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A solution-processable electrode is a key component in flexible electronics. Despite
recent studies on silver nanocrystal (Ag NC)-based electrodes with high conductivity,
the absence of a strategy to control the work function has limited the development
of low-cost and high-performance electronic devices. In this report, we introduce a
chemical route to manipulate the work function of solution-processed Ag NC-based
electrodes. The structural, chemical, optical, and electronic properties, as well as the
work functions, of the Ag NC thin films treated with three types of halide ligands
(Cl−, Br−, and I−) were investigated. Ultraviolet photoelectron spectroscopy analysis
shows that the work functions are shifted to 4.76, 4.43, and 4.04 eV when the lig-
ands are changed to Cl−, Br−, and I−, respectively. The trend in the shift induced by
the halide ligands matches the results of atomistic density functional theory calcu-
lations and scales with the strength of the dipoles formed by the electron transfer
at the NC/ligand interfaces. To demonstrate the impact of our strategy in device
applications, we fabricated all-NC-based thin-film transistors and complementary
metal-oxide-semiconductor inverters. This study provides a fundamental understand-
ing of the surface states of nanomaterials and also offers technological benefits for the
construction of low-cost, high-performance electronic devices. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5066040

A solution-processable metal electrode has gained huge attention in flexible electronic devices,1–7

because of the simple, low-cost fabrications as well as the compatibility with large-area substrates.8–14

Out of many metal candidates, silver nanocrystal (Ag NC) is a promising one as they are relatively
inexpensive, highly conductive, and easily synthesized at a large scale. However, as-synthesized Ag
NC thin films are electrically insulating because Ag NCs are surrounded by insulating organic ligands
or surfactants for colloidal stability. Therefore, extensive efforts have been devoted to improving
the electrical conductivity of thin films made of Ag NCs by various methods.15–22 Through these
processes, highly conductive Ag NC thin films have been produced.

Beside the conductivity, the work-function of a metal is another critical property to be considered
when used as an electrode because it determines the band alignments and barrier heights for charge
injections or extractions. In conventional electrodes, different types of metals are used for controlling
work functions of electrodes. For instance, Al is used for low work function contacts (4.1-4.2 eV),
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and Au is used for high work function electrodes (5.1-5.4 eV).23 On the other hand, for solution
processed electrodes, material selection is limited; for Al NCs, it is difficult to synthesize due to
surface oxidation issues; for Au NCs, it is very expensive and difficult to obtain a conductive thin
film as Au has higher melting temperature and less mobile and diffusive nature, compared to Ag.
This restricts the range of work functions, severely limiting device applications. In this regard, the
strategy to control the work function of solution-processed electrodes of Ag NCs should be urgently
developed.

Here, we developed a chemical route to engineer the work function of Ag-NC-based electrodes
through ligand exchange processes. We used short inorganic halide ligands for ligand exchange
with the original long oleic acid ligands.24–26 The effects of different halide ions on the electronic,
structural, chemical, optical properties, and more importantly the work function of Ag NC thin films
were thoroughly investigated. Along with our combined analysis, density functional theory (DFT)
calculations show that the origin of the work function change is the dipoles formed around the Ag NCs
by the halide ions. Utilizing the developed method of halide-ion exchange, we fabricated all-solution-
processed NC thin film transistors and complementary metal-oxide-semiconductor (CMOS) inverters
with work-function-variable Ag NC electrodes to demonstrate their potential applications in flexible
electronics. Our strategy provides a promising route to construct low-cost and high-performance
electronics and optoelectronics.

The Ag NCs were synthesized by a simple solution process.27 The synthesized Ag NCs have a
spherical shape with uniform size (3–4 nm), as shown in Fig. 1(a), and are capped by long carbon
chains of oleylamine and oleic acids. The as-synthesized Ag NC thin film cannot be used as an elec-
trode because the interparticle distance is large and the thin film is electrically insulating. Therefore,
we replaced these long organic ligands with halide ions to achieve high conductivity by a ligand
exchange method. As the ligand exchange materials, solutions of ammonium chloride (NH4Cl),
tetrabutylammonium bromide (TBAB), and tetrabutylammonium iodide (TBAI) were prepared with
the concentration of 30 × 10−3M in methanol. The deposited Ag NC thin film was immersed in the
prepared solution. After ligand treatment with halide ions for 2 min, the Ag NC thin film was washed
three times with methanol to remove the residual ligands. This method was repeated 2–3 times to fill
any cracks or holes.28

