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ABSTRACT Size and ligand effects are the basis for the novel properties and applications of metallic
nanoparticles (NPs) in nanoelectronics, optoelectronics, and biotechnology. This work reports the first observation
of enhanced photoelectron emission from metallic Au NPs ligated by alkanethiols. The enhancement is based on
a conceptually new mechanism: the AuNP provides electrons while the alkane ligand emits electrons due to its low
or negative electron affinity. Moreover, the AuNP—ligand chemical bonding is found to significantly facilitate
the transmission of photoexcited electrons from the AuNP to the ligand emitter. Consequently the smooth NP film,
which is a typical low-aspect-ratio two-dimensional structure, exhibits strong and stable field emission behavior
under photoillumination conditions. The photoenhanced field emission is related to the interband and surface
plasmon transitions in AuNPs, and a photoenhancement factor of up to ~300 is observed for the AuNP-based field
emission. This is highly remarkable because field emission is often based on one-dimensional, high-aspect-ratio
nanostructures (e.g., nanotubes and nanowires) with geometrical field enhancement effect. The chemical linkage
of electron-supplying AuNP and electron-emitting alkane ligand represents a fundamentally new mechanism for
efficient photoexcitation and emission. Being low-temperature/solution processable, and inkjet printable, AuNPs
may be a flexible material system for optoelectronic applications such as photodetection and photoenhanced field

emission.
KEYWORDS: gold nanoparticles - nanoparticle-ligand chemical
bonding - photoemission - field emission - photodetection - photoassisted field
emission - AuNP—alkane network
u nanoparticles (AuNPs) are usually
passivated by ligands, and the
physical and chemical effects asso-
ciated with the NP-ligand system have been
the focus of many works."® The NP-ligand
chemical bonding is of particular impor-
tance because it is related to numerous un-
usual behaviors of NPs such as induced
magnetic moments”® and the screening of
*Address correspondence to Coulomb blockade effect.’ Alkanethiols are
phyweets@nus.edu.sg, the most common ligands used for the pas-
nnixxn@nus.edu.sg. sivation of AuNPs, and in most cases they
Received for review May 24, 2009 are self-assembled on the NP surface
and accepted July 29, 2009. through the Au—S covalent bond."®""
Much work has been devoted to the size
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10.1021/nn9005335 CCC: $40.75 and ligand effects on the electronic, ther-
mal, and optical properties of NPs," "
© 2009 American Chemical Society while no report on the photoelectron gen-
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eration and emission from metallic AuNPs
is available in the literature. Enhanced elec-
tron emission is usually observed for wide
band gap (WBG) materials including dia-
mond crystals and diamondoid
molecules.">” '* Because of the WBG, the
conduction band (CB) edge is positioned
above the vacuum level E,,, so they exhibit
negative electron affinity (NEA)'2~ ' that
facilitates electron emission into the
vacuum without energy barrier. Metals like
Au are good electron sources as there is a
large population of conduction electrons
near their Fermi level Er. However, the Fermi
level Er of Au is 4.5—5.2 eV below E'>'®
such a large energy barrier hinders electron
emission to the vacuum, and therefore Au
is not an electron-emitting material. On the
other hand, alkanes are reported to be of
low/negative electron affinity
(LEA/NEA)."” ' But their large
HOMO—LUMO gap (=8.0 eV?°?") renders
them electrically insulating, and conse-
quently there is no report on the applica-
tion of alkanes as electron emitters.

This work reports the photoelectron
emission behavior arising from the combi-
nation of AuNPs and alkane ligands. We
demonstrate for the first time that when
AuNPs are ligated with alkanes through
Au—S chemical bonding, the nanocompos-
ite exhibits enhanced photoelectron emis-
sion. The emission mechanism is based on
the electron-providing function of AuNP
and the electron-emitting characteristic of
the NEA alkane. In the following para-
graphs, we present photoelectron spectros-
copy (PES) results to show the enhanced
emission of secondary electrons (SEs) from
the chemically bound AuNP-alkane ligand
network. We then present DFT (density
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Figure 1. (a) Typical TEM (transmission electron microscope) image of S1 and S2 AuNP samples with an average diameter of 3.3 nm; (b)
Au 4f PES spectra collected for AuNP samples S1, S2, and S3, respectively; (c) schematics showing the existence of Au—S bonding in S1,
nonexistence of Au—S bonding in S2, and the thermal breakage of Au—S bond in S3, respectively; (d) corresponding S 2p PES spectra re-
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corded for samples S1—S3, respectively. Photons with energy of 560 eV were used in PES measurements.

