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Abstract

Highly ordered gold nanocrystal (NC)/silica films are synthesized by self-assembly of water-soluble gold NC micelles and silica using a

sol–gel spin coating technique. The optical properties are analyzed using ellipsometry and ultraviolet-visible spectroscopy. Transmission and

absorption spectra were measured for wavelengths ranging from 200 to 2000 nm. The absorption spectra show a strong surface plasmon

absorption band at ¨520 nm for all samples. Charge transport behavior of the films was examined using metal-oxide-semiconductor (MOS)

and metal-insulator-metal (MIM) structures. MOS capacitor samples exhibit charge storage with discharge behavior dominated by electron

transport within the gold NC arrays. Low temperature current–voltage measurements on MIM devices reveal electrical conduction with a

thermal activation energy of ¨90 meV. For temperatures less than 100 K, the I –V characteristics of the NC film exhibits a strong coulomb

blockade effect, with a threshold voltage of ¨0.5 V measured at 78 K.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Nanometer-sized crystallites of metals, semiconductors,

and oxides form a new class of ‘‘artificial solids’’ possessing

electrical properties far different from those of either the

corresponding isolated atoms or macroscopic solids [1–4].

The ability to adjust the properties of such solids through

control of the size, shape, composition, crystallinity, and

structure of the crystallites leads to a wide range of potential

applications. For instance, memory-cell structures employ-
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ing metal nanocrystals (NC) as the charge storage media

have been under investigation as promising candidates for

replacing conventional dynamic random access memory or

flash memories [5,6]. Recently, we demonstrated direct

synthesis of water-soluble nanocrystalline gold micelles,

including their self-assembly with silica into robust,

ordered, nanocrystalline arrays in bulk or thin film forms

[1,7]. These ordered arrays of metallic nanocrystals are

potential implementations of several types of model systems

including the nanocrystal memory devices mentioned above

[6].

In this work, we report the electrical and optical

properties of highly ordered gold NC/silica films. The films

are synthesized through self-assembly of water-soluble gold

NC micelles and soluble silica by sol–gel processing. Their

optical properties are analyzed with ellipsometry and

ultraviolet (UV)-visible spectroscopy. Transmission and

absorption spectra were measured from 200 to 2000 nm

using a Perkin-Elmer photospectrometer. The absorption
(2005) 38 – 42
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spectra show a strong surface plasmon resonance (SPR)

absorption at ¨520 nm for all samples. This result is

consistent with previous results indicating that the resonance

peak should exhibit a blue-shift with decreasing particle size

[8,9]. Charge transport behavior of the films was examined

using metal-oxide-semiconductor (MOS) and metal-insula-

tor-metal (MIM) structures. MOS capacitor samples exhibit

charge storage with discharge behavior dominated by

electron transport within the gold NC arrays. Low temper-

ature current-voltage measurements on MIM devices reveal

electrical conduction with a thermal activation energy of

¨90 meV. For temperatures less than 100 K, the I–V

characteristics of the NC film exhibits a strong coulomb

blockade effect, with a threshold voltage of ¨0.5 V

measured at 78 K. The formation of water-soluble NC

micelles and their self-assembly into ordered 3D meso-

phases provides a new means to integrate model 3D NC

arrays into robust devices. The NC arrays we describe could

be the ideal media for the study of the Hubbard Hamiltonian

and the variety of transport and collective phenomena

predicted to occur for such systems.
2. Film fabrication

The gold NC/silica films are prepared by spin-coating

precursor solutions onto silicon wafers of selected resistivity

and carrier type [7]. The precursor solutions consist of

tetraethyl orthosilicate, HCl (0.07N HCl aq.), surfactant

(CTAB; CH3(CH2)15N
+(CH3)Br

�), H2O, and gold NCs. By

changing the weight percentage of gold, different gold

loading factors (the amount of gold to that of silica) can be

obtained for the samples. The films are coated onto the

substrates by conventional spin coating using spin speeds of

500–3000 rpm in air with 10–20% relative humidity at 25

-C. Following synthesis and coating the films are cured in

vacuum at 180 -C for 5 h, or in UV light for about 2 h.

