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Abstract This work describes the properties of gold nano-
particles (AuNPs) embedded in polymethylsilsesquioxane
(PMSSQ) as an organic dielectric layer. AuNPs were grown
on this dielectric layer via the sacrificial hydrothermal process
using ZnO seeded template prepared by thermal evaporation.
Template prepared by using the thermal evaporation method
has advantages in terms of ease of fabrication and cost com-
pared to previous work, which the template was prepared by
using sputtering method. The effect of annealing temperature
on the ZnO seeded template was investigated. The effect of
template on structural and electrical properties of the grown
AuNPs was studied by field-emission scanning electron
microscope, X-ray diffraction and semiconductor character-
ization system. Metal-insulator-semiconductor device with
embedded AuNPs was proven to exhibit memory effect.
Optimum memory properties of AuNPs embedded in PMSSQ
was obtained for AuNPs grown on the Zn seeds template
annealed at 350 °C with the lowest threshold voltage at 3.7 V
in current—voltage characteristics, and could store 49 electrons
per Au nanoparticle. This indicated that uniform AuNPs in
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combination with the size and area density contributed to
excellent memory effect.

1 Introduction

Gold nanoparticles (AuNPs) have been widely used in
biosensors and electronic applications. For biosensors
applications, AuNPs can be in the form of colloidal or thin
film whereby AuNPs can be conjugated to biomolecules
such as antibody, DNA or protein [1, 2]. For electronic
applications, AuNPs has been used to enhance conductivity
of devices and storage properties in organic memory
devices [3, 4]. Recently, non-volatile memory devices
embedded with nanoparticles materials as charge trapping
layer become attractive due to its high current density,
large ON/OFF current ratio and other excellent perfor-
mances [4]. Among all materials, AuNPs is the most
promising material due to its good trap sites as electrons
acceptors [5]. In addition, the AuNPs is chemically stable
and also has wide work function as it provides higher
confinement barrier for the retention mode and smaller
barrier for the programming and erasing modes.

There are a few methods to deposit or grow AuNPs on
Si substrates. Park et al. [6] have deposited AuNPs
embedded in the insulator of memory devices by spin
coating technique. However, this technique caused non-
uniform distribution of AuNPs due to centrifugal effect [7].
This could lead to memory device properties become
inconsistent. Besides that, Leong et al. [8] have studied the
controlled synthesis of various metallic nanoparticles using
polystyrene-block-poly(4vinyl pyridine) (PS-P4VP)
diblock copolymer micelles. This method was based on the
assembling of micelle embedded metallic nanoparticles on
the substrate followed by oxygen plasma treatment to
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remove the polymer template. However, contamination
could occur in this treatment.

There are several works reported on the deposition of
colloidal metallic nanoparticles on a substrate by electro-
static interaction between metallic nanoparticles and
adhesion layer. The colloidal metallic nanoparticles were
produced through chemical reduction approach prior to
deposition. These colloidal metallic nanoparticles were
then assembled on modified surface of the substrate
(amine-terminated substrate modification) [9-12]. For
example, Lee et al. utilized polyelectrolytes with positive
charge poly(allyl-amine hydrochloride) (PAH) and nega-
tive charge of poly(styrenesulfonate) (PSS) with negative
charge AuNPs. The PAH/PSS/PAH multilayer and AuNPs
were deposited through layer-by-layer (LBL) self-assembly
method [5]. Zhang et al. [11] also reported the work on
fabrication and characterization of AuNPs thin film on
aminosilane functionalized substrate via LBL assembly.
However, this method revealed more prominent particle
agglomeration with increasing number of assembly layers
that could cause defect of memory device.

Other than that, a metallic nanoparticle layer can be
fabricated by depositing a very thin metallic layer followed
by a post-annealing process in order to obtain agglomer-
ated metallic nanoparticles through Ostwald ripening [5].
However, contamination could occur in the stacking
structure and diffusion of metallic components to the
interfaces of the memory devices during synthesis of
metallic nanoparticles [5]. This could affect the electrical
properties of the memory devices.

