same location as Fig. 3a,b,
but with differentVs andVg configurations. Although the precise ring
radius depends on the sharpness of the STM tip3, the qualitative
behaviour shown in Fig. 3c is typical of the vast majority of ring
defects observed here. In general, for fixedVs, the ring radius increases
with decreasing Vg until a critical backgate voltage (Vc = 6 ± 1 V) is
reached, whereupon the ring vanishes.

We now discuss the origin of the ‘dot’ and ‘ring’ defects observed
in our dI/dV maps. Three general scenarios are possible: (1) adsor-
bates bound to the surface of graphene; (2) adsorbates trapped at the
interface between the graphene and BN; and (3) intrinsic defects
within the insulating BN substrate. Our data imply that (3) is the
correct scenario, for the following reasons. First we rule out scenario
(1), because weakly bound adsorbates would have a higher height
profile than the topographically small features observed19,21

(Supplementary Section 3) and would also probably get swept
away by the STM tip when it is brought close enough to observe
the graphene honeycomb structure20. Strongly bound adsorbates
in scenario (1) would also probably have taller height profiles as

seen for other graphene adsorbates (Supplementary Section 3)
and should disrupt the graphene honeycomb lattice22 (which was
not observed). Also, strongly bound adsorbates should lead to
changes in the graphene spectroscopy due to the formation of loca-
lized bonding states22, which are not seen. Scenario (2) can be ruled
out because an adsorbate trapped beneath graphene would cause a
bump in graphene at least an order of magnitude larger than the
Δz < 0.1 Å feature observed here. We would also expect a trapped
adsorbate to locally delaminate the graphene from the BN substrate,
thus disrupting the moiré pattern, which is not seen.

Scenario (3)—intrinsic charged BN defects—is thus the most
likely explanation for the defects observed here. Polycrystalline BN
has been shown to host several varieties of charged defects, as
seen from electron paramagnetic resonance23 and luminescence
experiments24,25, as well as theoretical investigations26. In those
studies the most abundantly reported defects were nitrogen
vacancies, which were shown to act as donors, and carbon impur-
ities substituted at nitrogen sites, which were shown to act as
acceptors. Secondary ion mass spectroscopy studies of high-purity
single-crystal BN synthesized at high pressure and temperature
have also identified oxygen and carbon impurities13. A comparison
between optoelectronic experiments14,15 on new, high-purity single-
crystal BN and recent theoretical work27 shows that the nature of the
defects in the new, high-purity BN crystals is consistent with obser-
vations of carbon impurities and nitrogen vacancies in previous
polycrystalline studies (although the influence of oxygen impurities
remains ambiguous). Such defects, when ionized, could induce the
bright and dark dots observed in graphene/BN via a graphene
screening response28 (Figs 1 and 2). The fact that these defects are
embedded in the BN explains why the dots have such a small topo-
graphic deflection, as well as why the graphene lattice and moiré
pattern are not disrupted, and also why no new states arise in the
graphene spectroscopy21,22. Variations in the intensity of bright
and dark defects are explained by BN defects lying at different
depths relative to the top graphene layer.