functional theory) calculation to elucidate the photo-
emission mechanism and highlight the role of Au—S
bonding in facilitating the NP—ligand SE transmission.
Due to the photoenhancement effect, strong and stable
field emission is observed for the AuNP film under pho-
toillumination conditions. The variation of photoen-
hancement factor as a function of photon energy and
power density is discussed, and the unique features of
AuNP-based photoenhanced field emission are com-
pared with those of geometry-enhanced field emission
typical of conventional nanostructures.

RESULTS AND DISCUSSION

We first compare the PES results among AuNP
samples S1—3 with and without Au—S bonding at the
NP-ligand interface, respectively. The AuNP samples S1
and S2 used in this work were chemically synthesized
according to an early publication* (see Supporting In-
formation section i for experimental). Sample S1 AuNP
is passivated by 11-mercaptoundecanoic acid [MUA,
HS—(CH,);o—COOH] ligand and is water-soluble;
sample S2 AuNP is capped by 11-mercaptoundecanol
[MUO, HS—(CH,);o—CH,—O0H] ligand and is soluble in
methonal. Despite the different solubility caused by
ligand terminal groups, the S1 and S2 AuNPs are of the
same average diameter of 3.3 nm (see Figure 1a), and
exhibit similar electric conductivity of 1077—107°
S/cm.* In this work, our PES (see Supporting Informa-
tion section ii for experimental details) results reveal
that the AuNP—ligand interface is different between
the two samples: S1 is characterized by the formation
of Au—S chemical bonding, while there is no such
Au—S bonding in S2. As shown in Figure 1b, the Au
4f;/, PES peak of S1 is very broad with a fwhm (full width
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at half-maximum) of 1.8 eV. The fwhm is much larger
than that of 0.8 eV recorded for a Au reference film
shown as spectrum iv in Figure 1b. The broad peak of
sample S1 is deconvoluted into two components C; and
C,. Component C; is located at the same position
(~84.0 eV) as the peak of the Au reference, and there-
fore is attributed to the unbound inner Au atoms in the
NP. Component G, is located at a higher binding en-
ergy of ~84.8 eV, and is associated with Au—S bond
formation.'®'" The corresponding S2p peak of S1 (see
spectrum i in Figure 1d) is also quite broad (fwhm = 2.7
eV), and exhibits two components: C; with 2ps3,, =
163.4 eV and 2p,; = 164.5 eV; Cy with 2p;, = 164.3
eV and 2p,,; = 165.4 eV. The former with a lower bind-
ing energy is due to the Au—S bonding, while the lat-
ter is attributed to S atoms not participating in the
Au—S bond formation.?>%* In contrast, the Au 4f,,
peak of sample S2 (see spectrum ii in Figure 1b) is much
narrower (fwhm = 0.9 eV) and is positioned around
84.0 eV, indicating that sample S2 is bulk-like without
the formation of Au—S bonds at the AuNP—ligand in-
terface. Consequently, the S2p peak of sample S2 (see
spectrum ii in Figure 1d) is narrower (fwhm = 2.0 eV),
and only contains a single component of unbound S at-
omes. PES survey scan shows that the C1s:Au4f;,,:S2p
peak intensity ratio observed for samples ST and S2 is
almost the same (see Supporting Information section
iii), indicating nearly identical AuNP/ligand chemical
stoichiometry between the two samples. The above re-
sults suggest that the AuNP—ligand interface can be ei-
ther chemically or physically linked. In Figure 1c, we
propose that the formation of chemical and physical in-
terface is due to the orientation of the ligand relative
to the AuNP surface. For sample S1, the thiol group is
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Figure 2. (a) Comparison of secondary electron (SE) emission intensity among samples S1—3; (b) the SE intensity of pure MUA ligand
film and Au reference film are also shown in comparison with that shown in panel a; (c) comparison of SE intensity and valence band
(VB) intensity of sample S1. The inset shows the log—log plot of the SE peak. All the spectra were collected under identical conditions
in the PES experiments. Photons with energy of 60 eV were used for the above measurements.

