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The hybrid graphene-quantum dot devices can potentially be used to tailor the electronic, optical, and chemical prop-
erties of graphene. Here, the low temperature electronic transport properties of bilayer graphene decorated with PbS colloid
quantum dots (CQDs) have been investigated in the weak or strong magnetic fields. The presence of the CQDs introduces
additional scattering potentials that alter the magnetotransport properties of the graphene layers, leading to the observation
of a new set of magnetoconductance oscillations near zero magnetic field as well as the high-field quantum Hall regime.
The results bring about a new strategy for exploring the quantum interference effects in two-dimensional materials which
are sensitive to the surrounding electrostatic environment, and open up a new gateway for exploring the graphene sensing

with quantum interference effects.
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1. Introduction

The quantum oscillations in solid state devices, caused by
the wave character of the transport carriers, are not only impor-
tant for providing the fundamental understanding of the exotic
quantum phase but also the underlying mechanism for novel
devices, such as electron interferometers, resonators, erc.[1=]
It has been shown that graphene, a two-dimensional (2D) elec-
tron system made from a single sheet of carbon atoms arranged
in a hexagonal lattice, represents an ideal system to study the
quantum interference effect. This is, on one hand, due to the
superior electrical qualities of graphene layers such that ultra-
high mobility and long coherence length can be achieved.[6]
On the other hand, the unique dispersion relation of graphene
is analogue to that from the massless relativistic particles,
which adds new aspect to the interferometric spectrum.[!9-121
One of the important consequences of this 2D material is that
the carrier transport in graphene is less screened and electrical
properties of graphene devices are sensitive to the surrounding

9:.13.141 1t has been demonstrated

environment and impurities. [
that decoration of the graphene devices with metallic nanopar-
ticles, semiconductor quantum dots, functionalized molecules,
etc. can strongly influence the electrical, magnetic, and opto-
electronic properties of the devices that may lead to potential

innovations for superconducting materials, spintronics, pho-
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todetectors, as well as sensing applications. [!3-21]

In the present work, we study the magnetotransport prop-
erties of bilayer graphene devices decorated with PbS col-
loid quantum dots (CQDs). The low temperature magneto-
conductance measurement in such hybrid devices displays ro-
bust Aharonov—Bohm (AB) type oscillations in both weak and
strong magnetic field regimes, providing evidence for the scat-
tering potential introduced by the CQDs. The lateral size of
the scattering potential is estimated from the quantum oscilla-
tions. These experimental findings demonstrate that the hybrid
CQDs/graphene devices provide a flexible system for studying
the quantum interference effect in 2D material systems that are
sensitive to the electrostatic environment.

2. Experiment

The hybrid CQDs/graphene device structure in the
present study is shown schematically in Fig. 1. The device
is composed of graphene field effect transistors (FETs) and
overlying CQDs.

The devices in our experiments were fabricated by the
following established procedure. The graphene flakes were
mechanically exfoliated from Kish graphite using an adhesive
tape and transferred onto a highly doped Si substrate covered
by a 300-nm thick SiO; layer acting as a back gate. The qual-
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ity and layer number of the graphene flakes were examined us-
ing atomic force microscopy (AFM) and micro-Raman spec-
troscopy, as shown in Fig. 2. In the subsequent nanofabrication
steps, the bilayer part of the graphene flakes was patterned to
ribbon structures using electron beam lithography (EBL) fol-
lowed by reactive ion etching, forming a channel with a width
of 1 um and a length of 5 um. The source and drain electrodes
were defined via EBL, and a 5/90-nm Ti/Au bilayer was sub-
sequently deposited by electron beam evaporation. The PbS
CQDs, capped with oleic acid to avoid aggregation as well
as surface passivation, were originally dispersed in toluene
with 5-mg/ml concentration. The CQDs were characterized
with photoluminescence measurement showing emission peak
at about 1400 nm. We premixed 2.5-uL CQD solution with
17.5-pL. ethanol. The mixed solution was then drop-casted
onto the Si substrate with fabricated graphene device. A few
more drops of ethanol were applied to disperse the CQDs ho-
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mogeneously on the surface. The diameter of the area cov-
ered by the solution was measured to be about 9.5 mm. The
final density of the CQDs was then estimated to be around
17 pg/cm? by assuming the CQDs distributed homogenously
within the wetted area.

