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Electronic transport in nanoparticle monolayers
sandwiched between graphene electrodes†

Chenguang Lu,*a,b Datong Zhang,c Arend van der Zande,d Philip Kim‡e and
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Graphene/CdSe nanoparticle monolayer/graphene sandwich

structures were fabricated to explore the interactions between

these layered materials. Electrical transport across these hetero-

structures suggests that transport is limited by tunneling through

the nanoparticle (NP) ligands but not the NP core itself. Photo-

conductivity suggests ligands may affect the exciton separation

efficiency.

Two-dimensional (2D) materials, such as graphene, boron
nitride, MoS2, etc. have attracted much attention due to their
unique properties. Stacking these van der Waals (vdW) mono-
layers (MLs) vertically into so-called vdW materials or hetero-
structures1 can produce materials with new properties and
functionalities due to the interactions between the vdW MLs.
Field effect tunneling transistors,2 barristors3 and prototypical
solar cell devices2 have been demonstrated by using this
design concept. However, the building blocks used in such
structures are limited to the few types of vdW MLs, and these
have band structures that are difficult to modify for engineer-
ing purposes. The current vertical stacking technique also
limits the thickness of each layer and the possibilities for
scaled-up production of these types of devices. It would be
desirable to devise a class of building blocks with tunable pro-
perties and scalable stacking control to enrich the properties
of assembled materials and broaden potential applications of
this design concept.

Nanoparticles (NPs) with size-dependent properties have
been investigated for more than 20 years.4–6 The ability to
produce monolayer, ordered films of monodisperse NPs7,8

opens the possibility of incorporating NP MLs with tunable
properties into vdW materials. One could adjust the size,
shape, composition, and ligands of the NPs to obtain NP MLs
with versatile properties. Here, we demonstrate the fabrication
of vdW ML/NP ML/vdW ML “sandwiches”, with self-assembled
CdSe NP monolayers between graphene MLs, and investigate
the transport properties of these vertical heterostructures.
Given the flexibility in choosing NPs, these sandwich hetero-
structures constitute a new category of 2D material with
various properties that can be engineered. Previous work on
interfacing NPs and vdW MLs has included that with individ-
ual NPs and drop-cast, disordered NP films on the vdW
MLs.9,10

CdSe nanoparticles with 3.5 nm diameter cores were syn-
thesized with a well-established method.11 These as-made NPs
were highly monodisperse, <5% dispersion, as confirmed by
transmission electron microscopy (TEM) and ultraviolet-visible
(UV-Vis) absorption methods, and were used without further
size selection. The NP ligands were oleates, after ligand
exchange using oleic acid, as demonstrated in ref. 12 (see the
ESI†).

The heterostructures were fabricated as depicted in Fig. 1a.
Monolayers of graphene were placed on top of Si wafers with
300 nm of thermally-grown oxide by the “scratching” method,
and electrodes were attached to them (see the ESI†). The
3.5 nm diameter CdSe NPs (capped with oleates) were dis-
persed in a hexane–decane (9 : 1) mixture solvent and 100 µL
of this solution was drop-cast on top of a dimethyl sulfoxide
(DMSO) subphase, with ∼10 cm2 area.13,14 The hexane–decane
solvent and the more-dense DMSO are immiscible. The upper
hexane–decane phase was allowed to evaporate and NPs
formed a film that floated on top of the DMSO phase. The con-
centration of drop-cast NPs was adjusted to obtain an NP
monolayer. The NP MLs extended laterally up to several mm
and were free of vacancies as was confirmed locally (∼10 μm)
by TEM (see ESI Fig. S2†). The wafer with graphene was used
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to scoop up the NP layer on top of the DMSO, so the NP ML
covered the entire graphene piece, and then the residual
DMSO was allowed to evaporate in a glove box.14 A second gra-
phene ML was then mechanically transferred on top of the NP
ML, to complete the graphene/CdSe NP ML/graphene vertical
heterostructure sandwich, and then metal electrodes were
attached to this upper graphene piece. Details of the tech-
niques for scratching and transferring graphene are in the
ESI,† along with the use of e-beam lithography to define metal
electrodes after the transfer of each graphene ML (Two electro-
des were attached to each graphene layer; one on each was
used to measure transport across the sandwich and both were
used to probe transport across each graphene ML, as in some
back gate dependence measurements.).

Fig. 1c shows an optical image of one set of devices. The
top graphene layer sometimes rolled up after transfer in
several of the samples (not shown) (see the ESI†). We believe
this is due to the poor adhesion between graphene and the
organic ligands that coat the NPs (Better surface chemistry
control could address this issue and is under investigation.).

The I–V characteristics of all of the structurally sound
devices were measured at room temperature, first with no back
gate voltage. A typical current–voltage (I–V) curve of one of the
seven working devices is shown in Fig. 2a. All I–V profiles had

approximately the same shape (Shorting in the other struc-
tures (see the ESI† about device yield) is perhaps due to gra-
phene–graphene shorting across an NP ML vacancy that
developed during transfer. Working devices continued to work
in vacuum, but shorted when cooled to 250 K, presumably due
to fracture of the NP film and resulting contact of the two gra-
phene layers, and remained shorted when warmed to room
temperature.).