facing the AuNP, and this configuration facilitates the
formation of Au—S bonding. In the case of sample S2,
however, the thiol terminal group is facing outside, and
the alkane ligand is only physisorbed on the AuNP sur-
face. Such physisorption and unbound S atoms have
been observed®?~ 2> for alkylthiol self-assembly on Au
surfaces (e.g., see Figure 9 in ref 25), and are found to be
sensitive to the wet-chemistry molecular assembly con-
ditions such as the solvent used and the times of rins-
ing the assembled layers. In the case of physisorption,
the individual AuNPs are still passivated by the ligands,
and the AuNP surface is stabilized by the ligand through
physical effects such as van der Waals interaction and
Pauli repulsion. That is, the electron cloud of the ligand
pushes back the spill-out electrons of the AuNPs, and
the AuNP/ligand interface is dominated by van der
Waals interaction.?® Here, we believe the difference in
Au—S bonding between S1 and S2 samples is caused
during the reduction of Au** to Au® by sodium borohy-
dride (see Supporting Informationsection i). In this pro-
cess, the AuNP is being formed and the surrounding
alkylthiol ligands subsequently absorb on the NP sur-
face. So the difference in reaction temperature and du-
ration, and solution stirring conditions of this key step
would affect the AuNP—ligand interface formation. In
addition to wet-chemistry approach, we found that the
physical interface can also be formed by breaking the
Au—S bonds of samples S1 through the thermal anneal-
ing of S1 in vacuum around =100 °C for a few minutes
(the annealed sample is referred to as S3). The Au 4f;,
and S2p spectra of sample S3 are displayed Figure 1
panels b and d, respectively. It is seen that both peaks
are similar to those of sample S2, indicating the cleav-
age of Au—S bond by thermal annealing in vacuum.
Moreover, the C1s: Au 4f,/,: S2p of sample S3 is also very
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close to that of samples ST and S2 (see Supporting In-
formation section iii). This indicates that under the
above annealing condition, only the Au—S bond is
cleaved, while the evaporation of the ligand molecule
is negligible (see Figure 1c for the proposed interface
structure of S3). Y. Kim, R. C. Johnson, and J. T. Hupp®
performed NMR (nuclear magnetic resonance) mea-
surements of MUA passivated AuNPs, and they found
that the a-carbon atom of MUA is not detectable be-
cause of its closest proximity to the AuNP core (see Fig-
ure S1in ref 5). It would be instructive to do similar
NMR characterizations for our samples S1—3 and find
out if the Au—S bonding affect the detection of the
a-carbon atom. Although the chemical composition of
the AuNP samples S1—S3 are similar, the photoemis-
sion behavior of them, as demonstrated below, exhib-
its a strong dependence on the existence of Au—S in-
terfacial bonding.

Figure 2a exhibits the secondary electron (SE) emis-
sion spectra collected for samples S1—3, respectively.
For sample S1 with Au—S bonding, a sharp and narrow
emission peak located at 4.0 eV dominates the spec-
trum. The peak intensity reaches 2.4X 10° cps (counts
per second), and its fwhm is only 0.37 eV. From the low-
kinetic energy cutoff of the SE peak, the work function
of the AuNP film is determined to be W = 3.8 eV. In
contrast, under identical PES experimental conditions,
the peak intensity of sample S2 without Au—S bonding
is only 1.2 X 10° cps, and its fwhm broadens to 0.74
eV. The SE peak intensity and fwhm of sample S3, in
which the Au—S bonding has been thermally cleaved,
are almost identical to those of sample S2 (see Figure
2a). This result indicates that the Au—S bonding signifi-
cantly facilitates SE emission from the ligated AuNPs to
the vacuum. In comparison, the SE intensity observed
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for pure MUA ligand film and Au reference film is shown
in Figure 2b. It can be seen that the peak position, in-
tensity, and fwhm of the pure ligand film are similar to
those of samples S2 and S3. We suggest that in sample
S1, both the AuNP and ligand are contributing to SE
emission: the SEs from AuNP are transmitted to ligand
through Au—S bonds, thus leading to enhanced SE
emission. Since there are no Au—S bonds in samples
S2 and S3, the SEs generated in AuNPs cannot be trans-
mitted to the ligands for emission, therefore only the
ligand is involved in SE emission. This is why the SE
emission of the pure ligand is also similar to that of
samples S2 and S3. For the Au reference film, the broad
peak (fwhm = 1.49 eV) is a result of the wide energy dis-
tribution of secondary electrons emitted from its con-
tinuous conduction band. The low-kinetic energy cut-
off of the peak is 4.9 eV, in agreement with the work
function Wy= 4.5—5.2 eV reported for bulk Au.''® The
fwhm of sample S1 is only 25% that of the Au refer-
ence. The sharp SE peak of S1 can be attributed to the
LEA/NEA'” 19 of the alkane ligand. It is reported that
LEA/NEA greatly enhances SE emission, such that the SE
peak intensity is usually much higher than that of the
valence band (VB) electrons.”> ' In the case of the
AuNP sample ST with Au—S bonding, the SE intensity
is 250 times that of the VB electron (see Figure 2c). The
sharp SE peak is even clearly visible in the log—log plot
shown in the inset of Figure 2¢c, which exhibits the ex-
ponential decay typical of secondary emission.