Previously, in Goh et al. [13] work, AuNPs was suc-
cessfully formed directly on substrates using a novel
method known as a sacrificial template in hydrothermal
reaction by using a ZnO seeded template. ZnO template
was prepared through sputtering method followed by
thermal oxidation. Through this method, uniform size and
good distribution of AuNPs with a simple equipment set-up
was produced. The properties of AuNPs were dependent on
heat treatment temperature of ZnO seeds. The effects of
AuNPs distribution embedded in PMSSQ layers in memory
application showed promising result compared to other
reported works. However, there is lack of study in this
method especially on the effect of various approaches to
deposit template.

In this study, ZnO template was prepared using thermal
evaporation method followed by an annealing process to
produce seeds template before subjected to hydrothermal
reaction. The effect of annealing temperature on the mor-
phology and physical properties of AuNPs were system-
atically studied. For memory properties study, a MIS
memory device in the form of gold/insulator/AuNPs/insu-
lator/n-type silicon/aluminum structure was fabricated. The
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possible conduction mechanisms through the insulators
memory devices were proposed.

2 Experimental details

In this work, 1 x 1 cm n-type (100) silicon wafer was used
as substrates. The substrates were cleaned by using a stan-
dard Radio Corporation of America (RCA) cleaning pro-
cedures to remove organic and inorganic contaminants. The
RCA cleaning consists of the following steps: The first step
involves organic cleaning with 1:1:5 ratio mixture of 37 %
hydrogen peroxide: 28 % ammonium hydroxide: distilled
water. Si substrates were immersed in the solution at 80 °C
for 10 min. After that the substrates were rinsed in distilled
water. The second step involves oxide removal on the Si
substrates by soaking in 1:50 of hydrofluoric acid and dis-
tilled water in a polypropylene beaker, followed by rinsed
with distilled water. Then, Si substrates were subjected to
ionic cleaning in a 1:1:6 ratio mixture of 49 % hydrochloric
acid: 37 % hydrogen peroxide: distilled water at 80 °C for
10 min and rinsed with distilled water. The substrates were
left in distilled water for 5 min and dried using N, gas.

A layer of 250 nm thick polymethylsilsesquioxane
(PMSSQ 1) was deposited by spin coating at 2,000 rpm for
60 s. Then, the substrates were cured at 160 °C for 1 h to
crosslink the PMSSQ. Then 200 nm zinc thin film was
deposited using the evaporation method on the substrates.
The substrates were annealed at 200, 300, 350 and 400 °C
with the ramp rate and soaking time of 5 °C/min and 10 min,
respectively. The substrates were then subjected to hydro-
thermal reaction in a preheated oven at 80 °C for 4 h.
The hydrothermal bath contained 0.1 M zinc nitrate tetra-
hydrate [Zn(NO;),-4H,0], 0.1 M hexamethylenetetramine
(CgH12Ny), 0.01 M gold (IIT) chloride trihydrate (AuCly.
3H,0) and 10 ml acetic acid. After hydrothermal reaction,
the samples were removed and rinsed with deionised water.
The samples were dried in an oven at 110 °C for 12 h to
ensure complete removal of water in the PMSSQ layer. The
samples were then characterized using a field-emission
scanning electron microscope (FESEM) model LEO Gemini
equipped with energy dispersive X-ray spectrometer (EDX)
with model ZEISS SUPRA™ 35VP. The phases presence
was analyzed using X-ray diffractometer (XRD) Bruker DS.
For memory properties analysis, a 250 nm second layer of
polymethylsilsesquioxane (PMSSQ 2) was spin coated and
cured at 160 °C for 1 h. A gold top and aluminum bottom
contacts were deposited using a thermal evaporation method
with the aid of a shadow mask. The electrical characteristics
capacitance—voltage (C-V) and current—voltage (I-V) of the
device were measured using a semiconductor characteriza-
tion system Keithley Model 4200-SCS.



