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1. Comparison of Dot Intensities

The average d//dV intensities for bright and dark dots in several of our maps
cluster into distinct values, suggesting that both dot-defect types are located in multiple
layers of the BN crystal. In Fig. S1b we illustrate our methodology for acquiring the

average dI/dV intensity of dot-defects on an enlarged bright dot. The sampling area for an
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average intensity is defined by the orange square (~ 49 nm?), which encloses most of the
bright dot. We used a similar sampling area throughout our analysis because it represents
a balance between under and over sampling. Also, for each map, the boxed area was the

same for each dot.

Fig. S2a and Fig. S2¢ are the same dI/dV maps, and they host bright and dark dots
denoted by coloured circles in each map separately. Using the methodology described
above, we acquired the average d//dV intensities from the bright dots in Fig. S2a and
plotted this in Fig. S2b. We carried out the same procedure for the dark dots in Fig. S2¢
and plotted their average intensities in Fig. S2d. We find that the dot defects cluster into
distinct values within the error bar, which is half of the moiré amplitude. For each of the
bright and dark dots we observe three unambiguous values for the average d//dV
intensity. Subsequent d7/dV maps that focus on dots at different locations show a similar
trend of clustering at distinct average intensity values. The number of these values varies
from two to five. We believe the observed clustering of the average d//dV intensities into
distinct values provides evidence that the dot-defects are located in distinctly different

BN layers.

In Fig. S3 we compare the bright dots from different d//dV maps by using a
histogram. First, to eliminate tip density of states prefactors, we define normalized dot
intensities by dividing the average d//dV intensity of each dot by the average dI/dV
intensity of the brightest dot from its respective d//dV map. This was performed for 56
bright dots. The histogram shows that the normalized dot intensities from different maps

cluster into three groups of normalized intensities, which we denote with three different
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colours. The observed clustering provides evidence that the dot-defects are located in

distinct BN layers.
2. Defect Densities

The defect densities in our dZ/dV maps are consistent with the charge
inhomogeneity seen in transport measurements of high quality graphene/BN
heterostructure devices. By counting the number of defects visible in several dI/dV maps
across three different devices, we found defect densities in the range of 10" - 10’ cm™.
In transport measurements, the charge inhomogeneity can be extracted from the full
width at half maximum of highly symmetric R(V,) curves (R is the measured resistance
and Vj is the gate voltage responsible for the electrostatic induced charge density in
graphene). Previous transport studies'” report charge inhomogeneities in the range of
10" - 10° cm™. The agreement between the two distinct measurement techniques

indicates that these defects are likely a limiting factor for mobility in graphene/BN

devices.
3. Pristine Graphene Lattice

In order to verify that the dots and rings are not caused by adatoms, defects in the
graphene lattice (e.g. vacancies and substitutional atoms), or atoms and molecules
trapped between graphene and BN, we acquired atomically resolved topographic images
in regions inhabited by dots and rings. An example of such a topographic image is shown
in Fig. S4, which clearly displays a perfectly periodic graphene lattice superimposed on a
moiré pattern at the same location as a defect. Since the moiré pattern arises from an

interlayer interaction between the graphene monolayer and BN, atoms and molecules
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trapped underneath graphene should disrupt the moiré periodicity. No such distortions in
the moiré pattern are observed. Furthermore, there have been many STM studies
involving adsorbates on graphene and lattice defects in graphene. Brar et al., Wang et al.,
and Eelbo et al. studied metal adatoms (Co, Ca, Fe, and Ni) on graphene3'6. Balog et al.
and Scheffler er al. studied hydrogen adatoms on graphene’®, Zhao er al. studied nitrogen
and boron substitutional defects in graphene”'’, and Ugeda et al. studied vacancies in
graphene'’. In all of these studies, the adatoms and graphene lattice defects were clearly
visible in STM topographic data. No such topographic features were observed for the
dots and rings presented in this paper. We conclude that the dots and rings originate from

defects in BN.
4. Tip Height Dependence of dI/dV and Defect Charge Determination

The charge of a defect seen by STM cannot be determined from an individual
dZ/dV map since it does not contain enough information. The d//dV maps must be

supplemented with energy-dependent dI/dV spectroscopy’*°.

