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ABSTRACT

The electronic structure at the interface of chalcogenide/metal hybrid nanostructure (CdSe-Au tipped)
had been studied by UHV scanning tunneling spectroscopy (STS) technique at room temperature. This
nanostructure was synthesized by a phase transfer chemical method. The optical absorption of this hybrid
nanostructure was recorded, and the application of the effective mass approximation (EMA) model gave
dimensions that were confirmed by the direct measurements using the scanning tunneling microscopy
(STM) as well as the high-resolution transmission electron microscope (HRTEM). The energy band gap
obtained by STS agrees with the values obtained from the optical absorption. Moreover, the STS at the
interface of CdSe-Au tipped hybrid nanostructure between CdSe of size about 4.14+0.19 nm and Au tip
of size about 3.5+ 0.29 nm shows a band bending about 0.18 +0.03 eV in CdSe down in the direction
of the interface. Such a result gives a direct observation of the electron accumulation at the interface
of CdSe-Au tipped hybrid nanostructure, consistent with its energy band diagram. The presence of the
electron accumulation at the interface of chalcogenides with metals has an important implication for
hybrid nanoelectronic devices and the newly developed plasmon/chalcogenide photovoltaic solar energy

conversion.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Recently, the advancement in fabrication of semiconduc-
tor/metal (S/M) hybrid nanostructures opens new opportunities for
designing multifunctional materials with properties that cannot be
obtained in the bulk phase. The electronic properties of S/M con-
tact on a nanoscale are fundamental and intriguing problems [1]
since understanding the properties of such nanocontacts is impor-
tant for usage in nanoelectronic devices and other applications
in the photovoltaic solar energy conversion. In the semiconduc-
tor bulk regime, the interface is characterized by the space-charge
region. Feenstra and Martensson [2] observed the band bending
at the interface between a monolayer of Sb on p-type GaAs using
the scanning tunneling spectroscopy (STS). In the nanoregime,
the interface region is comparable to the hybrid nanoparticle’s
size; therefore, the concepts should be reinvestigated. Smit and
coworkers [3] proposed a model to describe the potential bar-
rier shape in S/M nanocontact, and concluded that the barrier
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thickness decreases with decreasing the size. Landman et al. [4]
studied the nanocontacts formed between Si nanowires (few nm
long) and Al nanoelectrodes. They predicted the induction of sub-
gap states near the Si-Al interface that rapidly decay into the
Si. Steiner and coworkers [5] used low temperature UHV scan-
ning tunneling spectroscopy (STS) to probe the electronic structure
of CdSe-Au nanodumbbell. In our work, an organic synthesis
method was used for preparation of CdSe quantum dots (QDs),
and a phase transfer chemical method for tipping the gold (Au)
on these quantum dots to obtain CdSe-Au tipped hybrid nano-
structure. Our interest lies in the interfacial electronic structure
of chalcogenide/metal hybrid nanostructure. We used room tem-
perature UHV Omicron STM for STS to investigate the interfacial
electronic structure of this hybrid nanostructure, and the measure-
ments were initiated by the drop casting method. Few drops of
the colloidal solution of the sample were spread on a flat conduct-
ing substrate. As the solvent evaporates, the nanoparticles gently
touch the conducting substrate. In STS, a change of the voltage
bias results in an equal change of the tip Fermi level with respect
to energy levels of the nanoparticles while the Fermi level of the
substrate remains unchanged [6]. In this asymmetrical configura-
tion (substrate-nanoparticle-vacuum gap-tip), there are no linker
molecules between the substrate and nanoparticles, so the tip
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Fermi level scans over the energy levels of the nanoparticle. At a
positive sample bias, the onset of the differential of the current
with respect to the voltage biasing dI/dV >0 indicates the resonant
tunneling from the tip to the substrate via a discrete unoccupied
level in the conduction band (CB). At a negative sample bias, the
onset of dI/dV>0 corresponds to the resonant tunneling from the
substrate to the tip via a discrete occupied level in the valance band
(VB). Therefore, it is possible to derive the band gap from the region
around zero bias of the tunneling spectra, in which dI/dV is close to
zero [7]. The fine structures of the electron and hole levels at room
temperature are hard to detect.

