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embedded in oxides with solution-processable charge-trapping materials

has been debated because of large scale and cost effective demands. R
Herein, a silicon quantum dot—polystyrene (SiQD—PS) nanocomposite
(NC) was synthesized by post-functionalization of hydrogen-terminated
silicon quantum dots (H-SiQDs) with styrene using a thermally induced
surface-initiated polymerization approach. The NC contains two miscible
components: PS and SiQD@PS which, respectively, are polystyrene and
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polystyrene chains-capped SiQDs. Spin-coated films of the nano-

composite on various substrate were thermally annealed at different

temperatures and subsequently used to construct metal-insulator-semiconductor (MIS) devices and thin film field-effect
transistors (TFTs) having a structure of p-Si**/SiO,/NC/pentacene/Au source-drain. Capacitance—voltage (C—V) curves
obtained from the MIS devices exhibit a well-defined counterclockwise hysteresis with negative fat band shifts, which was stable
over a wide range of curing temperatures (50—250 °C). The positive charge trapping capability of the NC originates from the
spherical potential well structure of the SiQD@PS component while the strong chemical bonding between SiQDs and
polystyrene chains accounts for the thermal stability of the charge trapping property. The transfer curve of the transistor was
controllably shifted to the negative direction by varying applied gate voltage. Thereby, this newly synthesized and solution
processable SiQD—PS nanocomposite is applicable as charge trapping materials for TFT based memory devices.
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1. INTRODUCTION

Since the first report by Tiwari' demonstrating the use of
silicon nanocrystals to replace the polysilicon floating gate in
nonvolatile memory devices, many other materials have been
tested>~* Among the nanocrystal-based memory devices,
silicon nanocrystals embedded in SiO, have received much
interest due to the perfect interface between the silicon
nanocrystals and SiO,.> The oxide matrix acts as a potential
barrier that confines trapped charges within the individual
silicon nanocrystals, thus reducing the charge loss due to
interparticle tunneling or to leakage to the channel or gates.'
Therefore, not only the nanocrystals, themselves, but also the
insulating matrix and their interface quality are of importance to
the device performance. Much of the effort to fabricate silicon
nanocrystals embedded in an oxide insulating matrix has
incorporated synthetic procedures that require either high
temperatures and/or ultra high vacuum conditions, all of which
are inappropriate for larége scale processes or organic based
electronics applications.” Several solution processes have been
successfully established to fabricate memory devices in which
pre-prepared or in-situ grown metal or semiconductor
nanocrystals are embedded in a large bandgap polymer.””~”
Striving to adopt these methods to fabricate silicon nanocrystal
based nanocomposites, however, remains a big challenge,

probably due to the difficulty in preparing stable colloidal
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silicon nanocrystals.'” Additionally, the surface chemistry of
colloidal silicon nanocrystals needs to be similar with that of the
polymer host matrix in order to avoid the aggregation of
nanocrystals during device fabrications.'""?

In many memory device configurations, polystyrene is
frequently used as an insulating matrix because it has a large
bandgap and high chemical and thermal stabilities, and it
provides good insulator—organic semiconductor interfaces as
well."*~"7 Therefore, to obtain a miscible silicon nanocrystals—
polystyrene system by using pre-prepared colloidal silicon
nanocrystals, one should not functionalize the silicon nano-
crystals with a conventional monolayer of alkyl or alkoxide, the
step needed to prevent the silicon nanocrystals from unwanted
oxidation,"®" because the fatty alkyl chains have negligible
dipolar and hydrogen bonding interactions compared with
those of polystyrene.'” Surface chemistry of silicon nanocrystals
can be adjusted readily by a hydrosilylation reaction between
hydrogen-terminated silicon nanocrystals, which are the most
convenient intermediate to start with, and an appropriate
alkene or alkyne.””*' A sub-monolayer of the capping molecule
is formed on the surfaces of silicon nanocrystals through a Pt-
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catalyzed hydrosilylation, while oligomer of the capping
molecule can be formed and chemically bonds to the silicon
nanocrystals if the reaction is initiated by UV light or by high
temperatures owing to the formation of Si' radical during the
reaction course.”> ** The surface initiated thermally-induced
polymerization approach has been used widely to synthesize
polymer coated inorganic nanoparticles, such as polystyrene-
grafted TiO,.*