First, we explain what a d7/dV map represents. Since d//dV is proportional to the
electronic LDOS', a dI/dV map is a measure of LDOS(x,y,z,E). Here, we define x and y
as parallel to the surface, z as perpendicular to the surface, and E as energy. As an STM
raster scans across a surface, the STM tip height z does not remain at a constant height

above atomic nuclei. Since wave functions decay exponentially into the vacuum,

(z—zp)

LDOS(x,y,z,E) = LDOS(x,y,2zy, E)e 2

where zj is a constant height over atomic nuclei, A characterizes the length scale of the
exponential decay, and z - z, denotes vertical excursions from the plane defined by z,.
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Because STM measurements are performed with a constant-current /, feedback

condition, the following condition holds:

(z—zp)

Vs Vs
I, x f LDOS(x,y,z,Er + eV)dV x e 2 f LDOS(x, y, zy, Er + eV)dV
0 0

Solving for the exponential tip height factor (which we call y):

_(Z—Zo) 1
Yy =e A X v
S
|/, * LDOS(x, y, 2o, Er + eV)av

This means that

al LDOS(x, y, zy, Er + eV,
—(x,y,2) o« LDOS(x,y,z, Er + eV;) % +—; (x,y, 20, Er s)
av V=Vs |f05 LDOS(X', y, ZO'EF 1+ eV’)dV’

Thus, a dI/dV map is not a perfect representation of LDOS at energy Er + el; and fixed
height z, (for more details, see Wittneven et al.'?). Rather, dI/dV maps also include
information about LDOS at energies between Er and Er + eV;. For this reason, energy-
dependent dI/dV spectroscopy must be acquired to determine a dot’s charge sign. This is
demonstrated by the dI/dV spectra for both types of dots shown in Figs. 2¢ and 2d of the
main text. Since the initial tunnelling parameters (Ip = 0.4 nA, V;=-0.5 V) are the same
for every dI/dV curve, there must also be the same area underneath each curve from Vs = -
0.5V to Vo= 0 V. Due to the constant-current feedback condition, the tip height z is

adjusted such that each d//dV curve is naturally multiplied in the bare data by a y factor

Vs d
that ensures I, = |fosédV|.
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Each curve in Figs 2¢ and 2d of the main text is thus naturally multiplied by a

, .. Vs dI
different y factor to ensure the constant-current feedback condition I, = | ) o - dV|.
This must be considered when dZ/dV values at different locations are compared. One way

to do this is to compare ratios of d//dV values at different energies on the same curve.

Here it is useful to define the following asymmetry factor:

dl

W —3
Asymmetry Factor = I il

AVly——osv

The exponential tip height factor is removed in such a ratio, and values of the asymmetry
factor at different spatial locations can be meaningfully compared independent of the
initial tunnelling conditions. In Fig. S5, we plot the asymmetry factor against distance
from the centre of the bright and dark dots shown in Figs 2a and 2b of the main text. For
a positively charged defect in BN (what we call a “bright” dot), the asymmetry factor
decreases with distance because a positively charged defect attracts electron-like Dirac
fermions and repels hole-like Dirac fermions. This trend is reversed for negatively
charged defects (what we call “dark” dots), for which the asymmetry factor increases
with distance from the dot centre. Wang er al. originally developed this asymmetry

analysis for studying charged adatoms on graphene®.

The initial tunnelling bias for the spectroscopy shown in Fig. 2¢,d of the main text
was negative. If we change the initial tunnelling bias to Vs =+0.5 V, this fixes the area
under the d//dV curves over the range 0 < Vs <+0.5V. This data is shown for both a
positively charged and a negatively charged defect in Fig. S6a and Fig. S6b, respectively.

Notice that the left sides of the d7/dV curves in Fig. 2 of the main text all align, while the

6
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right sides of the dZ/dV curves in Fig. S6 all align. Whether the left sides or right sides of
dZ/dV align depends simply on the sign of the initial tunnelling bias and does not affect
our determination of impurity charge. This can be rationalized as follows: The states
below the Dirac point represent hole-like charge carriers. Thus, dZ/dV in Fig. S6a
decreases near the positive defect because holes are repelled. Likewise, d//dV in Fig. S6b
increases near the negative defect because holes are attracted. Thus, it is possible to
determine the defect charge type regardless of the choice of sign for the initial tunnelling

bias.

5. Determination of the Charge Sign of a Ring

The charge state of the ring shown in Fig. 3 of the main text can be determined
through dZ/dV spectroscopy similar to the bright and dark dots. As seen in the figure, the
ring is closed at V, =+30 V, and is charged when the STM tip lies outside of the ring.
Fig. S7 shows dI/dV spectra for various distances outside of the ring. Analysis similar to
that described in the previous section reveals that the ring represents a negatively charged
defect. This is consistent with the fact that the bright ring in Fig. 3a of the main text is
surrounded by a dark cloud. This dark cloud is equivalent to a dark dot, indicating that
the defect associated with the ring is negatively charged when the tip is outside the bright

ring structure.