Typical film thicknesses range from ¨30 to 300 nm for the

gold NC/silica films fabricated by this approach. Trans-
Fig. 1. TEM image of a [111]-orientated gold NC/silica film. The inset

shows the corresponding electron diffraction pattern.
mission electron microscopy (TEM) is used to directly

observe microstructures of gold NC/silica arrays. TEM is

performed on a JEOL 2010 with 200 kV accelerating

voltage, equipped with a Gatan slow scan charge couple

device camera. Fig. 1 shows a TEM image of a [111]-

oriented gold NC array along with its corresponding

electron diffraction pattern. The TEM image is consistent

with a face-center-cubic structure with unit cell of ¨10 nm

and average interparticle spacing of ¨5 nm. Compared to

other connected NC systems, for example, those prepared

by desoxyribo nucleic acid hybridization [10], the thermo-

dynamically controlled self-assembly process provides

greater order and control of NC spacing, while the

surrounding silica matrix provides greater chemical,

mechanical and thermal robustness.
3. Optical experiments and discussion

The refractive index of a set of samples with different

gold loading factors (0, 0.25, 0.5, and 1.0) prepared in the

previously described manner (annealed at 180 -C for 5 h)

was measured by ellipsometry. The film thickness of these

artificial dielectric films ranged from 110 to 150 nm. Fig. 2

shows the optical refractive index of the gold NC/silica thin

films as a function of the gold loading factor. The index is

seen to increase with gold loading factor varying from 1.46

to 1.70. Simple empirical formulas were obtained for the

optical refractive index of these films by fitting the

experimental data with both linear and polynomial fits and

are shown in Fig. 2.

The surface plasmon resonance of metal nanoparticles in

composites occurs in the UV-visible to near-IR spectral

region, depending on the metal species, nanoparticle shape,

size, and the incorporating dielectric medium [11,12]. For

nanocomposites comprised of gold nanoparticles in glass or

solution, a SPR band around 550 nm is found [8]. In our

work, we examined the films coated on glass substrates with

different thicknesses (¨0.15, 0.3, 0.8, 1.0, and 1.5 Am), a

fixed gold NC size of ¨3 nm, and a gold loading factor of

1.0. Transmission and absorption spectra from 200 to 2000

nm were measured for these films using a Perkin-Elmer UV-

Visible-IR spectrometer. As can be seen, all samples exhibit

a strong SPR absorption band at ¨520 nm (Figs. 3 and 4),

as expected from gold NCs.
4. Electrical experiments and discussions

To investigate the charge transport in these self-

assembled, ordered, nanocrystal arrays, both planar MOS

and MIM devices were fabricated using either a silica or

gold NC/silica mesophase Foxide_. Both MOS and MIM

devices are fabricated on (100) p-type silicon wafers of

¨1015 cm�3 doping concentration. For the MOS devices,

following standard cleaning procedures, backside metal
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Fig. 2. Dependence of the refractive index of Au NC/silica films on gold

loading factor. The gold loading factor is defined by the amount of gold to

that of silica. The results of a linear fit, ( Y=1.447+0.195X) where Y is the

refractive index, and X the gold loading factor is shown. A better fit is

obtained by adding a bowing factor, shown in the curve for

Y=1.479+0.137X +0.064X2.
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Fig. 4. Optical absorption spectra of the gold NC/silica films for various

film thicknesses. The films exhibit a characteristic surface plasmon

resonance band at ¨520 nm, as expected from gold NCs.