We propose a three-step mechanism to explain the
higher SE intensity observed in Figure 2 for sample S1
with Au—S bonding. First, the valence electrons of the
AuNP are photoexcited into its CB where they thermal-
ize to form secondary electrons. Second, the secondary
electrons are transmitted to the unoccupied orbitals of
the ligand by Au—S bonding. Third, the secondary elec-
trons are emitted from the LUMO of the ligand to the
vacuum, and the emission is enhanced due to the LEA/
NEA of the alkane ligand. To provide a more detailed
description on how the Au—S bonding facilitates the
AuNP — ligand SE transfer, we conducted DFT (den-
sity functional theory; see Supporting Information sec-
tion iv for details on model construction and simula-
tions) to examine the NP—ligand chemical interface
and electronic configuration. Figure 3a shows the AuUNP
model containing a Au38 cluster chemically bonded to
six SH-Cy1Hy3 alkane ligands via Au—S bonds. A NEA of
0.41 eV was calculated for the alkane ligand, in agree-
ment with previous observations."””~'® The Au—S
bonding is characterized by the strong overlap of
charge density between Au and S atoms as shown in
Figure 3b. The calculation reveals that one S atom inter-
acts with three surface Au atoms to form an optimal
tetrahedron configuration, in agreement with previous
results.?” The bonding is characterized by the strong
overlap of charge density between Au and S atoms.
Here, only two Au atoms are visible on the charge den-
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sity map because the third one is blocked in this direc-
tion of view. The Au—S bonding has a crucial effect on
the NP/ligand interface electronic configuration. As dis-
played in Figure 3c, in the absence of Au—S bonding,
there is no overlap between the DOS of AuUNP and
ligand in the energy range from E¢ to the LUMO of
ligand, and this configuration hinders the transmission
of SEs from AuNP to ligand. In contrast, substantial DOS
are generated at the interface by the Au—S bonding
as demonstrated in Figure 3d. Here, instead of the to-
tal DOS, we selectively highlight the partial DOS which
is involved in the Au—S bonding and is thus significant
to SE transmission. It can be seen that the Au 6p, 6s,
and 5d states form the CB of AuNP 0—4.5 eV above E,
and these states overlap (or are coupled) with the S 3p
state in the same energy range. This continuous sub-
band is induced by the Au—S bonding, and it links the
AuNP CB and the empty states of the alkane chain, thus
creating an energy window (0—4.5 eV wide) which fa-
cilitates the AuNP — ligand transmission of SEs. Very
strong Au 5d state is observed 0—8.0 eV below £,
whose maximum DOS is calculated to be ~10 times
that of the Au 6s state. The Au 6sp electrons are respon-
sible for the intraband excitation, while the filled Au

5d state below Eg provides large number of electrons
for the 5d — 6sp interband transition under photon il-
lumination conditions. It is clear in Figure 3d that the SE
in AuNPs can be transmitted to the ligand through the
highly hybridized Au 5d, 6sp and S 3p states. Note that
the CB DOS shown in Figure 3d corresponds to the ex-
istence of six Au—S bonds at the NP—ligand interface.
When more Au—S bonds are formed, the density of the
overlapped states above Er would increase signifi-
cantly, and accordingly the SE transmission would be
more energetically favored. Figure 3e provides a picto-
rial description of the photoelectron transfer and emis-
sion from AuNPs with Au—S bonding at the NP—ligand
interface.