6. Additional Details Regarding Theoretical Explanation of the Ring Defect

Here we present additional details for our description of the ring phenomenon that
incorporates a defect in the topmost layer of BN. Fig. 3d of the main text depicts the local

electronic structure of the graphene immediately above a negatively charged defect when
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the lateral tip-to-defect distance r is large. The electric potential of the tip relative to
graphene is Viip = -V + (Pgraphene - Prer)/e, with graphene work function @graphene = 4.5
eV' and platinum-iridium work function ®py, = 5.2 €V'>. The tip is capacitively coupled
to the graphene directly above the defect through the equation |e|6n = C(r) Vi, where 6n
is the local change in graphene electron density and C(r) is a capacitance that increases
with decreasing r. For the d7/dV maps in Figs 3a and 3b of the main text, Vij, <0, so the
electrostatic gating from the tip lowers the electron density of the graphene directly
beneath the tip. Thus, as the tip approaches the defect, C(r) increases and dn becomes
more negative. Eventually, the Fermi energy crosses the defect level when the tip is at
some distance R away from the defect (where R is the ring radius). Fig. 3e of the main
text shows that for » < R, the Fermi energy is below the defect level, and the defect is
neutralized. Since the charge state of the defect (and hence, the LDOS in graphene) is
different for the two conditions r > R and r < R, there is an abrupt change in the
tunnelling current at » = R. In a dI/dV map, this manifests as a ring with radius R
separating the region where the tip is too far to neutralize the defect (»r > R) from the
region where the tip is close enough to neutralize the defect (r <R).

This model is in agreement with the experimental data shown in Fig. 3¢ of the
main text. For a fixed V; and starting with the graphene Fermi energy above the defect
energy level, the ring radius R increases with decreasing V, until a critical back-gate
voltage V. = 6 £ 1V, upon which the ring vanishes (as R — o). This can be explained if
V. is the back-gate voltage that causes the Fermi energy to align with the defect energy
level. As V, approaches V. from above, the |dn| required to neutralize the defect

decreases, so R increases. The experimental value of V, depends on the local charge
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neutrality point, which varies due to charge inhomogeneity, but dZ/dV spectroscopy
reveals that V. corresponds to a Fermi energy (and defect level) 30 +£ 10 meV above the
Dirac point. In addition, Fig. 3¢ of the main text shows that (at fixed V,) the ring radius
decreases as V; approaches -800 mV. This is expected from the equation C(R) = |e|dn/Vip,
since Vi, approaches zero as Vs approaches ®@graphene - Ppiar = -750 £ 50 meV. As Vi

decreases, C(R) increases, leading to a smaller ring radius R.

A more detailed analysis of the data in Fig. 3c of the main text can be performed.
Since C(R) = |e|dn/ V4 1s only a function of R, the data can be rescaled onto a single
curve. Fig. S8a shows |Vg-Vi|/|-Vs + (Pgraphene - Prur)/€| plotted against ring radius R,
where V. =6 V and ODgraphene - Prar = -0.8 €V, as expected from the previous discussion.
The data all collapses onto a single curve independent of sample bias V. Furthermore,
the curve follows a shifted power law

V= V. ___a
| - Vs + (cpgraphene - (DPtIr)/el (RZ + ﬁZ)y

where a, B, and y are geometric factors that depend on the tip and sample geometry. Fig.
S8b plots (|Ve-Vel/|-Vs + (@graphene - Prar)/e]) ™7 as a function of R?, using y = 0.63. The
data in Fig. S8b falls onto a straight line, indicating that the above shifted power law

function is a good fit for the data in Fig. S8a.