Herein, we report a simple method to synthesize silicon
quantum dot—polystyrene (SiQD—PS) nanocomposite (NC)
by refluxing pre-prepared hydrogen-terminated SiQDs in
styrene. The NC consists of two miscible components,
polystyrene (PS) and SiQDs, that are capped by polystyrene
chains (SiQD@PS) with an average diameter of 3.5 nm. Charge
trapping properties of the NC were examined through metal-
insulator-semiconductor (MIS) devices and Au/pentacen/
charge trapping layer/SiO,/p-Si** transistors, all of which
were constructed using pre-prepared thin films of NC spin-
coated on corresponding substrates. The NC exhibited hole
trapping ability, which was stable over a wide range of curing
temperatures, 50—250 °C. These novel properties: solution
processability, charge trapping ability, and thermal stability
originate from the spherical potential well structure of the Si@
PS component, in which a SiQD is capped by polystyrene
chains. It is demonstrated that this newly synthesized SiQD—
PS NC is applicable as a charge trapping material in organic
field-effect transistor (OTFT) based nonvolatile memory
devices. To the best of our knowledge, this report presents
the first attempt to fabricate MIS and OTFT based memory
devices using solution-processed thin films of a NC that
contains SiQDs.

2. EXPERIMENTAL SECTION

Synthesis of SiQD—PS Nanocomposite. All chemicals were
purchased from Aldrich and directly used without any purification
steps. The synthesis procedure was carried out in Ar atmosphere using
the Schlenk line technique. A solution of 0.6 mL of SiCl, in 300 mL of
anhydrous toluene was sonicated for 90 min to form a miniemulsion
system, which was then reduced to hydrogen-terminated silicon
quantum dots (H-SiQDs) by adding slowly a 9 mL solution of LiAlH,
(2M in THF). After 2 h of sonication, the remaining LiAlH, was
quenched by 7 g of CuSO,, and then, 3 mL of pre-distillated styrene
monomer was added. The resultant mixture was refluxed for 12 h. To
collect the NC, all solvents were removed under reduced pressure at
40 °C using a rotary evaporator. One hundred milliliters of anhydrous
toluene was then added, and the resultant mixture was centrifuged at
15000 (rotations per minute) for 10 min to remove the solid. The
obtained solution was subsequently extracted with water (100 mL X 3
times), dried with brine (50 mL X 3 times), dried with 2 g of MgSO,,
and finally filtered through a 0.2 ym pore sized membrane to perform
a transparent solution of the NC in toluene. The toluene solvent was
evaporated, and the NC was further dried at 100 °C in a vacuum oven
overnight. A control polystyrene sample, named as PSO, was also
prepared using the same procedure as above, excluding the addition of
SiCl,. In order to explain more concretely the optical properties and
morphology of thin films of SiQD—PS NC, octyl-capped Si QDs and
phenethyl-capped SiQDs were also prepared using the above
procedure with a modification that the capping step was carried out
at room temperature by a Pt-catalyzed hydrosilylation approach, in
which 0.3 mL of a Pt solution (0.05 M of H,PtCl, in methanol) and 15
mL of 1l-octene or styrene were added, respectively. This
functionalization approach is known to perform a sub-monolayer of
the capping molecule on the surface of SiQDs, and no polymerization
reaction is expected.

Thin Film Fabrication. Substrates including quartz, p-Si* wafer
(with a resistivity of 1—30 Q-cm and a thickness of 525 + 25 ym), and
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thermally-oxidized p-Si** silicon wafer (a 100 nm-thick SiO, layer on
heavily doped p-type silicon wafer with a resistivity of <0.005 Q-cm
and a thickness of 525 + 25 um) were cleaned sequentially with
methanol and acetone and finally dried by a nitrogen flow. Coating
solutions with a concentration of S or 3 weight percentage (wt %)
were prepared by dissolving the dried SiQD—PS NC (or the PS0) into
a calculated amount of chlorobenzene solvent. The coating solutions
were poured onto the substrates, which were then by spun at 2500
rotation per minute (rpm) for 25 seconds following a wetting step
rotated at 500 rpm for S seconds. The films were then cured at
different temperatures: 50, 100, 150, 200, 250, or 300 °C for 1 h under
reduced pressure (1072 Torr) in a tube vacuum furnace.