The band gap measured by STS is employed through the cor-
rected effective mass approximation model (corrected EMA) [8-10]
to calculate the size of chalcogenide nanoparticles (NPs), and
compared to the direct measurement of the dimensions of chalco-
genide NPs from the STM image. In the corrected EMA model, the
electron-hole coulomb potential is ignored, and the energy band
gap of the nanocrystals (NC) Egc is given by Eq. (1).

h? 2
NC __ pBulk
Eg - Eg + 2mD2’

(1)

where EBUK is the bulk band gap energy, D is the diameter of the
nanoparticle, m is the reduced mass of the electron and the hole,
and h is the Planck’s constant.

On the other hand, the UV-vis absorption is also used to obtain
the exciton and the plasmon absorption peaks. The band gap of
chalcogenide NPs can be calculated from EJC = hc/Amax, where
Amax is the wavelength at the maximum of the exciton absorption
peak, and cis the velocity of light. The effective mass approximation
model (EMA) [11] is further used to calculate the size of chalco-
genide NPs. In the EMA model, the energy band gap Egc including
the electron-hole coulomb potential is given by Eq. (2).

ENC _ pBulk hPm? - 1.8¢2
s g 2mD2  2meggD’

(2)

where &g is the permittivity of free space, ¢ is the permittivity of
the chalcogenide, e is the electron charge, and 1.8e2/(2weggD) is the
electron-hole coulomb part.

2. Materials and experimental procedures

2.1. Preparation of cadmium selenide (CdSe) quantum dots (QDs)
nanoparticles

A 0.3 g of cadmium oxide (CdO, Aldrich) was dissolved in 2 g
stearic acid at 170°C, and then a mixture of 2 g of TOPO and 2 g of
HDA was added and held at 180 °C for 5 min to get a clear solution.
The resultant solution was kept warm and stored in a syringe to use
as a cadmium (Cd) source. A 0.3 g of selenium (Se) was dissolved
in 6 mL of trioctylphosphine (TOP, Fluka), then stored in another
syringe to use as a source. This solution was quickly injected into
the prepared Cd source, and the reaction mixture was raised to
130°C for the growth of CdSe QDs [12].

2.2. Preparation of CdSe-Au tipped hybrid nanoparticles (NPs)

A 5mL of octylamine was injected into 15mL of CdSe QDs
solution, and the resulting mixture was sonicated for 20s before
precipitating with methanol. The solution was then centrifuged at
5000 rpm for 10 min. The colorless supernatant was decanted off,
and the above process was repeated several times. The precipitate
was then re-dispersed in toluene maintaining a concentration of
0.06 mg/mL, a part of which (~5 mL) was then stirred with 10-4 M
aqueous HAuCly. Aliquots of the top toluene layer were separated
from the biphasic mixture after 30 min [13].

2.3. Technical measurements

Optical absorption spectra of nanosamples were recorded
using Ocean Optics spectrophotometer. Sizes and shapes of the
synthesized NPs were determined using JEOL JEM-2100LaBg high-
resolution transmission electron microscope (HRTEM) operated
at 200kV and equipped with Gatan bottom CCD camera. UHV
Omicron scanning tunneling microscope (STM) was used for topog-
raphy and spectroscopy at room temperature. The tip height was set
using a gap voltage of +0.2'V, a feedback current of 1 nA and a loop
gain of 50%. The STM topography was performed by scanning over
400 lines and 400 points. In the scanning tunneling spectroscopy
(STS), we applied a sample bias range of [-2V, +2V], a delay time
of 50 s and an acquisition time of 160 ps.

3. Results and discussions

The UV-vis absorption spectra of CdSe QDs before and after Au
tipping are shown in Fig. 1. The exciton absorption peak of CdSe
QDsisabout 514 nm. The corresponding average particle size calcu-
lated by EMA equation with the bulk band gap Eg (bulk) for CdSe as
1.74 eV [14] were about4.2 nm. The additional peak around 535 nm,
appearing in the CdSe-Au tipped absorption spectrum, is due to the
localized surface plasmon (LSP) of the gold tip [15].

The HRTEM image of CdSe QDs is shown in Fig. 2a. The mea-
sured average size of CdSe NPs presented in the figure is about
4.3 £0.8 nm. Fig. 2b shows an enlarged HRTEM image of CdSe NP
surrounded by the dashed circle presented in Fig. 2a. The measured
interplanar spacing of CdSe of about 0.34 nm is consistent with the
literature [16].