The enhanced photoelectron emission is further
confirmed by our field emission (FE) experiments. Fig-
ure 4a displays the FE current obtained for samples
S1—3 under the illumination of 405 nm light (power
density = 40 mW/cm?). The experimental setup of the
photoenhanced FE measurements is shown in the inset
of Figure 4a (see Supporting Information section v for
details). It can be seen that only sample S1 exhibits FE
current with a turn-on field of F = 5.7 VV/um, starting
from which, the FE current increases sharply from 1.1
X 107°t0 8.5 X 107% A (or 0.28 mA/cm? in current den-
sity) at F = 11 V/pm. As justified later, such exponen-
tial current increase by three orders is typical of
Fowler—Nordheim (FN) field emission. In contrast, the
IV curves observed for samples S2 and S3, respectively,
in Figure 4a do not exhibit this turn-on behavior, indi-
cating the absence of FE characteristic in the samples.
Without light illumination, the IV curves observed for
samples S1, S2, and S3, respectively, all resemble the
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Figure 3. (a) The AuNP model consisting of a Au38 cluster and six alkanethiol molecules chemically bound to the cluster
through Au—S bonds; (b) charge distribution showing the overlap of charge density between Au and S atoms; (c) total DOS
calculated for the Au NP/ligand interface without Au—S bonding; (d) orbital specific partial-DOS calculated for the AuNP/
ligand interface with Au—S bonding; (e) pictorial illustration of the transmission of SE from AuNP to alkane ligand and the

emission of SE by the NEA ligand.

one labeled as “Dark current” in Figure 4a. The observa-
tion indicates that the FE current is photoactivated
and is only generated in sample S1 with Au—S bond-
ing. This is in agreement with the three-step mecha-
nism proposed for photoemission in the preceding
paragraph in which the Au—S bonding facilitates the
transmission of photoelectrons from the NP to ligand.
To further address the photoassisted FE current, the IV
curve of sample S1 was fitted to the FN field emission
equation in its commonest format®32°

BW3/2
In(l)=— F l—Hn('ﬂ’-ﬁ) (1

P BoF o\ W

where [ (in A) is the FE current, F (in V/cm) the electric
field, Wk (in eV) the work function of the sample, B the
enhancement factor, and vy (in cm?) the emitting area. A
and B are two constants with A = 1.4 X
107%(A-eV-V7?),and B = 6.44 X 107(V-cm-eV~3?), re-
spectively.?® Equation 1 dictates a linear relation be-
tween In (I//F?) and (1/F) for FE current. In Figure 4b, the
same [V of sample S1 shown in Figure 4a obtained un-
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der light illumination is plotted in the FN format. It can
be seen the IV obeys the FN equation, and the best-fit to
eq 1isIn (I/F) = —1.5 X 10%F — 19.6, in which the
slope of —1.5 X 10° corresponds to —BW;>?/B.

Using Wr = 3.8 eV determined in Figure 2a by PES, an
enhancement factor of § = 301 is obtained for the pho-
toenhanced FE of AuNP sample S1. Note that in FE, B
is usually a measure of the field enhancement caused
by the geometry of emitters, and large 3 values are of-
ten associated with sharp emitter structures with high
aspect ratios. Consequently, FE is only observed for 1D
nanostructures such as nanotubes, nanowires, and
nanorods.?® 3¢ Since our AuNP film is a very smooth
2D surface with a rms (root-mean-square) roughness of
0.62 nm (see Supporting Information section vi), the en-
hancement due to sharp geometry should not exist on
such a flat surface. Therefore, the large enhancement of
B = 301 observed in Figure 4b can be fully attributed
to the photoenhancement effect. This observation is
quite remarkable as it implies that large scale FE can be
achieved on the basis of photoenhancement by using
a flat NP film prepared with simple spin-coating
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Figure 4. (a) Comparison of FE current of samples S1—3 under 405 nm light (40 mW/cm?) illumination. The typical IV (or
dark current) of the samples obtained without light illumination is also shown. The inset shows the FE experimental setup.
(b) Experimental and fitted FN plots of the same FE current of samples S1 shown in panel a; (c) optical absorption spectrum
collected for AUNP sample S1; (d) variation of enhancement factor 3 of sample S1 as a function of the power density of
light used in FE experiments; 405 and 532 nm lights were used respectively to illuminate the sample; (e) on/off FE current ob-
served for sample S1 when alternatively switching on and off the 405 nm@40 mW/cm? light.

