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We report on the fabrication and characterization of etched graphene quantum dots (QDs) on

hexagonal boron nitride (hBN) and SiO2 with different island diameters. We perform a statistical

analysis of Coulomb peak spacings over a wide energy range. For graphene QDs on hBN, the

standard deviation of the normalized peak spacing distribution decreases with increasing QD

diameter, whereas for QDs on SiO2 no diameter dependency is observed. In addition, QDs on hBN

are more stable under the influence of perpendicular magnetic fields up to 9 T. Both results

indicate a substantially reduced substrate induced disorder potential in graphene QDs on hBN.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818627]

Graphene promises weak spin-orbit1,2 and hyperfine

interaction3 making this material interesting for hosting

quantum dots (QDs) with potentially long-living spin states.

However, the missing band gap in graphene makes the con-

finement of electrons challenging. At present, there are two

main strategies to overcome this limitation: (i) size confine-

ment by nanostructuring4–14 or (ii) top-gating bilayer

graphene.15–20 In the first case, the broken lattice symmetry

introduces an effective energy gap, while in bilayer graphene

a transverse electric field breaks the inversion symmetry

resulting in a small band gap.16 This second approach has

only recently been demonstrated to be promising for confin-

ing carriers.19,20 Vice versa, nanostructured graphene QDs

have been extensively studied in the last years, and, for

example, electron-hole crossover,21 spin states,22 and charge

relaxation times23 have been reported. However, graphene

nanodevices suffer from disorder, making it hard to tune

QDs into the few carrier regime. The disorder potential in

these devices is expected to arise both from the substrate and

the edge roughness. A promising approach to reduce the sub-

strate (i.e., bulk) disorder is based on placing graphene on

hexagonal boron nitride (hBN).24,25 While graphene on SiO2

exhibits charge puddles with diameters on the order of a few

tens of nm,26 the size of charge puddles in graphene on

hBN have been reported to be roughly one order of magni-

tude larger.25 These results make hBN an interesting sub-

strate also for graphene QDs, and it may allow to learn more

about the contribution of edge roughness to the overall

disorder.

In this letter, we investigate nanostructured graphene

QDs on hBN with island diameters ranging from 100 to

300 nm. These values are on the order of the expected size of

charge puddles in bulk graphene on hBN. To allow for a com-

parative study, we fabricated geometrically identical gra-

phene QDs on SiO2 and performed low temperature transport

measurements on both kinds of devices. In particular, we

focus on the fluctuations of the Coulomb-peak spacings as a

function of the dot size. We show that, for graphene QDs on

hBN, the standard deviation of the normalized peak spacing

distribution decreases with increasing island diameter. Vice

versa, for QDs on SiO2 no diameter dependence can be

observed in the investigated regime. In addition, we show

that QDs on hBN exhibit a stable single-dot behavior even in

magnetic fields up to 9 T. All results indicate that the disorder

potential is significantly reduced in graphene QDs on hBN

with larger diameter and that edge contribution dominates the

disorder potential for smaller QDs.

The device fabrication is based on mechanical exfolia-

tion of graphene and hBN flakes. Hexagonal BN flakes are

deposited on 295 nm SiO2 on highly doped Si substrates. By

closely following the work of Dean et al.,24 we transferred

individual graphene sheets on selected hBN flakes with a

thickness of around 20–30 nm (see, for example, Fig. 1(a)).

Electron beam lithography (EBL) followed by reactive ion

etching with an Ar/O2 plasma is employed to etch the gra-

phene flakes. The resulting graphene nanostructures are then

contacted in a second EBL step, followed by metal evapora-

tion of Cr/Au (5 nm/150 nm).

To verify the single-layer nature of the transferred gra-

phitic films we perform Raman spectroscopy measurements.

In Fig. 1(c) we show the 2D peak of a typical Raman spec-

trum. The 2D peak is centered at 2680 cm�1 and exhibits a

full width at half maximum (FWHM) of 24 cm�1, which

proves that the investigated flake is a single-layer graphene

sheet. Our fabrication process for graphene on hBN has been

optimized to obtain high quality samples with low doping

fluctuations and a low overall doping level, as detailed in

Ref. 27. Fig. 1(b) shows a scanning tunneling microscope

(STM) image of a graphene flake on hBN. Measurements are

performed in a multi-tip STM setup at a bias voltage of 0.5 V

and a constant current of 65 pA. The data are Fourier filtered

around the high symmetry points of the unfiltered two-

dimensional Fourier spectrum (bright spots in the inset of

Fig. 1(b)) to enhance the visibility of the emergent periodic

pattern. This can be identified as a Moir�e pattern arising

from the lattice mismatch of graphene and hBN, reflecting

the high quality of the transferred graphene. The unit cell

vectors a1 and a2 have a length of about 3 nm and are con-

sistent with a Moir�e pattern arising from an angular lattice

mismatch of less than 5� at the investigated location.28
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In Figs. 1(d)–1(f), we show scanning force microscope