4 AN .
\ 1
/ (AR \
s 0 SN v Veagp

- | —— ~

bilayer

PbS CQDs N —— graphene

#F o s

'
Vbias il @ VBG
| g4

Fig. 1. Schematic illustration of the hybrid CQDs/graphene device. Due
to the charge transfer between CQDs and graphene, the CQDs are posi-
tively charged and give rise to potential Vcgp that can potentially affect
the transport properties of the bilayer graphene underneath.
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Fig. 2. Structure characterization of the bilayer graphene. (a) AFM image of the graphene flakes before the device fabrication. (b) The Raman
spectrum measured from the device area of the sample. The measurements were carried out at room temperature with 514-nm laser excitation.

The fabricated CQDs/graphene devices were measured at
low temperatures using a quantum design physical property
measurement system (PPMS). Magnetic fields up to 9 T were
applied perpendicular to the device plane. All transport mea-
surements were carried out using standard low frequency lock-
in techniques with a typical bias voltage of 100 pV and a 13.3-
Hz operating frequency. Before quantum dot deposition, the
graphene devices were characterized and the mobility was es-
timated to be about 8000 cm?-V~!-s71-9000 cm?-V~!.s~!.

3. Results and discussion

Figure 3(a) shows the resistance R of the hybrid
CQDs/graphene device as a function of back gate voltage Vg
at T = 1.9 K at zero magnetic field and B = 4.8 T. After de-
positing the PbS CQDs, the mobility of the device was found
At B = 4.8 T, clear undulation of
transfer characteristics is observed, indicating the formation of
quantum Hall states at high magnetic fields. Due to the two-
terminal measurement configuration employed in this study,

to be similar to before.

R(VBg) is the mixture of contribution from both the longi-
tudinal and the transverse resistance. Quantum Hall regime
with filling factor v =4, 8, and 12 is marked in Fig. 3(a). In

comparison to pristine graphene devices, the presence of PbS
CQDs increases the sheet resistivity, and demonstrates a lo-
calization behavior at low temperatures. Figure 3(b) shows a
temperature dependence of the conductance at zero magnetic
field and at Vgg = —10 V. The conductance decreases as the
temperature decreases, indicating a localization effect. The
weak localization (WL) correction is clearly visible as a loga-
rithmic temperature dependence of conductance below 30 K.
WL arises from interference between time-reversed paths and
leads to conductance decrease in the presence of disorder.*?!
Time reversal symmetry can be broken by applying a mag-
netic field, which suppresses weak localization and results
in a conductance drop near zero magnetic field, as shown in
Fig. 4(a). Since the wave functions of graphene are com-
posed of the contributions from two sublattices, the carriers
in graphene have chirality. The quantum interference of elec-
trons in monolayer and bilayer graphene is different from con-
ventional 2D systems due to an additional Berry phase.[!%-12]
On the other hand, intra-valley and inter-valley scattering by
defects in graphene are able to scatter electrons and mix the
two valleys.!?*>?*l In our devices, as was discovered earlier,
the charge transfer process between the hybrid system leads to
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positively charged CQDs, which imposes a Coulomb poten-
tial on graphene (illustrated as Vcqp in Fig. 1).12] The CQDs
can also create strain on the graphene underneath, which can
also cause the scattering of carriers.*®] Consistent with the
above considerations, we have observed that the magnitude of
the quantum correction at low temperature is enhanced after
depositing the CQDs. It suggests that the coupling between
CQD potential and carriers in graphene enhances inter-valley
scattering and weak localization effects.
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Fig. 3. The observation of quantum Hall effect and weak localization for
hybrid CQDs/graphene device. (a) The resistance of the PbS quantum
dots/graphene device as function of the back gate voltage Vpg, taken at
B =0T (red circle) and B =4.8 T (black triangle). The measurements
are performed with two probe measurement at low temperature 7 = 1.9 K
and at B = 4.8 T. The formation of quantum Hall states with different fill-
ing factors v can be clearly seen. v =4, 8, and 12 on the hole side are
marked with arrows. (b) The temperature dependence of the conductance at
Veg = —10 V and B = 0 T. The red dashed line is the linear fitting of the
data in the semilogarithmic scale.