method. This approach may provide an alternative to
FE based on high-aspect-ratio nanostructures. In the lat-
ter case, the uniformity and areal density of FE de-
pends on the distribution and vertical alignment of in-
dividual nanostructures, and the control of these factors
requires delicate preparation and multiple patterning
steps.

Figure 4c displays the optical absorption spectrum
recorded for AUNP sample S1 (see Supporting Informa-
tion section vii). Two prominent absorption peaks are
observed at 378 and 616 nm, respectively. The short
wavelength peak is due to the Au 5d — 6sp interband
transition, while the long wavelength absorption corre-
sponds to the well-known surface plasmon (SP)
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excitation.?”*® In Figure 4c, the interband peak is stron-
ger than the SP peak, and this is caused by the enhance-
ment of interband transition when the size of noble
metals is reduced to the nanoscale.” As displayed in
Figure S3 (see Supporting Information section vii), the
SP peak of individual AuNPs is located at ~540 nm, in
agreement with previous observations.' 2 But for the
film composing closely packed AuNPs, the SP peak is
red-shifted to 616 nm. This is because the close-packing
of AuNPs causes the inter-NP coupling effect, such

that the absorption of the film is not just a simple sum-
mation of that of individual AuNPs. Instead, the collec-
tive effect of interacting NPs in the film also contributes
significantly to the overall absorption of the AuNPs
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assembly,>**~ " thus leading to the large redshift ob-
served in Figure 4c. In the literature, such redshift has
been observed for metallic NP aggregates and is attrib-
uted to the multipole coupling between closely posi-
tioned NPs.*®*' The broad SP absorption observed in
Figure 4c is in agreement with the SP excitation ob-
served for the same MUA- or MUO-passivated AuNPs re-
ported earlier (see Figure 4 in ref 4). In Figure 4a, 405
nm light is used for photoexcitation, so the photoelec-
trons are generated by the enhanced interband transi-
tion in AuNPs. In addition, the energy of the 405 nm
light (hv = 3.1 eV) is too low to excite electrons from
the ligand with a gap of =8.0 eV (note the SE peaks ob-
served for S2, S3, and pure ligand film in Figure 2 pan-
els a and b are due to the large photon energy of 60 eV
used in PES measurements). This unambiguously indi-
cates that all the emitted electrons are from the AuNPs,
and the FE current in Figure 4(a) is fully composed of
photogenerated electrons. According to Figure 3(d) and
(e), the photoemission involves the excitations of ANP
electrons to form SEs, and the subsequent transmission
SEs to the unoccupied orbitals of the ligand. On the ba-
sis of the transfer matrix formula,***® one can derive
an explicit relation between FE current / and the num-
ber N(E) of excited electrons and the interface transmis-
sion probability P(E):

I'= 1,(T) P(E) N(E) ()

where [y(T) is a temperature T dependent constant,
while N(E) and P(E) are functions of electron energy E
(see Supporting Information section viii). No FE is ob-
served in Figure 4a without light illumination because
there are no SEs with an energy higher than £, and the
0—11 V/pm field strength is insufficient to electrically
emit electrons. This scenario corresponds to a near-zero
P(E)N(E) production in eq 2, and thus a zero FE current.
With light illumination, a large amount of SEs with en-
ergies above E: is generated in the CB of AuNPs, thus
leading to a large N(E) value. Moreover, the strong cou-
pling of the Au 6p, 6s, and 5d states with the S 3p state
associated with Au—S bonding significantly improves
the transmission probability P(E) of the NP/ligand inter-
face. Therefore, both the number of electron N(E) and
transmission probability P(E) in eq 2 are substantially in-
creased, and this combined effect is responsible for
the FE behavior observed for sample S1 shown in Fig-
ure 4a,b). The energy E of photoexcited electrons is in
the broad range of £ < E < E¢ + hv. At a low field F,
only a small portion of electrons with a higher energy
close to E¢ + hv are emitted. This stage corresponds to
the turn-on of FE at F = 5.7 V/um shown in Figure 4a.
When F is increased, more and more photoelectrons
with a lower energy of E = E are emitted, and this is
the origin of the rapid current increase by three orders
in the FE regime of F = 5.7—11 V/um shown in Figure
4a.