Device Fabrication. Thin films of the NC (or PS0) on p-Si
substrates were used to fabricate metal-insulator-semiconductor (MIS)
devices, in which the p-Si* substrate serves as a semiconductor layer, in
order to investigate the charge trapping property. Al electrodes with a
diameter of about 0.55 mm and a thickness of about 300 nm were
deposited on the top of the NC (or PSO) films by employing a
stainless steel shadow mask. A thin layer of Al was also deposited on
the backside of the p-Si* substrate to minimize contact resistance. The
depositions were carried out in a thermal deposition chamber with a
working pressure of about 107® Torr.

To examine the applicability of the NC into charge trapping
memory devices, three TFT devices having a structure of p-Si**/SiO,/
with or without a film of NC or PSO cured at 200 °C/pentacene/Au
source-drain were constructed as follows. Thin films of the NC (or the
PSO) with a thickness of about S0 nm on the thermally-oxidized
silicon substrates (SiO,/p-Si**) served as substrates on which a
pentacene layer with thickness of about 100 nm was thermally
deposited at a rate of 0.75+0.25 A/s using a thermal deposition
chamber. During the deposition of pentacene, substrate temperature
and working pressure were kept at 25 °C and 34 X 107° Torr,
respectively. Finally, Au source/drain electrodes were also thermally
deposited on the pentacene layer by employing a shadow mask, which
resulted in the TFT devices with a channel length of 100 ym and a
channel width of 1000 ym.

Characterizations. Gel-permeation chromatography (GPC) was
conducted on a PerkinElmer series using tetrahydrofuran as eluent and
was calibrated against standard polystyrene to obtain the weight-
averaged molecular weight of the SiQD—PS NC. Thermogravimetric
(TG) analysis was performed on a METTLER TOLEDO SDTAS8S1e
to deduce the content of SiQD in the NC. SiQD—PS NC and PSO
samples were heated at a rate of 10 °C/min from room temperature to
800 °C in a nitrogen atmosphere. The content of the SiQD phase was
obtained from the difference between the residual weights of the
SiQD—PS NC and the PSO samples. Fourier transform infrared
spectroscopy (FT-IR) was performed on a PekinElmer (spectrum
400). Results were obtained after 20 scans at a resolution of 8 cm™.. A
SCINCO S-3150 spectrometer was used to obtain UV-vis absorption
spectra of SiQD—PS NC, PS0, and octyl-capped SiQDs in the 200—
1000 nm range. The spectra of solvent or quartz substrate were used as
background. Photoluminescence (PL) spectra of SiQD—PS NC, PSO0,
and octyl-capped SiQDs were obtained upon an excitation wavelength
at 325 nm by using an He—Cd light source (Kimmon Electric Co.,
IK3501R-G, Japan) and a photodiode array detector (IRY 102,
Princeton Instrument Co., U.S.A.). Fourier-transform nuclear
magnetic resonance spectroscopy was conducted on a FT-NMR 300
MHz spectrometer (Varian Inc, Palo Alto, California, U.S.A.) to obtain
"H-NMR spectra of SiQD—PS NC and PSO. Transmission electron
microscopy (TEM) was performed with a Tecnai G2 F30 model (FE,
Hillsboro, Oregon, USA) operated at 300 kV in a bright field mode.
For TEM sampling, one drop of a solution of about 0.5 wt % of
SiQD—PS NC in chlorobenzene (or a solution of 0.1 wt % of octyl-
capped SiQDs in n-hexane) was casted onto a graphite-coated copper
grid and then dried on a hot plate at 130 °C for S min. Cross-sectional
TEM specimens were prepared through mechanical polishing followed
by Ar ion milling (GATAN, PIPS 691) for electron transparency. X-
ray photoelectron spectroscopy (XPS) was conducted on a MultiLab
2000 using an Mg Ka (1253.6 eV) source at a pass energy of 20 eV.
For the thin film measurements, an Ar* jon gun sputtering operated at
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powers of 2 kV and 1.3 sA was used to clean the thin film surfaces for
2 min. Thicknesses and refractive indices of the thin films of SIQD—PS
NC or PSO were measured simultaneously by using spectroscopic
ellipsometry (SE) (M2000D model, J. A. Wollam Co. Inc,, U. S. A.).
Cross-sectional field emission scanning electron microscope (FE-
SEM) was conducted on a JSM-7500F microscope (JEOL, Asikima,
Tokyo, Japan) to measure thicknesses of the pentacene channel layer
and the nanocomposite layer in the TFT devices.