To investigate the surface chemistry and optical properties of the Ag NC thin films treated
with NH4Cl, TBAB, and TBAI, Fourier transform infrared (FT-IR) spectroscopy measurement was

FIG. 1. (a) Transmission electron microscopy image of as-synthesized Ag NCs. (b) FT-IR spectra, (c) X-ray diffraction
pattern, and (d) energy dispersive X-ray spectra of as-synthesized Ag NCs and NH4Cl, TBAB, and TBAI-treated Ag NCs
(black: untreated Ag NCs, red: NH4Cl-treated Ag NCs, blue: TBAB-treated Ag NCs, and magenta: TBAI-treated Ag NCs;
the peaks marked α, β, γ, and δ are attributed to crystalline Ag, AgCl, AgBr, and AgI, respectively).
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conducted. As shown in the FT-IR spectra in Fig. 1(b), the as-synthesized Ag NCs yield intense
peaks at 2922 and 2855 cm−1, corresponding to the C–H stretching vibrations of oleate.29 After
ligand exchange, the corresponding peaks disappeared, indicating the removal of oleate.30,31

We also investigated the structural properties of the Ag NC thin film through X-ray diffraction
(XRD) analysis, as shown in Fig. 1(c). In the case of the as-synthesized Ag NC thin film, there is a
broad peak at 38◦ that corresponds to the Ag face-centered-cubic (FCC) (111) plane. After ligand
exchange, peaks near 38.08◦, 44.32◦, 64.52◦, and 77.4◦ appeared, corresponding to the (111), (200),
(220), and (311) planes of Ag. The peaks were more intense and sharper, implying the growth of the
Ag NCs into larger crystals.32 Additional peaks also appeared, and these correspond to silver halides.
In the case of NH4Cl treatment, peaks were observed near 27.82◦, 32.14◦, and 46.26◦, corresponding
to the (111), (200), and (220) planes of AgCl. In the case of TBAB treatment, peaks were observed
near 30.86◦ and 73.26◦, corresponding to the (200) and (420) planes of AgBr. In the case of TBAI
treatment, peaks corresponding to the (100), (002), (101), (110), and (112) facets of β-AgI appeared
near 22.09◦, 23.40◦, 24.98◦, 38.72◦, and 42.30◦. The strong and sharp peak observed at around 55◦ is
attributed to the silicon substrate. Thus, combined analysis confirms that the ligand exchange process
with NH4Cl, TBAB, and TBAI successfully replaced the oleate ligands with halide ions (Cl−, Br−,
and I−, respectively).

To study the surface states, quantitative and qualitative elemental analysis was carried out using
energy dispersive X-ray spectroscopy (EDX). As shown in Fig. 1(d), there were peaks at 2.98/3.16,
2.62, 1.49, and 3.95/4.25 keV, corresponding to Ag, Cl, Br, and I, and the relative amounts of
Cl−, Br−, and I− ligands are 19.6%, 24.5%, and 27.2%, respectively. For further investigation, X-ray
photoelectron spectroscopy (XPS) was also conducted and indicated that each ligand had successfully
bound to Ag atoms (Fig. S1in the supplementary material).

We examined the electronic properties of thin films after ligand exchange. Two-point resistance
measurements were conducted with Cl−, Br−, and I−-exchanged Ag NC thin films. As shown in
Fig. 2(a), linear current–voltage (I–V ) curves were obtained. The resistivity of as-synthesized Ag NC
thin films is higher than our instrument limit of 2.00 × 105 Ω cm, due to long length of ligands and
interparticle distances. The Cl−- and Br−-exchanged Ag NC thin films show similar high conductiv-
ities, whereas the I−-exchanged Ag NC thin films show lower conductivities. The low conductivity
of the I−-exchanged Ag NC thin films is attributed to the larger ionic radius. The ionic radii of Cl−,
Br−, and I− are 0.181, 0.196, and 0.220 nm, respectively, increasing with the period number. The
larger ionic radius creates slightly longer interparticle distances, weakening the NC coupling.23,33

Considering the thickness of the thin films, the resistivity is calculated as (4.71 ± 0.14) × 10−5 Ω cm

FIG. 2. Electrical properties: (a) current–voltage (I–V) curve and (b) resistivity of halide ligands treated Ag NCs. (c) Ultraviolet
photoelectron spectroscopy plot (black: untreated Ag NCs, red: NH4Cl-treated Ag NCs, blue: TBAB-treated Ag NCs, and
magenta: TBAI-treated Ag NCs) and (d) calculated work function of the halide-treated Ag NCs.

ftp://ftp.aip.org/epaps/apl_mater/E-AMPADS-6-004812
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for the Cl−-exchanged thin film, (3.59 ± 0.14) × 10−5Ω cm for the Br−-exchanged thin film, and
(6.94 ± 6.86) × 10−4 Ω cm for the I−-exchanged thin film [Fig. 2(b)].