Figure 4d displays the variation of 8 as a function
of the power density of photons used in FE experi-
ments. When a photon of 405 nm@40 mW/cm? is used,
a B of ~300 is obtained on the basis of eq 1. When
the power density is reduced, the 3 value decreases,
for example, B = 250 and 120 when the power den-
sity is 30 and 20 mW/cm?, respectively. This observa-
tion is related to the number N(E) of photoelectrons
generated: a lower power density corresponds to a
smaller N(E) of photoelectrons, and thus a lower FE cur-
rent according to eq 2. A similar change in B as a func-
tion of decreasing power density is also observed for
532 nm photons (see Figure 4d). The electron emission
by the 532 nm light should be due to the AuNP SP ex-
citation which spans a wide range of 500—900 nm as
shown in Figure 4c. The FE enhancement (see Figure
4d) of the 532 nm light is smaller than that of the 405
nm light partly due to the lower photon energy (2.3 eV)
of the former. Figure 4e displays the FE current varia-
tion of sample S1 under a constant field of F = 8.5 V/um
when the 405 nm@40 mW/cm? light was switched on
and off alternately. It is seen that the FE is turned on and
off instantly by the light, and the on/off current ratio
reaches 312.5, much higher than that of <4 reported
for semiconductor nanostructures.>*>? In addition, the
on/off current remains quite stable over prolonged
(>200 s) light illumination. This good FE stability is in
contrast to the quick decrease (e.g., after ~5 s illumina-
tion) of the on/off ratio observed for CuO nanobelts. In
the latter case, field emission depends on ionic carriers,
and these carriers can often be desorbed by photon il-
lumination, thus leading to the deterioration of FE prop-
erty as widely observed for nanotubes and
nanobelts.32~3* In our experiments, the NP film was
used for repeated FE measurements, reproducible /Vs
similar to that shown in Figure 4a,e were always ob-
tained, and there was no sign of degradation by light il-
lumination and field application. In addition, no obvi-
ous change in IV characteristics of the NP film was
observed after storing the film in a drybox for >12
months. The result shown in Figure 4e demonstrates
the high photosensitivity and good stability of AUNP
film as a new material for photoemission and photode-
tection applications. In Figure 4a, the turn-on voltage
and maximum FE current density of the AuNP field
emitter is 570 V and 0.28 mA/cm?, respectively. In com-
parison with those (200 V and 100 mA/cm?,
respectively)®*®3' of the well-known carbon nanotube
(CNT) emitter, further work is needed to improve the FE
performance of the AuNP emitter. However, the fabrica-
tion of AuNP film is low-temperature, solution process-
able, and is inkjet printable.* Moreover, the photoen-
hanced FE mechanism of AuNPs does not require a high
aspect-ratio emitting structure as the 1D CNT does,
and thus FE is possible on the flat AUNP film as demon-
strated in Figure 4.

s
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CONCLUSION

In conclusion, we have reported the first observa-
tion of enhanced photoemission from alkane-ligated
metallic AuNPs. The AuNPs supply photoelectrons while
the Au—S chemical bonding significantly improves the
AuNP-ligand interface transmission probability, thus en-
hancing electron emission from the negative-electron-
affinity ligand. Photoenhanced field emission by AuNP
interband and surface plasmon excitations is demon-

EXPERIMENTAL AND SIMULATION

All the chemicals used in the chemical synthesis of AuUNPs
were purchased from Aldrich. The synthesis of MUA- and MUO-
passivated AuNPs is based on the method shown in ref 4. AuUNPs
films were deposited onto Si substrates by the spin-coating
method. The samples were characterized by TEM (transmission
electron microscope), optical absorption, PES (photoelectron
spectroscopy), AFM (atomic force microscope). Field emission ex-
periments were conducted with and without light illumination,
respectively. DFT (density functional theory) simulation was also
carried out to examine the AuNP—ligand interface. All the details
about the above experimental and simulation work are pro-
vided in Supporting Information.
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