Fig. 3a shows the STM image of CdSe QDs, where the average
particle size is about 4.04+0.2 nm for the selected particles indi-
cated by (x). Fig. 3b shows the average STS of the six indicated CdSe
NPs. The Fermi level position is at 0 V. The conduction band edge Ec
isat+1.31V and the valence band edge Ey is at —1.31V, so the mea-
sured band gap of the CdSe QDs is about 2.62 eV with a symmetrical
form around OV bias as an intrinsic semiconductor. Furthermore,
the average particle size was also calculated using the band gap as
obtained by STS from Fig. 3b and the corrected EMA equation dis-
cussed above, which gave a value of 4.1 +£0.15nm as the average
diameter. This calculated particle size is in full agreement with the
directly measured average given by the STM image, and is close to
the values measured by the HRTEM image.

The HRTEM image of CdSe-Au tipped hybrid nanosample is
shown in Fig. 4a. The measured average size of CdSe NPs is about
4.5+0.6nm, and the Au tip average size is about 2.9 +0.8 nm.
Fig. 4b shows an enlarged HRTEM image of CdSe-Au tipped hybrid
NP. The measured Au tip interplanar spacing of about 0.22 nm is
consistent with the literature [17].

In order to study the electronic structure at the interface of the
Au tip on the CdSe NP, the STS tunneling spectra were measured at
three different regions. These regions are A (the Au tip), B (CdSe NP
away from the Au tip) and C (close to the edge of the Au tip). Such
assignments were done after we had carried out the measurement
of the STS tunneling spectra, and were determined according to the
shape of the resulting STS tunneling spectra. The region giving STS
curve around the zero bias with a narrow band width was assigned
to be (A). Region B was determined from the symmetric STS curve
resulting from the measurement on CdSe NP away from the Au tip.
The asymmetric measured curve, assigned to region C, would be
at the interface between the edge of the Au tip and the CdSe NP.
Fig. 5a shows a schematic diagram of CdSe-Au tipped NP. Fig. 5b
shows STM image of CdSe-Au tipped NPs. the Au tip assigned by
(A) is about 3.54+0.29nm and the size of the assigned CdSe-Au
tipped NP is about 4.1 +0.19 nm. Fig. 5¢ shows the corresponding
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Fig. 1. UV-vis absorption spectra of (a) CdSe QDs, and (b) CdSe-Au tipped hybrid nanosample.
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Fig. 3. (a) STM image of CdSe QDs, and (b) the corresponding STS average tunneling spectrum for the selected CdSe NPs indicated by (x). The valence band and conduction
band edges are denoted by Ev and E respectively. The Fermi level Er corresponds to 0V.

Fig. 4. (a) HRTEM image of CdSe-Au tipped hybrid nanosample, and (b) an enlarged HRTEM image of CdSe-Au tipped hybrid NP. The surrounded area by the dashed circle
represents the Au tip position as determined from the image contrast and the interplanar spacing values.
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Fig. 5. (a) A schematic diagram of CdSe-Au tipped, (b) STM image of CdSe-Au tipped, in which region A is the Au tip location, region B is CdSe away from the Au tip, and
region C is close to the edge of Au tip, and (c) corresponding STS tunneling spectra along a single particle of CdSe—Au tipped at the three regions. Curve I is at region A, curve
Il is at region B, and curve III is at region C. The conduction band and valence band edges are denoted by Ec and Ey respectively. The Fermi level Er corresponds to OV.

STS tunneling spectra I, Il and IIl at the three regions A, B and
C respectively. The STS tunneling spectra were obtained at each
point indicated in the figure, and were averaged for each region.
Curve I in Fig. 5c represents the STS at the Au tip position
(region A), and shows a coulomb blockade [18] about 0.23 eV as
measured between the intercepts of the positive and the negative
tangents of the curve. In Curve II, measured on CdSe away from
the Au tip (region B), Ec is at +1.31V and Ey is at —1.31V. The
measured band gap of the CdSe QDs is about 2.62 eV as an intrinsic
semiconductor with a symmetrical form around 0V bias, and gives
the same value as obtained for CdSe NPs presented above. In curve
IlI, acquired close to the edge of Au tip (region C), Ec is at +1.16V
and Ey is at —1.52V, so the measured band gap is about 2.68 eV
with an asymmetrical form around 0V bias. The difference in the
value of the measured band gap of the CdSe QD between curve Il
and curve Il may be attributed to a difference in dimensionality at
these points of measurements of the CdSe QD. In the kinematics of
STS measurement, the Fermi level Er of the sample always appears
at 0V bias, so the average 0.18 4+ 0.03 eV negative shift AE of the
band edges Ec and Ey shown in curve IlI relative to curve Il is due
to the positive energy shift of the Fermi level toward equilibrium
between the CdSe QD and the Au tip. This shift causes a down band
bending toward the interface by the same amount. Consequently,