J Mater Sci: Mater Electron (2014) 25:2227-2236

2229

Fig. 1 SEM images of evaporated Zn seeded template with varying annealing temperature. a Non-annealed, b 200 °C, ¢ 300 °C, d 350 °C and

e 400 °C

3 Result and discussion

AuNPs was successfully grown on the seeded substrates
using the hydrothermal method. Figure 1 shows SEM
images of Zn or ZnO seeds template with varying
annealing temperature. ImageJ software was used in order
to measure the grain size of Zn or ZnO seeds as listed in
Table 1. For the non-annealed Zn template, the grain size is
65 £ 6 nm. After annealing at 200, 300, 350, and 400 °C
the grain sizes become 65 £9, 69 =9, 111 £+ 13 and
135 £ 12 nm, respectively. The grain size of ZnO seeds
becomes larger with increasing annealing temperature due
to internal atomic diffusion, which promotes the grain
growth and pore elimination. The increasing thermal
energy input causes further surface texture restructuring
due to grain boundary diffusion and bulk diffusion. The

Table 1 Summary of grain size for Zn or ZnO seeds

Annealing Non- 200 300 350 400
temperature annealed
(°C)
Grain size for 654+6 65+9 69+9 111 +13 135+ 12
Zn or ZnO
seeds (nm)

high temperature can enhance the migration of grain
boundaries and cause the coalescence of more grains dur-
ing the annealing processes [14].

XRD spectra of Zn template with varying annealing
temperature are shown in Fig. 2. Two important peaks
were observed in the non-annealed Zn template at 36° and
39° indicated that Zn hexagonal structure exists as ascribed
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Fig. 2 XRD spectra of
evaporated Zn template with
varying annealing temperature.
a Non-annealed, b 200 °C,

¢ 300 °C, d 350 °C and

e 400 °C
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to ICDD 03-065-3358. For the Zn template annealed at
200 °C, there is no significant changes in XRD result.
However, the Zn peak intensities of template annealed at
300 °C decreased drastically. For the template annealed at
350 °C, Zn peak intensities decreased and ZnO (002) peak
at 34° that is ascribed to ICDD 01-080-0075 was observed.
Similar finding was also discussed by Gupta et al. [15], the
coexistence of Zn and ZnO peaks for Zn template annealed
at 350 °C revealed incomplete oxidation of Zn thin film,
which was prepared through the evaporation method. This
is dependent on oxidation temperature of ZnO film. The
intensity ratio of Zn to ZnO peaks in XRD changes with the
oxidation temperature shows multiple mechanisms of
nucleation and growth for ZnO in these films. After
annealing at 400 °C, Zn peak disappeared and only ZnO
phase was formed. This indicated that Zn was fully oxi-
dized and formed more ordered structure ZnO.

After hydrothermal reaction, AuNPs thin film was
formed on the substrates. The morphology of AuNPs is
shown in Fig. 3. For the non-annealed Zn seeds template,
rough and dense AuNPs with 117 & 15 nm particle size
was observed. For AuNPs grown on the seeds template
annealed at 200 °C, the particle size of AuNPs is
117 £ 19 nm. The surface of AuNPs is smoother com-
pared to the AuNPs grown on the non-annealed template
sample. The size of AuNPs grown on the 300 °C annealed
seeds template is 118 & 20 nm. The distance between the
AuNPs is farther compared to the sample grown on the
200 °C annealed seeds template. For the AuNPs grown on
the 350 °C annealed seeds template, the size of AuNPs
increased to 176 £ 33 nm, but the particles density
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decreased and the distance between the AuNPs became
larger. The AuNPs became even larger in size
(320 £ 41 nm) with decreasing area density for the sample
grown on the 400 °C annealed seeds template. It is known
that a fully cured PMSSQ shows low moisture absorption
and exhibits good thermal stability up to 500 °C [16]. A
cross-section of AuNPs grown on 400 °C annealed seeds
template sample is shown in Fig. 3f, proven that the first
PMSSQ layer survived at a relatively high temperature
annealing and moisture (hydrothermal reaction process).

The sizes of AuNPs are listed in Table 2. The effect on
AuNPs growth was not observed for the non-annealed and
200 °C annealed template due to incomplete oxidation of
Zn template to ZnO. However, the relationship between
grain size of template and AuNPs size was indirectly
proportional. The size of AuNPs growth is dependent on
the formation of ZnO template. The area density of AuNPs
is related to the seeded size of template annealed higher
than 350 °C. Hence, the smaller the grain size of ZnO, the
higher area density of AuNPs can be produced due to the
presence of more grain boundaries for Au nucleation.
Elemental analysis using EDX for the sample grown on
350 °C annealed template is shown in Table 3. The gold
element was observed but the Zn element was absent.
Therefore, it is assumed that ZnO template dissolved into
the hydrothermal bath solution during hydrothermal reac-
tion. Similar elements were observed in the samples grown
on other heat treated templates.