To investigate the work function of Ag NC thin films treated with various halide ions, ultraviolet
photoelectron spectroscopy (UPS) analysis was performed, as shown in Fig. 2(c). The work function
is the minimum thermodynamic energy needed to remove an electron from the solid to the vacuum
state. In UPS measurements, when the incident photon energy becomes larger than the binding energy,
bound electrons are freed and collected. The work function was then calculated by extrapolating
to the intersection of the x-axis of the tangent line of the UPS spectrum. The work function was
4.09 ± 0.04 eV in the case of the as-synthesized Ag NCs, and it changed to 4.76 ± 0.05, 4.43 ± 0.02,
and 4.04 ± 0.01 eV after ligand exchange with Cl−, Br−, and I−, respectively, as shown in Fig. 2(d).
The work function and spectra shift to higher voltages in the order of I−, Br−, and Cl−, indicating
that the binding energy is in the same order. We found that the ligand exchange process dramatically
changed the work function of the NC thin films, as well as increased the conductivity. As 0-D NCs
are materials having the high surface-to-volume ratio and the ligands directly affect the surface of
NCs, the electronic structures and properties can be finely controlled with this ligand engineering
strategy.

DFT calculations were performed to investigate the origin of the change in the work function.
The surface of the Ag NCs was modeled as a semi-infinite Ag (111) slab geometry, as shown in
Fig. 3(a), because the (111) surfaces are known to be dominantly exposed for Ag NCs. Modeling the
NC surface as a slab is much more computationally efficient than modeling the entire NC, and the
qualitative description of the electrostatic environment at NC/ligand interfaces should be similar in
both cases. Only one side of the Ag slab was ligand-passivated. Four ligands (formate, Cl−, Br−, and
I−) were tested, with the ligand coverage held constant at one ligand per four surface Ag atoms. The
formate in the simulation represents the oleate used in the actual experiments because the anchoring
groups of these two ligands are chemically identical, and the ligands only differ in length.

Figure 3(b) shows the plane-averaged electrostatic potentials for the four ligands adsorbed onto
Ag (111) slabs. A particular attention should be given to the flat potential lines in the vacuum region
right across the ligands: different ligands lead to different vacuum energy shifts (∆Evac). The vacuum
energy shift directly signifies the work function shift of the metal, in the opposing direction. ∆Evac

is the largest (+1.10 eV) for Cl−, followed by +0.93 eV for Br−, +0.78 for formate, and +0.53 eV for
I−. The direction and ordering of ∆Evac agree well with the UPS results although the magnitude of
the shifts is slightly overestimated by DFT.
∆Evac upon ligand passivation can usually be decomposed into two dipole terms: (1) a contribu-

tion from the dipole formed by the electron transfer at the NC/ligand interface and (2) a contribution
from the intrinsic dipole of the ligand itself.34,35 Halide ions (Cl−, Br−, and I−) lack an intrinsic
dipole, and thus, ∆Evac for halide ions only has an interfacial dipole term. Figure 3(c) shows the
plane-averaged electron transfer for these three halide ligands. Electron transfer occurs from the Ag
slabs to the ligands, and as a result the dipole points from the ligand to the Ag slab. The magnitude
of the electron transfer, however, is distinctly different: it is largest for Cl−, followed by those of Br−

and I−, which is in agreement with the order of electronegativity of these elements (3.16 for Cl, 2.96