Gate voltage, Vg, was applied through the back Si gate for
this device (Fig. 2b) and several other working devices; no
strong dependence on the gate voltage was seen. This suggests
that the graphene layer may be in the heavy doping regime.
This was confirmed by measuring the current across both the
top and the bottom graphene layer while sweeping Vg (see ESI
Fig. S4b, and Raman measurements in Fig. S5†);15 no evidence
for a Dirac point for either graphene ML was observed. Air
exposure could cause such p-doping because of O2 adsorption.
However, the level of doping is much higher in our devices
than in ref. 15 and 16, which cannot be explained by O2

adsorption alone. We attribute this heavy doping to the
adsorption of the carboxylic group of the ligand, which is
highly polar and could withdraw electrons from the graphene
layers. We believe that when the NP ML forms after hexane–
decane evaporation, some unbound ligands (in solution,
which are in equilibrium with the ligands on the NP cores12)
deposit on top of the NP ML and may dope the graphene
layers, with their polar groups when they were brought into
contact.

I–V sweeps of our devices show a tunneling type of conduc-
tion similar to that observed previously in tunneling from a
graphene electrode, through a vdW barrier, and to a second
graphene electrode.2,17,18 The tunneling current can be
modeled by using the Bardeen transfer Hamiltonian
approach,2,17,18 with

I /
ð
dE DoSBðEÞDoSTðE þ eViÞ � ½f ðEÞ � f ðE þ eViÞ� � TðE; ViÞ;

ð1Þ

where E is the energy of electrons with respect to the Dirac
point of the bottom graphene; Vi is the voltage drop across the
tunneling barrier, which is equal to the potential difference
between the Dirac points of the graphene layers (and which
depends on the applied drain–source voltage, Vds); DoSB,T are
the densities of states of the bottom and top graphene layers (for
which we use the approximate form, 2|E|/(π(ħvF)2) where vF is
the Fermi velocity, near the Dirac point), respectively; f (E) is the
Fermi–Dirac function; and T (E,Vi) is the tunneling probability.

The capacitance of the graphene layers affects how Vds is
distributed across the stacked layers. We expect that Vi is
smaller than Vds, and an appreciable amount of the voltage
drop is within the graphene layers, considering the quantum
capacitance of graphene electrodes. Since graphene has a
small density of states near the Dirac point, accumulated
charges on the graphene electrodes due to the capacitive char-
ging between the electrodes can shift the quasi Fermi level

Fig. 1 (a) Schematic depicting the fabrication the graphene/NP ML/gra-
phene sandwich structure, with the exfoliation of the bottom graphene
layer on the substrate occurring before step (i). (b) Schematic illustration
of the structure of the device. (c) An optical image of one set of three
such devices, with the three thin graphene pieces of the bottom gra-
phene later made by oxygen plasma etching. The scale bar in (c) is
10 μm wide.

Fig. 2 (a) I–V curve of one graphene/CdSe NP ML/graphene device. (b)
Ids–Vg curve of this device (Vds = 0.2 V), showing a weak gate depen-
dence, which suggests heavy doping of the graphene layers.
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considerably. The charge induced by Vi, especially at high bias,
changes the Fermi level of graphene and consequently redistri-
butes the voltage drop throughout the system.19

The Vi across the graphene layers and the Fermi level shifts
of each graphene ML, ΔEB and ΔET for the bottom and top gra-
phene, are determined self-consistently for any given Vds by
using:

eVds ¼ eVi þ ΔEB � ΔET ð2Þ

CVi ¼
ðþ1

�1
DoSBðEÞðf ðE � μB � ΔEBÞ � f ðE � μBÞÞdE ð3Þ

� CVi ¼
ðþ1

�1
DoSTðEÞðf ðE � μT � ΔETÞ � f ðE � μTÞÞdE; ð4Þ

where μB and μT are the chemical potentials of the bottom and
top graphene pieces with no voltage applied, and the effective
capacitance of the CdSe cores and ligands is modeled (in a
simplified, approximate manner) as

C ¼ tcore
ε0εCdSe

þ tshell
ε0εdecane

� ��1

; ð5Þ

where ε0 is the permittivity of free space, and the dielectric
constants of bulk CdSe, εCdSe, (for the CdSe core) and typical
alkane chains, εdecane, (for the ligands)20 are used along with
the diameter of the NP core, tcore, and the effective total thick-
ness of the ligands (on opposing sides of the core), tshell.

The tunneling probability T (E,Vi) is determined using an
expression similar to the WKB approximation by Britnell
et al.,2 with

TðE;ViÞ ¼ exp � 2
ffiffiffiffiffiffiffiffiffi
2m*

p

h�
ðd
0
dx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔ� EÞ � eVix

d

r" #
; ð6Þ

where m* is the electron effective mass inside the barrier, Δ is
the effective barrier height at flat band with respect to the
Dirac point of the bottom graphene, and d is the effective
barrier thickness.