Charge Trapping Study. Charge trapping properties of the
SiQD—PS NC were investigated from capacitance—voltage (C—V)
characteristics obtained for the MIS devices. To measure the C—V
curves, an MIS device was placed on a Cu plate, which was isolated
from the probe stand by a glass slice, hence placing each of the two
arm tips of an HP4284 LCR meter on the Cu plate and the Al
electrode. A 1 MHz AC voltage with amplitude of 1 V was applied to
the top Al electrode while a DC bias was swept in the range from —25
to 15 V (forward sweep) and, conversely, from 15 to —25 V (reverse
sweep). Applicability of the SiQD—PS NS as charge trapping materials
in TFT based memory devices was realized through characterizations
of the TFT devices whose structures are described above. The TFT
characteristics including transfer and output curves were obtained on
either HP1110A or HP4145B semiconductor analyzers.

3. RESULTS AND DISCUSSION

The step-wise synthesis of SiQD—PS NC and the fabrication of
NC thin films on various substrates are illustrated in Scheme 1.

Scheme 1. Formation of SiQD—PS NC and the Fabrication
of NC Thin Films®
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#(1) Reducing the miniemulsion of SiCl, in toluene to H-SiQDs by
LiAlH, at room temperature upon sonication; (2) refluxing the
mixture of H-SiQDs and styrene for 12 h; (3) spin-coating the NC on
various substrates (see text for details); (4) thermal annealing the as-
coated films at elevated temperatures for 1 h in a vacuum furnace
(107 Torr). Two components of the NC, polystyrene and SiQDs
capped with polystyrene chains, are denoted by PS and SiQD@PS,
respectively.

In step 1, pre-prepared miniemulsion of SiCl, reacted with an
excess amount of LiAlH,, which is a very powerful reducing
agent, ivin§ rise to hydrogen-terminated SiQDs (H-
SiQDs).”>*”** By refluxing a mixture of H-SiQDs and styrene
in step 2, both functionalization of H-SiQDs and polymer-
ization of styrene were initiated, thus resulting in SiQDs that
were terminated with polystyrene chains of different lengths
(SiQD@PS) and polystyrene (PS) as follows. It is well
accepted that, by thermal activation, a Si—H bond on the
surfaces of H-SiQDs is homolytically cleaved, resulting in a
silicon-centered radical (=SiH- or =S-).***>***° An unsatu-
rated hydrocarbon molecule, such as styrene in this study,
subsequently adds to the Si radical and forms a covalent bond
between the silicon atom and a carbon atom in the vinyl group
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of styrene; in this new configuration, the radical will position at
the f-carbon atom.**~>* This very reactive radical could either
attract a hydrogen atom from neighboring Si—H groups on the
QD surfaces, thus forming a silicon radical again, or propagate
to form a chain radical following the addition of one styrene
monomer. The newly formed Si radical started another reaction
with styrene, thus leading to a high surface coverage of the
SiQDs, while the propagation of the chain radical resulted in
polystyrene chains of different lengths, which depend on many
annihilation factors such as concentrations of monomer,
impurities, and temperature. In this report, we name this type
of SiQD as SiQDs capped by polystyrene chains of different
lengths ({C,H;(C4Hs)},, with n >1) and denote by SIQD@PS
whose chemical structure is cartooned in Scheme 1. The
polystyrene on the surfaces of SiQDs is colored by light blue in
Scheme 1.

The formation of SiQD@PS due to the surface-initiated
polymerization of styrene is very similar to that of polystyrene-
grafted TiO, nanoparticles, in which the polymerization is
initiated by thermal decomgosition of a initiator pre-deposited
on the surfaces of TiO,.*® Polymerization reactions on the
surfaces of H-SiQDs induced by either UV irradiation or high
temperatures have been reported for other ene-functionalized
monomers such as acrylic acid or triethoxyvinylsilane.>*~>°
Under the synthetic conditions used in this study, thermal
polymerization of styrene was also possible,* thus resulting in
homopolystyrene component (denoted by PS and marked as
violet in Scheme 1). By using GPC analysis, the weight-
averaged molecular weight of this SiQD—PS NC, which
contained two SiQD@PS and PS components, was estimated
to be about 22 000 (Figure S1, Supporting Information). Thin
films of SiQD—PS NC on various substrates were fabricated by
a spin-coating method (step 3 in Scheme 1). Finally, the films
were cured at different temperatures (50—300 °C) under a
reduced pressure (107> Torr) (step 4 in Scheme 1) to remove
the coating solvent and to test the thermal stability of the films.
SiQDs are expected to disperse homogeneously in the
polystyrene matrix owing to the perfect miscibility between
SiQD@PS and PS.