FIG. 3. DFT calculations of the ligand-induced vacuum energy shifts for Ag slabs. (a) Schematic diagram of the modeled
Ag slab. Only the right side of the slab is passivated by adsorbed ligands (Cl− ions are shown as an example). The ligand
density was set at one ligand per four surface Ag atoms. (b) Plane-averaged electrostatic potentials of Ag slabs with different
ligands. The potential in the vacuum region far to the left of the unpassivated Ag slab is set as zero. (c) Plane-averaged electron
transfers of Ag slabs with different halide ligands.
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for Br, and 2.66 for I on the Pauling scale). It is also noted that the work function of carboxylate
cases (oleate in UPS and formate in DFT) is positioned between iodine and chlorine cases. In con-
trast to halogen ion cases where the intrinsic ligand dipole is non-existent, both the interface dipole
and intrinsic dipole contribute to work function determination for carboxylate cases. Our simulation
reveals that the interface dipole is positive and large for the formate ligand; however, it is weakened by
the dipole of formate itself formed in the opposite direction. As a result, the net dipole of carboxylate
becomes small and similar to the iodine case.

Advanced electronic circuits or devices require many fabrication steps and various materials
because they require low work function materials (Al or Ag) for the n-type contacts but high work
function materials (Au or Pt) for the p-type contacts. To overcome this limitation, we suggest Ag NC
thin films treated with different halides as a work-function-variable electrode platform for electronic
devices. As a proof of concept, we demonstrate n-type and p-type NC thin film transistor (TFT)
and CMOS inverters using ambipolar materials of NH4SCN-treated PbSe NCs. The PbSe NC thin
film was formed on the patterned substrate by spin-coating, and ligand exchange with SCN− was
conducted. Br−- and Cl−-exchanged Ag NC thin films were used as the electrodes because they show
much higher conductance compared to the I−-exchanged Ag NC thin films, and they have different
work functions, both of which are located in the band gap of the PbSe NCs. As shown in Fig. 4(a),
the Br−-exchanged Ag NC thin film electrode has a work function of 4.43 eV, which is higher than
a Fermi level of the SCN−-exchanged PbSe NC thin film. In this case, the transistor shows a high
electron current and a low hole current, a signature of ambipolar n-type devices, as shown in Fig. 4(b).
At the interface between the electrode and the PbSe NC channel, the barrier height for electrons is
low, allowing easier electron injection. In the case of Cl−-exchanged Ag NC thin film electrode, the
work function is 4.76 eV, which is lower than the Fermi level of the SCN−-exchanged PbSe NC thin
films. The device has a high hole current and a low electron current, indicating that it is an ambipolar
p-type device. Because the barrier height for holes is low, more hole injection is possible; thus, it
becomes an ambipolar p-type channel, as shown in Fig. 4(c).

In addition, the CMOS inverter was fabricated by incorporating two types of transistors, having
Ag NC thin film electrodes treated with NH4Cl and TBAB.23,36 As shown in Fig. 4(d), an output
voltage connected to each electrode of both transistors was generated by applying a drain voltage,
and it was switched off by applying the gate voltage to the p-doped Si wafer. By using the first-order
differential of the V in − Vout curve, the gate voltage at the switching point was found to be 20 V, and

FIG. 4. (a) Schematic of the band structure in PbSe NC transistor. Transfer curves of field-effect transistors (FETs) with (b)
TBAB-treated and (c) NH4Cl-treated Ag NC electrodes. (d) Voltage transfer characteristic of the fabricated CMOS inverter.
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the maximum gain was 4.17. Thus, the CMOS inverter was fabricated simply and inexpensively using
a solution process, and we have shown that a single material comprising PbSe NCs can show both
ambipolar n-type and p-type polarity when in contact with different halide-treated Ag NC electrodes.
Because the metal work function determines the amount of charge injection,23,35 the conduction type
of the device can be modified. Using only solution processes, we have demonstrated that NC building
blocks can be combined to construct basic circuitry components.

We have introduced a simple solution-based method to achieve work-function-tunable electrodes
using a ligand exchange process. Because the properties of the NCs are governed by their surface
properties, the work functions of the NC thin films can be successfully modified in the range of
4.0–4.8 eV through halide ligand treatment. DFT and the characterization results show that the origin
of the shift in the work function is the dipole formed at the surface between Ag and the ligands.
Taking advantage of our simple methods, we have demonstrated ambipolar p-type and n-type all-
nanocrystal transistors with high and low work functions, respectively, and prepared a CMOS inverter.
The tunability of the work functions of solution processed electrodes provides an opportunity to design
various electronic and optoelectronic devices.

See supplementary material for experimental details and XPS data of Ag NC thin films.
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