(SFM) images of etched graphene quantum dot devices on

hBN with different island sizes. All devices are based on a

graphene island that is connected by constrictions to both

source (S) and drain (D) leads. Lateral graphene gates side

gate left (SGL), plunger gate (PG), and side gate right (SGR)

in Fig. 1(d)) are placed nearby the island and the constric-

tions and allow to locally tune the chemical potential. All

devices are intentionally located in the center of areas which

are not disturbed by the characteristic wrinkles of graphene

on hBN (see, e.g., arrow in Fig. 1(e)). To allow for a detailed

comparative study, we fabricated identical graphene QDs on

SiO2. In all devices, the underlying highly doped Si substrate

can be used as a back gate (BG) to adjust the Fermi level.

In Figs. 2(a)–2(d), we show low-temperature transport

measurements (1.5 K) performed on a QD device on hBN,

with an island diameter of 110 nm (see Fig. 1(d)). Fig. 2(a)

shows the source-drain current as function of back gate volt-

age, VBG (side gate voltages are at 0 V). The so-called trans-

port gap, i.e., the region of suppressed current around

VBG¼ 20 V extends over a range of roughly DVBG � 15 V,

which is in agreement with earlier studies on etched graphene

nanoribbons and QDs on SiO2 (Refs. 4–14) and graphene

nanoribbons on hBN.29 In Fig. 2(b), the current ISD is recorded

as a function of the side gate voltages VSGR and VSGL. The

cross shaped region of suppressed current can be attributed to

the transport gap of the two constrictions connecting the island

to the leads. Similarly to the device discussed in Ref. 9, the

small cross-talk of the lateral side gates allow to tune transport

through the two constrictions independently into the electron

(N) and hole (P) regime. The resulting 4 different regimes

with finite current (NN, NP, PP, and PN) are indicated in Fig.

2(b). In our study we used this type of maps for fixing the side

gate voltages deep in the common transport gap (see dot and

dashed lines in Fig. 2(b)), where both constrictions perform

best as tunneling barriers. In Fig. 2(c), we show the current

ISD as function of the PG voltage VPG in a regime where the

two barriers are pinched-off. Distinct resonances occur due to

Coulomb blockade in the graphene QD. From finite bias

measurements (see Fig. 2(d)) we extract a PG lever arm of

a � 0:15 and a charging energy of EC � 8� 10 meV, which

is in reasonable agreement with values reported earlier for gra-

phene QDs of similar size on SiO2.11,23 In Fig. 2(e) we show

the charge stability diagram of a graphene QD on hBN with a

diameter d¼ 300 nm, in the presence of a perpendicular mag-

netic field of 9 T. The vertical features in the measurement can

be attributed to resonances located in the right constriction,

while the diagonal lines of elevated conductance correspond

to the Coulomb peaks in the actual QD. This measurement

indicates that, even at this high magnetic fields, the sample

behaves as a single QD over a very large range of gate vol-

tages. Such a high stability of single-dot characteristics is hard

to observe in graphene QDs of similar size on SiO2, which

tend to break apart into several smaller dots in high magnetic

fields due to the roughness of the disorder potential.30 This ob-

servation is a first indication of a rather homogeneous poten-

tial landscape for graphene QDs on hBN, compared to SiO2.

For a more detailed and quantitative comparison

between graphene QDs resting on hBN and SiO2 we study in

total 8 different devices fabricated on both substrates and

focus in particular on the distribution of the Coulomb-peak

spacing DVPG, i.e., the spacing between two subsequent

Coulomb peaks (see the inset in Fig. 3(a)).