The results of the magnetoconductance measurements at
a temperature of 1.9 K are performed before and after the de-
position of CQDs, which are plotted in Fig. 4 labeled as “w/o
CQDs” and “with CQDs”, respectively. Both near zero mag-
netic field and in high field, oscillatory components can be
clearly seen, which are periodic with magnetic field. Firstly,
we focus on the low magnetic field regime. For the pristine de-
vice w/o CQDs, the magnetoconductance increases as a func-
tion of magnetic field in the magnetic field range |B| < 0.04 T,
as shown in Fig. 4(c). The positive magnetoconductance re-
sults from the effect of WL. The magnetoconductance at low
magnetic fields can be fitted to the Hikami—Larkin—Nagaoka
equation following Refs. [27] and [28], and the fitted curves
are shown with solid red curves in Fig. 4(c) and the inset
of Fig. 4(a) for the results obtained w/o and with the CQDs.

The fittings yield the characteristic lengths for phase coher-

ence transport Ly, which is around 211 nm and 210 nm respec-
tively before and after the deposition of CQDs. These values
are comparable with the previously reported phase coherence
lengths on bilayer graphene.?”-230 In a slightly higher field
range 0.04 T < |B| < 0.5 T, the universal conductance fluctu-
ations (UCF) dominates and leads to aperiodic undulation of
the magnetoconductance.3!! After deposition of CQDs, in ad-
dition to the WL and UCF feature, AG acquires oscillations
with magnetic field. To make the oscillatory behavior ap-
parent and yield better comparison between the results with
and w/o CQDs, we have subtracted the low-frequency back-
ground (red dashed curve) in both Figs. 4(a) and 4(c) from the
AG(B) data and performed fast Fourier transformation (FFT)
on the residual signal. The results are plotted in Fig. 4(e).
FFT on the results with CQDs shows the primary peak lo-
cated at 13 T~! with its second harmonic visible. Whereas
the peak disappears in the FFT spectrum of the pristine device
w/o CQDs. We note that the latter shows a broadened struc-
ture that is likely resulting from the residual of the UCF. Since
the magnetoconductance oscillation is only observed after the
deposition of CQDs, it suggests that the magnetoconductance
feature is caused by the CQDs rather than intrinsic behavior of
the graphene FETs or residues induced during the FETs fab-
rication process. The oscillatory magnetoconductance in this
regime can be explained by the periodic orbit theory, where
periodic orbits lead to a modulation in the density of states. 3!
In a periodically perforated two-dimensional electron gas sys-
tem, quantum mechanical calculation of the magnetoresis-
tance has shown an Aharonov—-Bohm (AB) type oscillation
that is attributed to the existence of a periodic orbit.[*3 In our
case, the period of oscillation is AB = 0.075 T corresponding
to the AB oscillation period generated by a periodic potential
with a unit cell size of 265 nm. As revealed by earlier results,
the solution processed CQDs tend to self-assemble and cluster
to 2D arrays on the graphene FETs.3*7] The discontinuity
of the CQD arrays and clustering of the CQDs give rise to a
quasi-periodic potential modulation in graphene serving as the
source of the observed oscillations.

We now turn to the high magnetic field region. Fig-
ure 4(b) shows another oscillation observed for a device with
CQDs in the field range of 5 T < B < 7.5 T, which corresponds
to the quantum Hall transition region between the quantum
Hall states with filling factor v = 4 and 8. In Fig. 4(d), the
magnetoconductance result is also shown for the same device
before the deposition of CQDs in the similar magnetic field
and gate voltage range and the magnetoconductance oscilla-
tion disappears. Following the similar data processing proce-
dure as for the low field results, we have performed FFT on
the high-field magnetoconductance data obtained before and
after the deposition of CQDs and the results are plotted in
Fig. 4(f). The Fourier power spectrum of oscillation from the
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CQD-decorated device reveals a primary peak centered around
3.3 T~!, corresponding to an oscillation period of 0.3 T. The
peak is absent from the reference FFT spectrum obtained be-
fore the deposition of CQDs, which suggests the important
role of the CQD potential. The feature in the spectral range
of 1 T~! to 2 T~!, appearing in both curves before and after
CQDs are deposited, is an artifact of the windowing function
for performing the FFT. The AB-like oscillation in the high
magnetic field regime can be understood in terms of the quan-
tum edge state scattering in the integer quantum Hall states.
In the quantum Hall regime, the energy spectrum of graphene
is quantized, and quantum edge states are formed along the
edge of the sample and around the potentials induced by PbS
CQDs. This is illustrated in Figs. 4(g) and 4(h) for device
w/o and with the CQD potential. The localized electronic or-
bits around a single antidot have been studied in the integer
and fractional quantum Hall regime by measuring AB oscil-
lations of conductance to understand the interference and in-
teraction between Laughlin quasiparticles.*33°! The magneto-
conductance is dominated by the scattering behavior between
the quantum edge states. In the absence of Vcgp, backscatter-
ing of the chiral edge state (arrow in Fig. 4(g)) at the boundary
of the graphene device is prohibited. After the CQDs are intro-