The I–V curves of all devices can be fit using this model
only for barrier thicknesses thinner than 2.5 nm (when using
the reasonable assumption that the electron effective mass
>0.1 me), which is significantly smaller than the 3.5 nm CdSe
NP core diameter. This is illustrated in Fig. 3a in which the
barrier thickness is set to 4.5 nm (NP core diameter 3.5 nm
plus the ligand thickness ∼1.0 nm); the I–V curves (for the
device depicted in Fig. S4 in the ESI†), cannot be fit with this
model for any barrier height. This suggests that the CdSe NP
cores are not the major tunneling barrier between the two gra-
phene layers, which is consistent with expectations from band
alignment. The conduction band of CdSe NPs with a similar
size core nearly lines up with the graphene Dirac point, i.e.
about 4.5 eV below the vacuum level,21,22 so the graphene out-
of-plane wave function is not expected to decay significantly
within the cores of CdSe NPs. There were no resonance

Fig. 3 (a) Fit of one measured I–V curve (for the device also depicted in Fig. S4†) with barrier thickness 4.5 nm and various barrier heights,
suggesting that no good fit can be achieved with a reasonable barrier height for larger barrier widths and that the CdSe NP core is not the major
barrier. (b) Fit I–V curve for this device, with the inset showing the fit barrier heights and thicknesses of all seven devices, using least squares analysis
(The current densities are plotted in (a) and (b).). Schematic of the tunneling barriers between the graphene layers for an effective barrier in (c) and
the ligand barriers on either side of the NP core in (d). Δ is the barrier height.
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features attributable to states of the CdSe NP cores, likely due
to the “high” measurement temperature (room temperature)
and the (small, but finite) inhomogeneity in the sizes of the
CdSe cores.

Consequently, we believe the ligands on the CdSe NP cores
are the major tunneling barriers in this case. Studies of self-
assembled alkane chains have shown a tunneling behavior23,24

similar to that seen in our devices. In the standard regime of
electron tunneling through a self-assembled alkane mono-
layer, the tunneling probability can be expressed in a WKB
form, with an electron effective mass of 0.42 me.

23,24

The I–V curve of each device was fit using an effective
barrier height Δ and thickness d as fitting parameters. The
data and the fit for the device studied in Fig. S4 in the ESI† are
shown in Fig. 3b. The fit for each device is plotted in the inset;
the averages of these fits gives Δ = 2.88 ± 0.24 eV and d = 1.89 ±
0.30 nm (More details on the fitting procedure are provided in
the ESI†).

We also measured the photoconductivity of our device
under illumination by a cw 532 nm laser (9 μW, ∼1 μm spot
size), for Vds = 0.25 V and no back gate voltage. Fig. 4b shows
the 2D map of the photoconductivity response of the device
shown in Fig. 4a, along with the borders of the graphene elec-
trodes that are also seen in Fig. 4a. This response is plotted in
Fig. 4c for the region spanned by the chosen lower electrode
(averaged in the normal direction within this region outlined
in Fig. 4a). This device exhibits an appreciable response from
only the right half of the overlap region. Electronic transport
through the device may be the largest there and the organic
ligand barrier may be thicker in the other half, which also
suggests the needs for better control of the NP surface chem-
istry. Photoconductivity increases the measured current by
∼0.8 nA in regions where the NP and two graphene MLs
overlap. We estimate the upper limit of the exciton-induced
current increase to be ∼7.0 nA, as described in the ESI.† The
conversion of absorbed photons to charges suggests that most
excitons are not extracted by the bias voltage and recombine
inside the NPs, likely due to the long tunneling lifetime associ-
ated with the NP ligands.

Conclusions

In summary, we have assembled a novel vertical heterostruc-
ture, a graphene ML/CdSe nanoparticle ML/graphene ML
sandwich, which is prototypical of a new family of 2D van der
Waals materials with tunable properties. The readily scalable
production of NP monolayers, together with mass production
of 2D materials,25,26 can enable scaling-up of the fabrication
of these structures when necessary. Measurements show that
transport across these particular sandwich devices is limited
by tunneling through the nanoparticle ligands rather than its
core, with an effective barrier height of 2.88 ± 0.24 eV and
barrier thickness of 1.89 ± 0.30 nm.

Surface chemistry control of the nanoparticles, with shorter
ligands or decomposable ligands, is expected to bring the cores
closer and may enable properties that are dependent on strong
inter-core interactions, and with limited exciton recombination
in photon-excited sandwiches. Photoconductivity measure-
ments show that exciton extraction may also be limited by the
NP ligands, which is another motivation for removing or short-
ening these ligands. Studies of NP ligand exchange are under-
way in order to bring the NP cores closer to the top and bottom
graphene layers. Sandwich devices fabricated using other vdW
MLs, such as MoS2, are also under investigation.
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