A typical series of 94 Coulomb peaks of a QD on hBN

with d¼ 180 nm is shown in Fig. 3(a). The spacings between

two consecutive peaks show no systematic tendency towards

lower or higher values with varying gate voltage. Similar

FIG. 1. (a) Optical image of a graphene flake on hBN. (b) Fourier filtered

STM image of graphene on hBN exhibiting a periodic Moir�e pattern. Inset:

Fourier spectrum of the unfiltered data in the main panel. Scale bar is

0.5 nm�1. (c) 2D peak of a representative Raman spectrum of a transferred

graphene flake on hBN. (d)–(f) Scanning force micrographs of etched gra-

phene quantum dots on hBN with different diameters ((d) d¼ 110 nm, (e)

d¼ 180 nm, and (f) d¼ 300 nm).

FIG. 2. (a) Back gate (VBG) dependence of the current ISD through the gra-

phene QD shown in Fig. 1(d) (d¼ 110 nm) at a constant Vbias. A transport

gap of DVBG � 15 V around VBG ¼ 18 V is visible. (b) ISD as function of

the side gate voltages VSGR and VSGL at VBG¼ 22 V and Vbias¼ 300 lV.

The left and right graphene constrictions can be separately tuned into the

hole (P) and electron transport regime (N). (c) Plunger gate (VPG) depend-

ence of ISD at constant VSGR¼ 5.2 V and VSGL¼ 2.4 V showing sharp

Coulomb peaks. (d) Finite bias spectroscopy measurements exhibiting

Coulomb diamonds. (e) Charge stability diagram of a graphene QD on hBN

with a diameter of d¼ 300 nm at B¼ 9 T (Vbias¼ 300 lV).
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measurements are performed for various graphene QDs with

diameters ranging from d¼ 110 nm to 300 nm, and around

600 Coulomb peaks are analyzed for each device.31 The

observed normalized Coulomb peak spacings DVPG=DVPG

for QDs on hBN are reported as histograms in Figs.

3(b)–3(d), where DVPG is the mean peak spacing of each de-

vice. The distribution of peak spacings shows a clear narrow-

ing for larger island sizes. More quantitatively, the standard

deviation of the normalized peak-spacing distribution reads

0.16 for the QD with d¼ 110 nm, and it decreases to 0.10

and 0.05 for the dots with d¼ 180 nm and d¼ 300 nm,

respectively.

The same kind of measurements is performed also on

geometrically identical QDs on SiO2. A summary of these

results is given in Fig. 3(e), where we plot the standard devi-

ation of the normalized peak spacing distribution for all

measured QDs as a function of the island size. Each filled

data point corresponds to a different device (the diamond-

shaped one is obtained from the earlier measurements dis-

cussed in Ref. 9). A striking difference can be observed

between QDs on hBN and geometrically identical devices on

SiO2. While in the first case, the standard deviation of the

peak-spacing distribution shows a clear dependence on the

island diameter d, in the second case it is independent of d,

within fluctuations between devices. In Figs. 3(f) and 3(g),

we show the dependency of the addition energy Eadd

¼ EC þ D on the plunger gate lever arm a for QDs on SiO2

(Fig. 3(f)) and hBN (Fig. 3(g)) with a diameter of

d¼ 300 nm. Here, D is the single-particle level spacing. The

data are extracted from up to 30 subsequent Coulomb dia-

monds, similar to those of Fig. 2(d), and show that the fluctu-

ation of the lever arm a decreases on hBN compared to SiO2.

Addition energy and plunger gate lever arm are related

to the Coulomb peak spacing by DVPG ¼ Eadd=a. It follows

that the peak-spacing fluctuations observed while sweeping

VPG over a large range can in principle originate from (i) fluc-

tuations of single particle level spacing D,10,32–34 (ii) fluctua-

tions of the charging energy EC (i.e., fluctuations in the size

of the island), or (iii) fluctuations of the lever arm a (i.e., the

position of the charged island). In graphene quantum dots the

single-particle level spacing scales with the number N of

electrons in the dot as D ¼ �hvF=d
ffiffiffiffi
N
p

.11 In our measurements,

the fluctuations of N are of the order of hundreds, since we

measure around 600 subsequent Coulomb peaks for statistical

analysis. If we assume that N is the only quantity to vary as

VPG is swept, we obtain an upper limit for the standard devia-

tion of the normalized peak-spacing distribution of the order

of 0.03, independent of dot size and of the substrate. This is

not in agreement with the data of Fig. 3(e), and we therefore

conclude that fluctuations in the quantized level spacing can-

not solely account for the experimentally observed distribu-

tion of Coulomb peak spacings.