duced, one can consider an isolated potential hill in graphene
induced by CQDs.
backscattering of the edge state can take place via the resonant

In the quantum Hall transition regime,

transmission by edge channels localized at Vcgp which are il-
lustrated in Fig. 4(h). As we ramp up the magnetic field, the
magnetic flux threading the enclosed area (A) of the quantum
edge state changes and induces modulation of the tunneling
scattering rate and hence the magnetoconductance following
the flux quantization condition:

ap=2
VA

Here, v is the filling factor, ¢g is the magnetic flux quanta,
and AB is the magnetic field period of the AB-like oscilla-
tion. Following the equation, the AB = 0.3 T thus corresponds
to the diameter of the orbits of 132 nm. Such a large lateral
scale of the orbit indicates a large size of Vcgp which is not
likely to have been created by isolated CQDs with a size of
5 nm. A more probable picture is that the CQDs cluster and
self-assemble to islands of 2D arrays with different degrees
of clustering on the graphene surface. The averaged diameter
of the dominant localized quantum edge state orbit is around
132 nm as suggested by our results.
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Fig. 4. Quantum oscillations induced by graphene-CQDs coupling. Panels (c) and (a) are the magnetoconductance AG trace at low magnetic field regime
obtain before and after the deposition of CQDs (black solid line). The red dashed line shows the smoothed slow varying background of the AG. The inset in
panel (a) shows the close-up of AG around B =0 T (black symbols), where a signature of weak localization is identified and fitted (red solid line). The same
fitting is also performed in panel (c) and shown with the red solid line. Panels (d) and (b) are the high field magnetoconductance G(B) before and after the
deposition of CQDs. A smoothed background (red dashed line) is shown as a guideline for the oscillatory structures. Panels (e) and (f) are the FFT spectra of
the oscillatory components for low field and high field magnetoconductance. Panels (g) and (h) are the schematics for quantum edge state scattering without

and with the CQD potential. All the measurements are carried out at 1.9 K.

We note that the sizes of the effective orbit derived from
the low field and high results are quite different. The low field
magnetoconductance oscillation originates from the modula-

tion of the density of state due to the quasi-periodic potential

of Vcgp. A similar phenomenon has been observed and in-

vestigated in GaAs/AlGaAs two-dimensional electron system

32,40

with fabricated antidot arrays.[?>°1 The diameter estimated

from the low field results corresponds to the effective period-
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icity of Vcop. While the high field magnetoconductance os-
cillation is due to the AB effect resulting from the localized
quantum edge states that enclose the Vcqp, it disregards the
periodicity of the potential. The clustering of CQDs thus may
play more important roles for the high field results. Since in
the low field and high field regime, the magnetotransport is
sensitive to different aspects of Vcgp, and it is expected that
the characteristic lengths will be different. Such results also
suggest that Vcqp is complicated probably due to different de-
grees of self-assembling and clustering of CQDs on graphene
surface.

4. Conclusion

In summary, we have performed low-temperature magne-
totransport measurements on bilayer graphene decorated with
PbS CQDs. The temperature dependence of the conductance is
logarithmic, as expected for the weak-localization effect in the
diffusive regime. The magnetoconductance exhibits oscilla-
tions both in the low magnetic field region and in the quantum
Hall regime. These oscillations can be related to the scatter-
ing potential introduced by CQDs. Our results suggest that
the distributed CQDs upon graphene would modify the trans-
port properties of graphene layers and bring out abundant new
physics phenomena to be studied in the hybrid graphene sys-
tems.
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