Figure 1la shows a UV absorption spectrum of SiQD—PS NC
in comparison with those of PSO and octyl-terminated SiQDs
(otc-SiQDs). While PSO has a small absorbance above 315 nm,
SiQD—PS NC and octyl-SiQDs have a very similar absorption
feature with an absorption onset near 400 nm. A similar trend
was also observed by comparing their photoluminescence (PL)
spectra, which were obtained under an excitation wavelength at
325 nm (Figure 1b). PSO has a minor PL efficiency compared
with those of SiQD—PS NC or octyl-SiQDs. Additionally, the
normalized PL spectra of SiQD—PS NC and oct-SiQDs exhibit
the same feature in terms of PL maximum and emission range.
These similarities between optical properties of SiQD—PS NC
and oct-SiQDs indicate that the nanocomposite contained
SiQDs and that the SiQDs in SiQD—PS NC and oct-SiQDs
had a similar size distribution. It is because they were
synthesized by post-functionalization of mother H-SiQDs,
which were prepared by the same procedure. The existence
of SiQDs in the nanocomposite was further confirmed by TEM
and XPS analysis, shown in Figure 1c,d, respectively. In Figure
I¢, SiQDs exhibit resolved lattice fringes with d-spacing of 2.7
A, which could be attributed to the d(200) of the diamond
cubic structured silicon.** Because of the low z-contrast of
silicon over carbon, it was difficult to visualize distinctly SiQDs
in the presence of polystyrene from the SIQD—PS NC sample.
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Figure 1. UV-vis absorption (a) and PL (b) spectra of SiQD—PS NC,
octyl-terminated SiQDs, and PSO in chlorobenzene solutions with
indicated concentrations. In (b), “*” indicates the normalized PL
spectrum (plum dotted spectrum) of SiQD—PS NC. (c) A high-
resolution TEM image of SiQD—PS NC. (d) XPS survey spectrum of
SiQD—PS NC; inset: Si 2p high-resolution spectrum; the experimental
data (M) was fit to the dominant Si species with different oxidation
states, according to ref 34.

The size and size distribution of the SiQDs in the nano-
composite were then assumed to be those of oct-SiQDs (Figure
S$2, Supporting Information). Therefore, the mean size in
average of the SiQDs in the nanocomposite was 3.5 nm in
diameter. The survey XPS spectrum of SiQD—PS NC also
reveals the existence of Si phase by two low-intensity peaks
with binding energies of about 101 and 152 eV, which were
assigned to Si 2p and Si 2s, respectively (Figure 1d). The high-
resolution XPS spectrum of Si 2p (inset in Figure 1d) exhibits a
multiple-component peak at binding energy of 101.8 eV, which
could originate from bulk Si—Si, surface Si—C, or sub-oxidized
Si*—0.% In this study, the binding energy of Si atoms in the
SiQDs was about 101.8+0.1 eV, which is higher than that
found for Si atoms in bulk silicon crystal (~99.5 V), probably
due to (1) the presence of charge trapping effect induced by
irradiation that has been reported for organically passivated
SiQDs,*"** or (2) the charging energy, the exciton Coulomb
energy arising from the interaction between a photoelectron
and a leaving hole, and the band-gap expansion, all of which
originate from the quantum confinement effect.*® By using TG
analysis, the content of the SiQD phase in SiQD—PS NC was
estimated to be 1.6 wt %, which is the difference in the residual
weight between the SiQD—PS NC and PSO samples (Figure
S3, Supporting Information). By taking the densities of SiQDs
and polystyrene to be 2.33 (bulk silicon) and 1.06 g-cm?,
respectively, the volume fraction of the SiQD phase was
calculated to be 0.7 vol %. Furthermore, by using the estimated
diameter of the SiQDs, of about 3.5 nm on average, density of
the SiQDs in the nanocomposite was calculated to be about 3 X
10"7 QDs/cm?®. IR spectrum of SiQD—PS NC is identical to
that of PSO (Figure S4, Supporting Information), thus
confirming the formation of polystyrene in either the SiIQD@
PS or the PS components as cartooned in Scheme 1. The
SiQDs in the nanocomposite or the oct-SiQD sample were well
passivated by polystyrene chains or octyl groups because
intensities of the band in the 1000—1100 cm™ range, which
originates from oxidized components such as Si—O—Si or Si—
OR (R=H or alkyl), were low.
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The chemical structure of the nanocomposite was further
characterized by NMR spectroscopy, and the result is shown in
Figure 2 (blue spectrum) in comparison with that of PSO. Four
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Figure 2. "H-NMR (300 MHz, CDCl,) spectra of SiQD—PS NC and
PSo.