The XRD spectra of AuNPs grown on template annealed
at various temperatures are shown in Fig. 4. Figure 4a is
the control sample of PMSSQ thin film whereby Si peaks
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Fig. 3 SEM images of AuNPs
grown on template annealed
with varying temperatures.

a Non-annealed, b 200 °C,

¢ 300 °C, d 350 °C, e 400 °C
and f cross-section of 400 °C

Table 2 Summary of size and area density for AuNPs

Samples Size of AuNPs Area density (em™?)
Non-annealed 117 £ 15 271 x 10°
200 °C 117 £ 19 4.06 x 10°
300 °C 118 &+ 20 3.78 x 10°
350 °C 176 + 33 1.17 x 10°
400 °C 320 £ 41 431 x 108

Table 3 EDX analysis of the samples grown by using Zn template
annealed at 350 °C

Element At.%
CK 24.98
OK 10.37
Si K 58.19
Au M 06.46

200 nm

g

were observed. For AuNPs grown on the non-annealed,
200, 300, 350 and 400 °C annealed templates gold peaks;
(111), (200) and (220) were observed at 38.3°, 44.5° and
65°, respectively that could be assigned to gold with ICDD
00-001-1172. Zn or ZnO related peaks were not observed
for all samples that proved that complete dissolution of
template during hydrothermal reaction as determined by
EDX analysis.

In order to measure the electrical properties of the sac-
rificial hydrothermal growth AuNPs thin film, 250 nm
second layer of PMSSQ was spin coated on top of the
AuNPs layer. Au top and Al bottom contacts, respectively,
were evaporated with a shadow mask. The I~V character-
istics of the AuNPs embedded in PMSSQ are shown in
Fig. 5. I-V measurements were obtained through voltage
sweep from 0 V to 10 V then back to 0 V. To explain the
possible electron transport mechanisms through the insu-
lator layers, the I-V curves are marked with three distinct
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Fig. 4 XRD spectra of the samples after hydrothermal reaction on
template annealed with varying temperatures. @ PMSSQ, b 400 °C,
¢ 350 °C, d 300 °C, e 200 °C and f non-annealed

regions (I, II and III). The I-V relationship can be
expressed as I o V" and n can be determined by fitting the
double log plot. The energy-band diagrams representing
the transport mechanism of electron injection from Si to
PMSSQ and trapped in AuNPs are shown in Fig. 6. These
transport mechanisms are comparable with previous report
on AuNP-memory device [17].

In Fig. 5a, the sample fabricated without AuNPs
embedded in PMSSQ acted as a control sample. A negli-
gible hysteresis window was observed when the voltage
was swept from O to +10 V (with respect to Al bottom
contact) and vice versa from the reverse swept from +10 to
0. I-V results in Fig. 5b—f show hysteresis windows were
observed in all samples. When forward voltage was swept,
an abrupt increase in current was observed at threshold
voltage, Vg,. At low voltage in region I for all cases, the
thermionic emission (TE) current conduction is a common
occur mechanism which is related with the thermally
generated electrons due to the TE is a process of heat-
induced electrons emitted across a barrier. At this low
voltage region (region I), electron tunneling mechanism is
unlikely to occur in the 250 nm thick PMSSQ layer.
However, the electron could be transported over the metal—
insulator interface via Schottky and Poole—Frenkel emis-
sions due to the obtained experimental data in region I are
well fitted to log (I/T?) o< V*° and log (I/V) e V2,
respectively for Schottky and Poole-Frenkel emissions
mechanism. However, thick PMSSQ could limit the
Schottky and Poole-Frenkel emissions. Therefore, possible
explanation is the electrons from Si are transported across
the barrier due to thermionic effect via field-assisted low-
ering at Si—-PMSSQ interface with the combination of
Poole—Frenkel and Schottky emission effect, based on
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field-enhanced thermal emission of trapped electrons in the
PMSSQ into the AuNPs. Similar result was observed for
AuNPs deposited using a spin coating technique [17].