If the tip was an infinite plane parallel to the graphene, y = 0 (because there would
be no R dependence). On the other hand, if the tip was a perfect sphere (and graphene
was perfectly metallic), y = 1. Our value of y = 0.63 reflects a tip geometry somewhere

“in between” a plane and a sphere.
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7. Gate Dependence of dI/dV

Here we examine the effect of gate voltage on the dot defects. Figs S9a,b show
d1/dV spectroscopy measured at different distances away from the bright and dark dots
shown in Fig. 2 of the main text, but at a different gate voltage of V, =5 V. These
spectroscopy curves look similar to the V, =20 V data from Fig. 2, except for a shifted
Dirac point. More illuminating information can be obtained from Figs S9c,d, which
show d7/dV maps (Vs =-0.30, I = 0.4 nA) of two bright dots and one dark dot at V, =5V
and V, =-15 V, respectively. All three dots are present in both d//dV maps, but the dot
defects in the V, = -15 V map appear to be laterally smaller than in the V, =5 V map.
This represents a decrease in graphene’s screening length with increasing charge carrier

density. The Thomas-Fermi screening length is given by '°

Ao = MEgKK Avg

S T

where kg is the magnitude of the Fermi wave vector, v is the Fermi velocity, k is the
substrate dielectric constant, and k* is the interband dielectric constant. Increasing the
gate voltage |V, - Venp| also increases kg, reducing Arp. Thus, the dot defects appear
smaller at the higher magnitude gate voltage. We emphasize that this reflects a change in
the graphene layer’s screening properties and does not reflect any actual change in the

properties of the BN defects.
8. Procedure for Defect Manipulation

The procedure for applying tip pulses to manipulate defects in a BN crystal substrate is

presented below:

10
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1. SetV,=0.5V,V,=0YV,andI=0.4nA under closed loop conditions.
2. Turn off STM feedback loop.

3. Withdraw the STM tip 1 nm away from set point position.

4. Ramp Vi up to +5 V over a period of 30 seconds.

5. Wait At =10 seconds. This wait time can be varied.

6. Decrease V; back to 0.5 V over a period of 30 seconds.

7. Turn on STM feedback loop.
9. Discussion of Possible Models for Defect Manipulation

Direct tunnelling'’, phonon-assisted tunnelling'®, and the Poole-Frenkel effect'
are electric-field-induced charge emission mechanisms that can explain the charge
exchange between defects that we observe in our experiment. Previous studies of these

mechanisms have determined that the defect emission rate W can be written as
W « ePEY

where E is the magnitude of the applied electric field, y is an exponent that depends on
the particular mechanism, and /$ is a coefficient that may depend on temperature. This
relation shows that charge emission mechanisms are acutely sensitive to E. In our
experiment, we found that charge exchange between defects had a sharp tip-to-sample
voltage threshold of V; = 3V for the tip-pulse procedure described above (step 4 in
Section 7). This is consistent with the expected E dependence of the three charge
emission mechanisms mentioned above, although each has a distinct £ and temperature

dependence®. Future experiments employing wide temperature and electric field

11
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tunability will be useful for pinpointing the precise mechanism responsible for observed

defect charge exchange.
10. Defect Manipulation Video

This movie consists of dI/dV maps (similar to Fig. 4 of the main text) and shows dot-defect
manipulation for each map. The manipulation is generated by carrying out the defect

manipulation procedure outlined above in Section 8.
11. STM Tip Navigation to Graphene

Since insulators do not support a tunnelling current for normal STM operation,
our tip must be safely navigated to the graphene device without crashing into either SiO,
or BN. For sample sizes larger than 30 x 30 um?, the STM tip is coarse aligned with
graphene/BN (using a stick-slip piezoelectric actuator with a range of a few millimetres)
at liquid helium temperature with the assistance of a long-distance optical microscope
(Model K2 from Infinity Photo-Optical Company). Although our optical microscope
setup has a field of view large enough to image a centimetre-sized SiO, chip, it is not able
to resolve features smaller than 30 x 30 pmz. To locate these smaller graphene devices,
we employ a scanning gate technique21 in which the graphene conductance is monitored
while moving the tip laterally. The tip (Vs =+£10 V) electrostatically gates the graphene,
and we measure a change in the conductance when the tip is directly above the graphene
(compared to when the tip is not above graphene). To maximize the conductance change,
the tip is placed as close to the surface as possible without crashing. This can be
accomplished by approaching a grounded metal electrode near graphene. Additionally,
the back-gate voltage is set such that the rate of change of the conductance G(Vy) is

maximal. The observed conductance change depends on the sample size (with smaller

12
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samples showing greater conductance changes) and the tip geometry, but a 5% change is
not unreasonable for most graphene devices. If executed correctly, this technique allows
reliable navigation of the tip to the graphene without risk of crashing. A detailed step-by-

step procedure is presented below:

1. Approach the source or drain electrode of the graphene/BN device using a coarse
piezoelectric motor and a long range optical microscope.

2. Retract the STM tip from the electrode by a “safe” distance. What is considered
“safe” depends on how parallel the coarse motion is with respect to the sample
stage, which can vary depending on the STM and sample mounting procedure. It
requires some trial and error to determine typical “safe” distances for each setup.