We now turn to the other two possible sources of peak-

spacing fluctuations, which are both related to fluctuations of

the disorder-induced potential of the graphene nanostructure

hosting the QD. In fact, in a rough potential landscape, the

dimension of the electron puddle forming the quantum dot

and its position within the etched graphene island might

depend in a non-systematic way on the plunger gate voltage

VPG. Assuming a simple plate-capacitor model to estimate

the charging energy, EC ¼ e=ð4�eff�0dÞ, and fluctuations in

the dot diameter d and the lever arm a to be the main source

of variability of the spacing between two Coulomb peaks,

we obtain for the standard deviation of the normalized peak

spacing distribution r �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�a�2r2

a þ �d
�2

r2
d

q
, where �a ð�dÞ and

ra ðrdÞ are the mean value and the standard deviation of the

lever arm (island diameter) fluctuations, respectively.

For graphene QDs on SiO2, the standard deviation of the

normalized peak-spacing distribution is independent of the

nominal size of the dot (i.e., the size of the graphene island)

and reads rSiO2 � 0:18 (see dashed line in Fig. 3(e)). Such a

value indicates that fluctuations of the dot diameter or of the

lever arm up to 10%–20% can in principle be expected for

graphene QDs on SiO2. Moreover, the fact that rSiO2 does

not depends on the geometry of the sample suggests that the

potential landscape in the dot is dominated by substrate-

induced bulk disorder, while contributions due to edge

roughness, which are expected to scale with the size of the

sample, play a minor role.

The situation is opposite for QDs on hBN, where the

standard deviation of the normalized peak-spacing distribu-

tion shows a clear dependence on the system size. Assuming

a simple model for the d-dependence of r (for sufficiently

FIG. 3. (a) Source-drain current ISD as a function of of VPG for a QD on

hBN with d¼ 180 nm. The inset shows a close-up of the shaded region.

(b)–(d) Normalized peak-spacing distribution of QDs on hBN with diame-

ters of (b) d¼ 110 nm, (c) d¼ 180 nm, and (d) d¼ 300 nm. (e) Summary

plot of the standard deviation r of the normalized peak-spacing distribution

for different QD sizes on a SiO2 (rectangular data points) and hBN (triangu-

lar data points) substrate. One of the two QDs with d¼ 300 nm has been

measured first at B¼ 0 T and then at B¼ 9 T (see arrow and white triangu-

lar). (f), (g) Dependence of the PG lever arm on the addition energy Eadd for

QDs with d¼ 300 nm on SiO2 (f) and hBN (g).

073113-3 Engels et al. Appl. Phys. Lett. 103, 073113 (2013)

 This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

134.94.122.242 On: Thu, 21 Nov 2013 14:12:39



large island size), from the data of Fig. 3(e) we obtain

r � rhBN þ redge=d � 0:01þ 16=d½nm�, where rhBN repre-

sents the substrate-induced disorder and the second term

takes into account the influence of the edges. These values

leads to the conclusion that (i) the substrate induced disorder

in graphene QDs on hBN is reduced by roughly a factor 10

as compared to SiO2, (ii) edge roughness is the dominating

source of disorder for QDs with diameters on the order of

100 nm, and (iii) the influence of edge roughness extends for

several tenths of nanometers into the bulk. This is in agree-

ment with earlier work on etched graphene nanoribbons on

hBN with widths below 80 nm,29 where no significant differ-

ence to nanoribbons on SiO2 has been reported.

In summary, we present an investigation of etched gra-

phene quantum dots of various sizes on hBN. Transport

measurements indicate remarkable similarities to QDs on

SiO2 but exhibit more stable single-dot characteristics, even

at perpendicular magnetic fields up to 9 T. This stability hints

at a more homogeneous disorder landscape potential for QDs

on hBN as compared to SiO2. Further support for this results

from a detailed analysis of the peak-spacing distribution of

QDs of different sizes realized with identical geometries on

both substrates. We find that the standard deviation of the

peak-spacing distribution shows no size dependence for QDs

on SiO2. On the contrary, identical QDs on hBN exhibit a

decrease of the standard deviation with increasing dot size.

This allows to separate edge from bulk (i.e., substrate

induced) contributions to the disorder potential. The latter

appears to be roughly a factor 10 smaller for devices on hBN

as compared to QDs on SiO2, so that edge roughness appears

to be the dominant source of disorder in QDs on hBN with

diameters below 100 nm. The influence of the edges is

reduced with increasing device size. These insights may lead

towards cleaner and more controllable graphene QDs.
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