It is possible to extract quantitative information regarding the
electronic configuration of BN defects from the STM dI/dV signal
measured from the graphene capping layer. This can be achieved
for the ring defects by analysing the gate (Vg) and bias (Vs) depen-
dent ring radius, shown in Fig. 3c. Similar rings have been observed
in other systems and have been attributed to the charging of an
adsorbate or defect3,21,29,30. Because the ring in Fig. 3 is highly
responsive to the presence of the STM tip and displays no charge
hysteresis, we expect that it lies in the topmost BN layer and is
strongly coupled to the graphene electronic structure. The STM
tip is capacitively coupled to the graphene directly above the
defect through the equation |e|δn = C(r)Vtip , where δn is the local
change in graphene electron density, C(r) is a capacitance (per
area) that increases with decreasing lateral tip–defect distance r,
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Figure 1 | STM topography and corresponding dI/dV map for a graphene/BN device. a, STM topographic image of a clean graphene/BN area. b, A dI/dV
map (I = 0.4 nA, Vs = −0.25 V) acquired simultaneously with a exhibits various new features: bright dots, a dark dot and a ring.
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Figure 2 | dI/dV maps and spatially dependent dI/dV spectroscopy
determining the defect charge state. a,b, dI/dV maps (I= 0.4 nA,
Vs = −0.3 V, Vg = 5 V) for bright- and dark-dot defects. c, dI/dV spectroscopy
(initial tunnelling parameters: I=0.4 nA, Vs = −0.5 V, Vg = 20 V) measured
on graphene at different lateral distances from the centre of the bright dot
in a. d, Same as in c, but for the dark dot in b. Distance-dependent dI/dV
spectroscopy reveals that a and b represent positively and negatively charged
defects in BN, respectively.
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Vtip is the tip electrostatic potential (Vtip = −Vs + constant,
Supplementary Section 6), and |e| is the charge of an electron. For
the dI/dV maps in Fig. 3, Vtip < 0, so the electrostatic gating from
the tip lowers the electron density of the (n-doped) graphene
directly beneath the tip. Figure 3d schematically depicts the local
electronic structure of the graphene immediately above the defect
when r is large and Vg is set such that the defect level is filled and
carries negative charge. As the tip approaches the defect, C(r)
increases and thus δn becomes more negative. Eventually, the
defect level crosses the Fermi level (and switches to a neutral
state) when the tip is at a distance R away from the defect, thus
causing a perturbation in the tunnel current that leads to the obser-
vation of a ring of radius R. Figure 3e shows the case (r < R) where
the defect is in a neutral charge state through interaction with the
tip. The energy level of the defect can be found by tuning Vg such
that the Fermi level matches the defect level in the absence of the
tip. This will cause the radius of the charging ring to diverge. As
seen in Fig. 3c, this occurs for the observed ring defects when
Vg = 6 ± 1 V, thus resulting in a defect level ∼30 ± 10 meV above
the graphene Dirac point energy (because the Dirac point energy
can be measured with respect to the Fermi level), which is expected
to be ∼4 eV below the BN conduction band-edge31. Interestingly,
this is similar to a previously observed carbon substitution defect
level24, suggesting that the ring defect arises from a carbon impurity.

Additional microscopic information regarding the observed BN
defects can be obtained by directly manipulating their charge state
with the STM tip. Similar manipulation has been performed pre-
viously to switch the charge state of defects in semiconductors32

as well as adatoms on top of ultrathin insulating films5, but this
type of STM-based manipulation is unprecedented for defects
inside bulk insulators. Figure 4a presents a dI/dV map exhibiting
numerous charged defects. To manipulate the charge state of the
observed BN defects, the STM tip was positioned 1 nm over
the centre point of this area and a bias of Vs = 5 V was applied for

10 s (Supplementary Section 8). After applying this voltage pulse,
a dI/dV map was acquired over the same region at low bias, as
shown in Fig. 4b. Figure 4c shows the same region after similar
application of a second pulse. Inspection of Fig. 4b,c shows that
the BN defect configurations are significantly altered by application
of such voltage pulses. The defects are seen to reversibly switch
between charged and neutral states, as well as between states
having opposite charge. To highlight this behaviour, we denote
changes to defect states (compared to the preceding image) with
coloured arrows. A red arrow signifies the disappearance of a
charged defect, a blue arrow represents the appearance of a
charged defect, and a green arrow indicates where a defect has
changed the sign of its charge. We find that defects that disappear
after a tip pulse always reappear in the same location after sub-
sequent tip pulses. Additionally, dark dots tend to switch into meta-
stable neutral states (that is, disappear) at a higher rate than bright
dots. Ring defects, as well as the darkest and brightest dots, remain
unchanged by tip pulses.

This tip-induced manipulation of BN defects can be explained by
electric-field-induced emission of charge carriers from BN defect
states. By tilting the local potential landscape, the STM tip causes
charge carriers to tunnel through the ionization barrier between
different defects, charging some while neutralizing others
(Supplementary Section 9). This accounts for the disappearance
and reappearance of the dots in the same location, which cannot
be described by defect migration through the BN lattice. In addition,
the observation of a higher rate of switching for the dark dots
(acceptors) than bright dots (donors) suggests it is more energeti-
cally favourable for neutral acceptors to emit holes than for
neutral donors to emit electrons (and the same for the reverse pro-
cesses). Hence, the acceptor states are probably closer to the valence
band than the donor states are to the conduction band. Because the
rings, as well as the darkest and brightest dots, never change under
tip pulses, we surmise that they are in the top layers of BN and in