Gold NC/Silica
Arrays

Al Contact Pads

K. Yang et al. / Thin Solid Films 491 (2005) 38–4240
contacts were deposited (400 nm of e-beam evaporated Al)

and annealed in forming gas at 450 -C for 25 min. For the

MIM devices, the wafers are first thermally oxidized to a

thickness of 200 nm, and then a 400 nm thick Al electrode is

deposited onto this oxide. Gold NC/silica films, approx-

imately 100-nm thick, are then deposited on the surface of

all wafers by spin-coating. The films are then annealed in

UV light at room temperature for 1.5 h to remove organics

and promote additional siloxane condensation. The top

contact pads for both MOS and MIM devices are then

formed by e-beam evaporation of Al (¨400 nm) through a

shadow mask. Control samples were fabricated by spin-

coating gold-free silica sols designed to form silica layers

comparable to those of the silica matrices of the gold NC/

silica films.

High frequency capacitance–voltage (C–V), current–

voltage (I–V) and charge storage measurements were then

performed on the MOS structures at room temperature. C–
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Fig. 3. Optical transmission spectra of the gold NC/silica films for various

film thicknesses. A drop in transmission is observed around 520 nm.
V measurements were obtained using either a SULA

Technology DLTS Spectrometer driven by a Stanford

Research DS345 function generator or a Keithley System

82-WIN C–V analyzer. Temperature-dependent I–V char-

acteristics are measured on the MIM samples. For these

measurements, the sample is mounted on an MMR cold

finger in a vacuum of less than 2�10�6 torr, and cooled to

low temperatures. DC current–voltage measurements are

made using a HP 4140B picoammeter or HP 4155B

semiconductor parameter analyzer and the temperature is

varied from 300 to 77 K using a Lakeshore 330 auto tuning

temperature controller.

In Fig. 5, we plot the results of electric field-aided

transport and charge storage measurements performed on

the MOS capacitors for both types of silica films (with and

without gold NCs). In this measurement the sample is
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Fig. 5. Transient charge measurements on MOS capacitors prepared using

silica or gold NC/silica as the Foxide_ dielectrics. A cross-section of the

capacitor is shown.
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initially biased at V1=�2 V for 50 s, then rapidly switched

to V2=2 V (<1 As) and the time evolution of the capacitor

charge monitored. Samples without gold exhibit an expo-

nential discharge (¨100 As) (inset Fig. 5) consistent with
normal RC discharge behavior. For the samples with gold,

an ogive (S-shaped) profile with a ¨7.5 s (10% to 90%

points) discharge time is observed. We calculate the total

excess charge contained in this capacitor to be approx-

imately 3�10�11 C corresponding to 1�1018 cm�3 NCs

occupied with electrons. We attribute this to the charging of

the gold NCs in the oxide near the gate electrode when the

gate is negatively biased. Upon reversing the gate voltage to

V2, electrons on the gold NCs are swept out of the oxide into

the gate sequentially from the gate side first. No change in

substrate capacitance occurs until the gold NCs in the oxide

are discharged as they effectively pin the Si-surface in

accumulation. We estimate a uniform gold NC concen-

tration in the oxide of ¨4�1018 cm�3. However, only

those NCs located near the gate electrode can respond to the

high frequency ac-signal used to measure the capacitance,

resulting in roughly all of the NCs in the first 25% of the

oxide film being occupied by electrons. Given the spacing

for these dots, we expect that coulomb blockade effects

[13,14] are important in the carrier transport amongst the

gold NCs. In that we observe charge storage and transport

behavior that is completely different from the corresponding

MOS capacitor prepared without gold using a silica gate

oxide identical to that of the host matrix of the NC array, it

is evident that charge is stored on the Au NCs and that the

discharge characteristics are dominated by electron transport

involving the nanocrystals.