(@)

Au (size=3.5nm)  CdSe (size= 4.1 nm)

by e %

E--541eV L= 016V

I I Vac. level

EC= -4.26 eV

E,=-688 ¢V

it can be concluded that there is an accumulation of electrons at
the interface.

A model of the electronic energy band diagram of CdSe of size
about 4.1 nm and Au tip of size about 3.5 nm before and after con-
tact are shown in Fig. 6a and b respectively. The dimensions were
selected to be coincident with the values measured from the STM
image of CdSe-Au tipped. The bulk electron affinity of CdSe was
taken as 4.95eV [14]. A CdSe NP of size about 4.1 nm has a band
gap about 2.62 eV and an electron affinity about 4.26 eV. The Au tip
ionization potential (IP) was calculated using the formula proposed
by Halas [19]

3 e
IP=Wet g 3e0D"

(3)
where W, is the bulk work function of Au, which is taken as 5.1 eV
[20], and D is the size of Au tip measured as 3.5 nm. Before contact
as shown in Fig. 6a, the Fermi level of Au tip is aligned at —5.41 eV
relative to the vacuum level, and the Fermi level of the intrinsic CdSe
NP, aligned at the middle of the band gap, is at —5.57 eV. On contact
as shown in Fig. 6b, the Fermi level of CdSe shifts by about 0.16 eV
toward the conduction band edge to reach equilibrium, causing a
band bending down in the direction of the interface by this amount.

CdSe (size= 4.1 nm
(b) Au (size= 3.5 nm) ( )

B —
—
N

2

FM Tk
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E =262¢eV EF =-5.57 eV the ing
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Fig. 6. A model of the electronic energy band diagram of CdSe QD of size 4.1 nm and Au tip of size 3.5 nm (a) before contact and (b) after contact.
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Table 1
Sizes and band gaps of CdSe QDs before and after Au tipping.
Sample CdSe size (nm) CdSe band gap (eV)
Optical absorption and EMA HRTEM image STM image STS Optical absorption STS
CdSe 4.2 £ 0.01 43 +£038 4.0 +£0.2 4.1 £0.15 2.4 £+ 0.01 2.62 + 0.08
CdSe-Au tipped 4.3 £+ 0.01 45 + 0.6 4.1 +£0.19 3.9 +0.13 24 +£0.01 2.68 + 0.04
Such aresult is in agreement with the result obtained from the STS Acknowledgment

presented in Fig. 5c-IIL

Table 1 shows a summary of the comparison between the results
of sizes and band gaps of CdSe QDs before and after Au tipping as
obtained from the optical absorption, HRTEM, STM and STS. The
sizes of CdSe NPs obtained from the optical absorption using the
EMA model are in close agreement with the direct measurements
using HRTEM as well as STM. The metal tip dimensions, measured
from the STM images, were confirmed by the direct measure-
ments of HRTEM. Furthermore, band gaps obtained from the optical
absorption are also in good agreement with the values measured
by STS.

4. Conclusion

CdSe-Au tipped hybrid nanostructure has been used for study-
ing the interfacial electronic structure of chalcogenide/metal
contact in the nanoregime. The electronic bands of CdSe bend down
in the direction of the interface as a result of the Fermi level equili-
bration between the CdSe NP and the Au tip. This shift in the band
edges was detected experimentally from the asymmetry in STS at
the interface between the CdSe NP and the Au tip. Such aresult gives
a clear evidence for the existence of the electron accumulation at
the interface of CdSe-Au tipped hybrid nanostructure. The pres-
ence of the electron accumulation at the interface of chalcogenides
with metals has an important implication in plasmon-quantum dot
synthesized solar cells.

The generous support of the Egyptian SDTF grant ID 377 is
greatly appreciated.
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