 
Tip Tip

b

EC

Graphene
Defect

r > R r < R

r

z

r
EC

hBN

d e

EV

Defect level

Graphene
hBN

DOS

EV

Defect level
Graphene

hBN

Charged defect
Neutral defect

1612840

20

5

Vs = −150 mV
Vs = −200 mV
Vs = −250 mV
Vs = −300 mV
Vs = −400 mV
Vs = −500 mV
Vs = −600 mV
Vs = −700 mV

Radius (nm)

V g (
V

)

10 nm

Vg = 9 V

10 nm

Vg = 17 VHigh

Low

a

c

Figure 3 | dI/dV maps of ring defect enable energy-level characterization. a,b, dI/dV maps (I =0.4 nA, Vs = −0.3 V) of the same ring defect at backgate
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direct electrical contact with the graphene. Their charge states thus
depend only on graphene’s local chemical potential and show no
hysteresis or metastability with the electric field (for example, the
ring defects smoothly and reversibly alter their charge in response
to the passage of the STM tip and always return to the same
charge state). The defects that switch into new metastable charge
states (that is, exhibit hysteresis) must thus be in lower BN layers,
out of direct contact with the graphene.

In conclusion, we have shown that a single graphene capping
layer enables STM imaging and manipulation of individual point
defects in an insulating bulk BN substrate. We were able to identify
the charge state of individual defects and we have quantitatively

extracted the energy level location for one species of defect
(suggesting that it is a carbon impurity). We find that voltage
pulses applied to our STM tip enable ionization, neutralization
and even toggling of the charge state for defects in BN. This new
method of using an atomically thin conducting capping layer to
probe and control defects in bulk insulators might be extended to
other insulator/defect systems previously inaccessible to STM,
such as diamond with nitrogen–vacancy centres.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
The samples were fabricated using the transfer technique developed by Zomer and
colleagues33 with standard electron-beam lithography. We used high-purity BN
crystals synthesized by Taniguchi and colleagues13, exfoliated to 60–100 nm
thickness and with a SiO2 thickness of 285 nm as the dielectric for electrostatic
gating. Monolayer graphene was exfoliated from graphite and deposited onto methyl
methacrylate polymer and transferred onto BN (also annealed) sitting on a SiO2/Si
wafer. Completed devices were annealed in flowing Ar/H2 forming gas at 350 °C and
their electrical conductance was measured with a standard a.c. voltage bias lock-in
technique with a 50 μV signal at 97.13 Hz. Samples that exhibited bipolar transport
within a gate voltage range of −30 to 30 V were then transferred into an Omicron
ultrahigh-vacuum (UHV) low-temperature STM. A second anneal was then
performed for several hours at ∼300 °C and 10−11 torr before moving the device into
the STM chamber for measurements at T = 5 K. Before all STM measurements, the

platinum iridium STM tip was calibrated by measuring the surface state of an
independent Au(111) crystal. All STM topographic images were acquired in
constant current mode with a sample bias Vs defined as the voltage applied to
the sample with respect to the STM tip. All scanning tunnelling spectroscopy
measurements were obtained by lock-in detection of the a.c. tunnel current induced
by a modulated voltage (6 mV at 613 Hz) added to Vs. The uncertainty in the
measurements of the ring radii plotted in Fig. 3c is smaller than ±0.22 nm for all
data shown.

References
33. Zomer, P. J., Dash, S. P., Tombros, N. & van Wees, B. J. A transfer technique for

high mobility graphene devices on commercially available hexagonal boron
nitride. Appl. Phys. Lett. 99, 232104–232107 (2011).

LETTERS NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2015.188

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

© 2015 Macmillan Publishers Limited. All rights reserved

http://dx.doi.org/10.1038/nnano.2015.188
http://www.nature.com/naturenanotechnology

	Characterization and manipulation of individual defects in insulating hexagonal boron nitride using scanning tunnelling microscopy
	Methods
	Figure 1  STM topography and corresponding dI/dV map for a graphene/BN device.
	Figure 2  dI/dV maps and spatially dependent dI/dV spectroscopy determining the defect charge state.
	Figure 3  dI/dV maps of ring defect enable energy-level characterization.
	Figure 4  Manipulating defects in BN with an STM tip.
	References
	Acknowledgements
	Author contributions
	Additional information
	Competing financial interests
	Methods
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    35.29000
    35.29000
    36.28000
    36.28000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50000
    8.50000
    8.50000
    8.50000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG PRINT PDF Job Options. 4th September 2006. PDF 1.3 Compatibility. Adds Trim and Bleed boxes top Nature pages where none exist.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