As the voltage increased to Vy,, electrons started to be
trapped at the AuNPs sites until all sites are filled (region
II), and this transport mechanism is believed to be trapped-
charge-limited-current (TCLC) with the slope value of n is
greater than 2 (n > 2). This corresponds to the non-ohmic
region and indicates the existence of deep traps [17]. For
higher voltage in region III, further carrier injection would
fill all trap centres and thus trap-free space charge limited
conduction would become dominant in region III. The
value of n = 2 from the I-V characteristic (I/V") suggests
the onset of a trap free space-charge-limited conduction.
Therefore, the I-V at this region represents the trap-free
space-charge-limited current (SCLC) mechanism [17].
During the reverse sweep, current flows through the device
is higher than when forward sweep because the traps have
been filled and obeys SCLC transport mechanism. This
shows that electrons can be stored and retained, thereby,
proven the existence of memory effect for the embedded
AuNPs memory device samples. Similar result was
observed by Montero et al. [18]. The Vy, for each samples
are tabulated in Table 4. The sample grown on the ZnO
template annealed at 300 °C showed the largest hysteresis.
The result is attributed to uniform AuNPs distribution and
size as observed in Fig. 3c. However, the sample with
AuNPs grown on the template annealed at 350 °C shows an
abrupt increased at 3.7 V, which is the lowest Vy;, observed
among all samples. This is due to the AuNPs being more
sparsely distributed that contributed to excellent memory
effect.

Capacitance—voltage (C-V) characteristics of the AuNPs
embedded in PMSSQ using ZnO template annealed at
various temperatures are shown in Fig. 7. The C-V char-
acteristics for all samples were obtained by sweeping
voltage on the Au top contact with respect to the bottom Al
contact from —10 to +10 V and then back to —10 V. The
C-V plot of the control sample in Fig. 7a shows ignorable
size of hysteresis window. The C-V plots in Fig. 7b—d
show minor hysteresis suggesting little charge trapping.
However, the C-V plot in Fig. 7e, f show larger hysteresis
suggesting the AuNPs contributed to charge trapping. This
is supported by other studies [5, 19]. This indicated as that
the hysteresis observed in AuNPs—PMSSQ layer MIS
structure is mainly due to the charge trapping at the AuNPs
and not due to the PMSSQ layer.

For the sample prepared on the non-annealed template,
the hysteresis (flat band voltage shift, AVyg) is 0.4 V, which
is the smallest hysteresis. The samples prepared on 200 °C
and 300 °C annealed templates have 0.6 V hysteresis win-
dow. This similarity was due to the size of the AuNPs pre-
pared from both temperatures are almost same. AV of the
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Fig. 6 Energy band diagram.
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Table 4 -V measurement obtained for AuNPs embedded PMSSQ with varying annealing temperature of Zn template

Samples Region | Region 11 Region III Vi Size of AuNPs
Non annealed Thermionic emission, Schottky emission, Poole-Frenkel emission TCLCn=9.7 SCLCn=28 84V 117X 15
200 °C Thermionic emission, Schottky emission, Poole—Frenkel emission  TCLCn=8.6 SCLCn=26 63V 117 £ 19
300 °C Thermionic emission, Schottky emission, Poole-Frenkel emission TCLCn =162 SCLCn=22 50V 118 + 20
350 °C Thermionic emission, Schottky emission, Poole-Frenkel emission TCLCn =120 SCLCn =28 3.7V 176+ 33
400 °C Thermionic emission, Schottky emission, Poole—Frenkel emission TCLCn =402 SCLCn=26 82V 320+ 41

sample grown on the 350 and 400 °C annealed template are
1.6 and 0.6 V, respectively. The sample grown on 350 °C
annealed template has the largest hysteresis window due to
the less agglomeration and isolated distribution (Fig. 3d).

The charge storage capacity per AuNP was calculated
based on the equations that have been used by Goh et al.
[13]. The charge storage of each samples is tabulated in
Table 5. AuNPs grown on the non-annealed, 200 and
300 °C annealed substrates have similar charge storage
capability (six electrons per Au nanoparticle). This was due
to the size of AuNPs for these samples are almost similar
(Fig. 3a—c) which is around 118 nm and 3.5 x 107 cm™>
of area density. Besides that, number of electrons stored
per Au nanoparticle for the sample grown on 350 °C
annealed template is 49. As observed in SEM image
(Fig. 3d), the AuNPs are distributed quite far from each
other with size 176 £ 33 nm.