proton characteristic peaks of polystyrene were observed in
both samples with chemical shifts, and assignments were as
follows: 1.5 ppm (=CH,), 1.9 ppm (—~CH=C), 6.5 ppm
(protons at ortho or para positions of the phenyl ring), and 7.1
ppm (metha proton of the phenyl ring). Importantly, a low-
intensive band was exclusively observed in the 'H-NMR
spectrum of SiQD—PS NC in the up field region from 0.8 to
1.1 ppm (see the insert in Figure 2). This band can be
attributed to protons in the methylene or methyne groups next
to the SiQD surfaces,® thus confirming the chemical bonding
between polystyrene chains and SiQDs in the SiQD@PS
component. Additionally, no proton peaks belonging to
polycyclic aromatic compounds were observed in the down
field region (chemical shift >7.4 ppm),*® thereby supporting
our previous argument that the luminescent and UV absorption
properties of SiQD—PS NC originate from SiQDs.

Through the chemical characterizations and discussions
above, it is demonstrated that the SiQD—PS nanocomposite
contained two components: SiQDs capped by polystyrene
chains of different lengths (SiQD@PS) and homopolystyrene
(PS). The SiQD@PS component was produced from the
thermally induced surface-initiated polymerization reaction
while the PS component was formed by the thermally induced
polymerization of styrene. The polystyrene chains on the
surfaces of SiQDs hold multiple roles. First, they act as a
potential barrier forming a spherical potential well structure for
the SiQD@PS component. Second, they induce SiQD@PS to
have Hansen’s solubility parameters as the same as those of
PS,'* thus giving rise to a homogeneous dispersion of SiQDs in
a polystyrene matrix. The third role is that they enhance the
physical interactions between QDs themselves or between QDs
and a polystyrene matrix. These interactions are very important
to maintaining thin film morphology against stress induced by
thermal annealing. For an example, spin-coated film of
phenethyl-capped SiQDs was broken as soon as the coating
solvent (chlorobenzene) was evaporated while that of the
SiQD—PS nanocomposite was maintained smoothly even after
annealing at 300 °C for 1 h in a vacuum furnace (10> Torr),
(Figure SS, Supporting Information). A mixture of phenethyl-
capped SiQDs and polystyrene could also give thin films having
comparable morphology with those of SiQD—PS NC. Without
any microscopic evidence, we think that, in the thin films of this
mixture, there should be some local points at which several Si
QDs are in a close proximity owing to the thinness of the
phenethyl capping layer. Charge tunneling probability among
these SiQDs is expected to be higher, thus causing more charge
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loss, compared to the cases of SIQD—PS NC where SiQDs are
separated by polystyrene chains. However, in this study, we
could not optimize the length of the polystyrene chains on the
surface of SiQDs because it was formed very fast, as discussed
from Scheme 1, through the radical chain polymerization
process. Effects of other parameters such as QD size, content of
SiQDs in composite, and type of insulating matrix on the
optical and electrical properties of resultant nanocomposite are
still open. The synthesis of various SiQD—polymer nano-
composites by using colloidal SiQDs having vinyl or alkoxysilyl
functional groups is in progress in our group to examine these
issues, and the results will be reported in a separated work.
Thin films of the SiQD—PS nanocomposite were fabricated
successfully on various substrates including quartz, p-Si* silicon
wafer, and thermally-oxidized silicon wafer (SiO,/p-Si**) by a
spin-coating method, and the thin film thickness was readily
tuned by changing the solution concentration or the spinning
speed. The coating solvent, chlorobenzene, was completely
removed under soft annealing conditions (at S0 °C and a
reduced pressure of about 107> Torr). By using a coating
solution with a concentration of 5 wt % and a spinning speed of
2500 (rpm), the initial thickness of the NC film on p-Si*
substrate was 217 nm, which is the thickness of the NC cured at
50 °C. As expected, when the curing temperature increased, the
thickness of the NC film gradually decreased; these results are
reported in Figure 3a. Refractive index (1) of a film, which is a