3. Change the bias to V,=+10 V. Measure G(V,), and set V, such that dG/dV, is a
maximum.

4. Walk the STM tip towards the graphene while monitoring the conductance G.
Place the tip in the position where G deflects most from the background value.

5. Walk the STM tip in a perpendicular direction while monitoring G. Place the tip
in the position where G deflects most from the background value.

6. Iterate steps 4 and 5 until the STM tip converges on the graphene/BN device
position.

7. Approach and scan graphene.

13
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Supplementary Figure S1: d//d}V map of bright and dark dots and methodology of
dot intensity analysis. (a) d//dV" map (/= 0.4 nA, V = -0.25 V) of graphene/BN shows

various dot and ring defects. (b) The orange box shows typical dot intensity sampling
area where a balance between over and under sampling of d//dV intensity is achieved.

Supplementary Figure S2: dZ/dV map showing bright and dark dots intensity
distribution. (a) and (c) both show the same d//dV" map (/= 0.4 nA, V. =-0.25V) of

graphene/BN exhibiting bright and dark dot defects. Coloured circles denote intensity of
dots (same colour used for same intensity); bright dots circled in (a), and dark dots circled
in (¢). (b) and (d) the average d//dV intensity is plotted for bright and dark dots,
respectively. The error bar represents + (moiré amplitude/2). The bright and dark dots
each cluster into distinct values in this image.

Supplementary Figure S3: Histogram of normalized dZ/dV dot-defect intensities. 56
object histogram of normalized bright dot d//dV intensities from several d//dV maps. The
bright dots cluster into three normalized dot intensities. We denote these clusters with
three different colours.

Supplementary Figure S4: Atomically resolved lattice for graphene/BN. STM
topographic images show that the dots and rings do not distort the moir¢ superlattice.
Location of a ring defect originating from the underlying BN insulator is centred at the
cross hair (tunnelling parameters: /= 0.4 nA, V_=-0.1 V).

Supplementary Figure S5: Asymmetry factor vs. distance from dot centre. The
asymmetry factor derived from d//dV spectra obtained as a function of distance from dot
defect centre decreases with increasing distance from a positive (“bright”) dot centre and
increases away from a negative (“dark”) dot centre. (Dashed lines are guide to the eye).

Supplementary Figure S6: Spatially dependent dZ/dV spectroscopy. (a-b) (a) d//dV
spectroscopy (initial tunnelling parameters: /= 0.4 nA, V =+0.5V, Vg =20 V) measured
on graphene at different lateral distances from the centre of the bright dot in Fig. 2 of the
main text. (b) Same as (a), but for the dark dot. With the initial tunnelling bias V' =+0.5
the areas under the dI/dV curves for 0 < V; <+0.5V are fixed, in contrast to Fig. 2 of the
main text. The charge polarity of dot defects can be determined in a similar manner
regardless of the sign of the initial tunnelling parameters.

Supplementary Figure S7: Spatially dependent dZ/dV spectroscopy near ring defect.
d7/dV spectroscopy (initial tunnelling set point: V =-0.5V, /= 0.4 nA, Vg =30V)asa
function of distance from the centre (and outside) of a closed ring (same region as Fig. 3
of the main text). Asymmetry trend shows that the ring corresponds to a negatively
charged.

Supplementary Figure S8: Relationship between the gate voltage and tip

electrostatic potential. (a) In agreement with our model, the data in Fig. 3¢ of the main
text collapses onto a single curve after dividing by the tip electrostatic potential. This is
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proportional to the capacitance between the tip and the graphene above the ring defect as
a function of tip-defect distance. (b) The capacitance obeys a simple shifted power law
for y=0.63.

Supplementary Figure S9: Gate dependence of d//dV spectra and maps. (a) d7/dV
spectroscopy (initial tunnelling parameters: /=0.4 nA, V =+0.5V, Vg =5 V) measured

on graphene at different lateral distances from the centre of the bright dot in Fig. 2 of the
main text. (b) Same as (a), but for the dark dot. (c) dZ/dV" map (V¥ =-0.30, /= 0.4 nA, Vg

=5 V) containing three dot defects. (d) Same as (c), but for Vg =-15V.
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Supplementary Figure S7

2

dI/dV(a.u)
[y

-0.4 0 0.4
Sample bias (V)

© 2015 Macmillan Publishers Limited. All rights reserved



Supplementary Figure S8
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Supplementary Figure S9
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