To further elucidate the transport properties of the gold

NC arrays, low temperature I–V measurements were

performed using the MIM samples. In Fig. 6, the I–V

curves are plotted at temperatures from 300 to 78 K. For

room temperature, the I–V curve is seen to be linear with a

zero-biased resistance of ¨14 MV, corresponding to a film

resistivity of about 3�106 ohm-cm. Nonlinearity in the I–V
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Fig. 6. Measured I–V curves at temperatures from 300 to 78 K for the MIM

devices. A cross-section of a MIM device is shown.
behavior near zero bias becomes evident at ¨200 K and

increases with decreasing temperature. At 78 K, a finite

threshold voltage, VT, is required to generate current through

the gold NC/silica insulator, indicative of coulomb blockade

behavior, resulting from electrical isolation of the NCs. By

comparison, measurements on gold-free control samples

show no significant change in the I–V characteristics over

this temperature range.

The temperature dependence of the zero bias conduc-

tance (G0) is shown in Fig. 7 (inset) as an Arrhenius plot

[log(G0) vs. 1 /T]. The activation energy derived from the

slope of this plot (90.4 meV) provides information on the

transport properties of the layer. We expect low voltage

electron transport through an array of Coulomb islands to be

dominated by the energy required to electrically charge the

individual islands. Models of electrical conduction in such

an array of identical metal islands predict a thermally

activated behavior G0exp[�Ea / kBT] where Ea is the
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Fig. 8. Scaling behavior of the I –V characteristics at 78 K. The exponent, z,
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shown is 2.81. The inset shows the measured threshold voltage of ¨0.5V at

78K.
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activation energy to charge an electrically neutral nano-

crystal and kB is Boltzmann’s constant. The coulomb

charging energy equals e2 /2C0, where C0=4kee0r, the

capacitance of an isolated NC, depends on the dielectric

constant of the surrounding medium e and the nanocrystal

radius r. For an isolated metal nanocrystal of radius r ¨1.5

nm surrounded by a medium of dielectric constant e = 3.9,

the Coulomb energy is as high as ¨ 123 meV, for

C0=4kee0r=0.7 aF. The Coulomb charging energy calcu-

lated from the isolated model is plotted as a function of the

core size of the nanocrystal (r, radius) in Fig. 7. It should be

pointed out that this calculation ignores the weak coupling

between the gold nanoparticle and its nearest neighbors, and

therefore slightly over estimates the value of Ea. The

experimental determination of Ea=90.4 meV (Fig. 7) agrees

well with the calculated values of 123 meV for our gold

nanocrystal particle sizes of r =¨1.5 nm.

At low temperatures, all samples show a clear voltage

threshold for conduction, indicating strong coulomb block-

ade behavior at ¨78 K. In one particular device, a threshold

voltage of ¨0.5 V was measured at 78 K. The voltage

dependence of current (for V >VT) depends on the number

of current paths accessible through the gold nanocrystal

arrays [15]. Theory [16] predicts the current through a

uniform array of nanodots to follow I= I0(V /VT�1)z (for

V >VT), where z is a scaling exponent that depends on array

dimensionality. For our gold nanocrystal devices we

obtained a value for z of ¨2.81 (Fig. 8), implying a quasi

3-D nanocrystal film.
5. Conclusions

In conclusion, we report optical and electrical results on

highly ordered gold NC/silica films. We examined films

having different gold NC/silica film thicknesses with fixed

gold NC size of ¨3 nm. The absorption spectra show a

strong SPR absorption band at ¨520 nm for all samples, as

expected from gold NCs. Charge transport behavior of self-

assembled ordered gold NC/silica arrays has been measured
for the first time. Experiments on MOS capacitors exhibit

charge storage and discharge behavior dominated by

electron transport within the ordered NC arrays. Low

temperature I–V measurements on MIM samples reveal

that electrical conduction in the film has a thermal activation

energy of 90.4 meV, in good agreement with theoretical

predictions. At low temperatures (< 100K), the I–V curves

become nonlinear near zero bias, exhibiting strong coulomb

blockade effects with a threshold voltage of about 0.5 V

measured at 78 K.
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