250 1.59
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< £
%] [)]
8 1504 -1.58 2
g [ Density= x 107 QDs/cm? 3
Q 11.4 =
= 100 )
= 6.7 @
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Curing Temperature (°C)

V(b)
Nanocomposite film I

Figure 3. (a) Thicknesses (violet square), refractive indices (dark
yellow triangle), and the density of SiQDs (vertical columns) of the
thin films of SiQD—PS NC according to curing temperature. (b)
Cross-sectional TEM image of the NC film cured at 50 °C. (c) High-
resolution TEM image of the NC film cured at 50 °C. In (c), two
isolated SiQDs are surrounded by white circles.

50 nm

Si-wafer

function of chemical composition and density of the film
material,"* can be obtained simultaneously with the film
thickness through spectroscopic ellipsometry (SE) measure-
ments.*” The refractive indices of the NC films cured at
different temperatures, determined at 633 nm, are also reported
in Figure 3a. The refractive index, of about 1.588, was
maintained with curing temperatures below 250 °C and slightly
decreased to 1.583 by increasing the curing temperature to 250
or 300 °C. These index values are very close to those of
commercial polystyrene (n = 1.587) or thin films of n-butyl-
capped SiQDs.'” This decrease, of about 0.005, in the refractive
index could be attributed to the formation of nanovoids
following the decomposition of polymer phase, which caused
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the mass lost observed in the TG curve of SiQD—PS NC
(Figure S3, Supporting Information).

In addition to it, the existence of SiQDs within the NC thin
films could be simply confirmed by comparing their UV
absorption and PL spectra with those of PSO films (see Figure
S6, Supporting Information). The density of SiQDs in the NC
film, indicated by vertical columns in Figure 3a, increased
gradually from 3 X 107 to 11.4 X 10" QDs/cm® because the
polystyrene phase was decomposed by high curing temper-
atures (Figure S3, Supporting Information).

We have discussed above that SiQDs can be homogeneously
dispersed in polystyrene matrix in the SiQD—PS nano-
composite owing to the polystyrene chains on the surface of
SiQDs in the SiQD@PS component. To support this
argument, cross-sectional TEM was conducted for three
representative NC films cured at 50, 150, and 250 °C; the
results are shown in Figures 3b and S7 (Supporting
Information), respectively. Low-magnification TEM images
appear smoothly gray, (see Figure 3b), probably due to the low
content of the SiQD phase (about 1.6 wt % or 0.7 vol %), the
low atomic number Z-contrast of silicon, and the absence of
QD aggregations in the film. If SiQDs aggregated during the
thin film processing, the aggregates would cumulatively scat the
transmitting electrons, thus resulting in some darker regions in
the TEM images, which were not observed in Figures 3b and
S7 (Supporting Information). In a high-magnification TEM
image (Figure 3c), one could see some SiQDs that are far away
from each other and from the substrate owing to the
polystyrene chains on the QD surfaces.

As we have discussed and cartooned in Scheme 1, the
SiQD@PS component realizes a spherical potential well
structure, in which the SiQD and its capping layer composed
of polystyrene chains act as a well and a potential barrier,
respectively. Very similar to the well characterized SiQDs
embedded in metal oxides, SIQD—PS NC is expected to have
charge trapping and de-trapping abilities. The charge trapping
properties of a dielectric material can be investigated
conveniently through its capacitance—voltage (C—V) character-
istics for a MIS device.”>*"** It will be discussed below that
positive charges (holes) are controllably injected to, stored in,
or ejected from the SiQDs dispersed in the NC films.