It can be seen that AuNPs grown on the 400 °C annealed
template (sizeis 320 & 41 nm) can store 67 electrons per Au
nanoparticle with a smaller hysteresis loop compared to the
sample grown on 350 °C annealed template. This is due to
the size and area density of AuNPs distributed in the samples.
This study is in agreement with Tseng and Tao [20], whereby
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particle size affects the memory window. In their study,
AuNPs was embedded in the conduction channel of a
pentacene film-based field-effect transistor. The AuNPs
capped with organic self-assembled monolayer serves as a
floating gate through trapping carrier charges into the parti-
cles. Larger particles were expected to store more charge
than smaller ones [20]. The number of stored charge per
single Au nanoparticle was obtained through calculation of
stored charge density divided by area density, which is rep-
resented as ndyanoparticie/dnanoparticle: The number of stored
charge per single Au nanoparticle is inversely proportional to
area density of AuNPs in the sample, so, the number of stored
charge is larger when area density is smaller. However, the
AuNPs grown on 400 °C sample cannot be considered as the
optimum memory by considering the /-V result and the
distribution of AuNPs on the samples through SEM images.
In -V result of AuNPs grown on 400 °C template, very high
voltage (abrupt increased current) at 8.2 V is required in
order to turn on the device. Besides that, the distribution of
AuNPs grown on 400 °C template is not uniform that may
cause inconsistent memory properties.

In this study, optimum memory properties of AuNPs
embedded PMSSQ was obtained for AuNPs grown on the
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Fig. 7 C-V characteristics of PMSSQ without AuNPs (control sample) and AuNPs embedded in PMSSQ. AuNPs were grown on Zn template
with varying annealing temperatures. a control sample, b non-annealed, ¢ 200 °C, d 300 °C, e 350 °C and f 400 °C

ZnO seeds template annealed at 350 °C. This is due to the
lowest turn on voltage (abrupt increased current) at 3.7 V
in I-V characteristics although there are only 49 electrons
stored per Au nanoparticle in C-V measurement. This
indicated that uniform AuNPs in combination with the size

and area density contributed to excellent memory effect. In
the work of Goh et al. [13], device with AuNPs grown on
the ZnO seed template annealed at 300 °C can store 54
electrons per Au nanoparticle, which is better than the
optimum result in this study which is 49 electrons per Au
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Table 5 C-V measurement obtained for AuNPs embedded PMSSQ
with varying annealing temperature of Zn template

Annealing Control  Non- 200 300 350 400

temperature (°C) sample  annealed

Flat-band voltage 0 0.4 06 06 1.6 0.6
Shift, AVFB (V)

Amount of electrons 0 6 6 6 49 67

stored per AuNPs

nanoparticle for device with AuNPs grown on the ZnO
seed template annealed at 350 °C. This is due to the dis-
tribution of AuNPs prepared through sputtering approach
template is better than evaporation approach. The results
proved that the presence of isolated AuNPs is important to
obtain optimum memory properties. However, in terms of
ease of fabrication and cost, thermal evaporation is better
than sputtering method to produce ZnO template. Further
work on synthesis parameters optimization such as study
on the effect precursor concentration and time of hydro-
thermal reaction could be beneficial to tune the distribution
of AuNPs that will enhance memory properties.

4 Conclusion

AuNPs were successfully grown on the Zn seeded template
produced through the thermal evaporation followed by
sacrificial hydrothermal process. The thermal evaporation
method to prepare the template is favorable due to ease of
fabrication and low cost compared to previous work that
prepared through sputtering method The size and distri-
bution of AuNPs were dependent on the annealing tem-
perature of ZnO template due to AuNPs nucleated and
grown at ZnO seeds grain boundaries. Optimum memory
properties of AuNPs embedded PMSSQ was obtained for
AuNPs grown on the ZnO seeds template annealed at
350 °C with the lowest turn on voltage (abrupt increased
current) at 3.7 V in I-V characteristics and 49 electrons
stored per Au nanoparticle in C-V measurement. This
indicated that uniform AuNPs in combination with the size
and area density contributed to excellent memory effect.
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