C—V curves of the thin films of SIQD—PS NC or PSO cured
at different temperatures obtained through their corresponding
MIS devices, whose structure is schematically illustrated in
Figure 4a, are summarized in Figure 4b—h. Please remember
that PSO was synthesized by using the same procedure for the
synthesis of SiQD—PS NC, except for the addition of SiCl,.
The C—V curve of the PSO film exhibits a minor hysteresis
(Figure 3h) while those of the SiIQD—PS NC films display a
well-defined counterclockwise hysteresis (Figure 3b—g). Since
PSO can be regarded as the PS component of SiQD—PS NC,
the C—V hysteresis is safely attributed to the presence of the
SiQD@PS component in the nanocomposite. More concretely,
because the flat band voltages were negative, the C-V
hysteresis is due to the hole trzépping to and de-trapping
from SiQDs within the NC films.'®*”*

In a MIS device, charge trapping and de-trapping behaviors
of the NC films can be closely related to energy levels of the
SiQDs with respect to the others. Figure S shows the energy
diagram of the MIS devices used in this study. Polystyrene is a
wide-bandgap insulator, whose highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) energy levels are about —7 and —3 eV with respect to
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Figure 4. (a) Ilustration of the C—V measurement for an Al/SiQD—PS NC film/p-Si* MIS device. (b—g) C—V curves for the NC films, which were
cured at different temperatures (inset). (h) C—V curve for the PSO film cured at 200 °C.
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Figure S. Energy diagram of the MIS device.

the vacuum level, respectively.”> Energy levels of the valence
band edge (E,), the Fermi (Eg), and the conduction band edge
(E.) of p-type silicon, respectively, are —5.2, —5.0, and —4.1
eV.* The Fermi energy level of Al is known to be —4.1 eV.**
Energy gap of a 3.5 nm SiQD is about 2 eV;* the diameter of

3.5 nm is the average size of SiQDs as estimated from a control
sample, octyl-capped SiQDs (Figure S2, Supporting Informa-
tion). By assuming that the quantum confinement effect causes
valence band shift equal to twice of the conduction band shift,*®
the E_ and E, of the 3.5 nm SiQD were estimated to be —5.8
and —3.8 eV, respectively. The valence band (conduction band)
offset, AE,, (AEy), of the SiQDs embedded in polystyrene,
which is defined as the difference between the valence band
(conduction band) edge of the SiQD and HOMO (LUMO) of
polystyrene, was calculated to be 1.2 eV (0.8 eV). This AE,,
(AEg,) is the height of the potential barrier for hole (electron),
thus defining the spherical potential well that we have
mentioned throughout this report for the SiQD@PS
component of the SiQD—PS nanocomposite. Another factor
that can greatly influence the charging behavior of SiQDs is
charging energy (e.),”* which is defined as the energy needed
to add an additional electron on the QD. In the simplest form,

c)

f)
—— Forward
(b) — Reverse

(e)

v

Bias voltage (V)

Figure 6. Energy band diagram of an MIS structure under different bias condition: (a) contact; (b) negative bias voltage corresponding to
accumulation mode; (c) bias at flat band voltage in the forward scan; (d) positive bias voltage; (e) bias at flat band voltage in the reverse scan; (f) C—
V behavior with bias condition in panels a—e. For simplicity, only HOMO and LUMO of a 3.5 nm SiQD are shown and indicated by horizontal blue
lines. The HOMO—LUMO gap of polystyrene is represented by gray bars. Holes (indicated by open circles) are injected to, stored in, and ejected
from the SiQD in panels b, ¢, and d, respectively. No or very few holes are stored in panel e.

2405

dx.doi.org/10.1021/am400356r | ACS Appl. Mater. Interfaces 2013, 5, 2400—2409



ACS Applied Materials & Interfaces

Research Article

a) c) d)
Source  Drain 103 x 103 40 ———
160 nn;\Peﬁ"t‘arc';e?, ol = E 6 & 2 Vg(V)= -40 —3_0 -20
* A $ 105§, = < J—
sonm SaD-ps e 2 < 20
i i o o [a]
100nm SiQ, 5 1074 5, T
e 2 o 0
p-Sit* - T
109 J S ttaspasspana} 0 : : : |
40 30 20 10 0 10 40 30 20 -10 0
Va(V) Vos(V)

Figure 7. (a) Schematic structure, (b) cross-section SEM image, (c) transfer curve (Vg = —40 V), and (d) output characteristics of the p-Si**/SiO,/

NC film cured at 200 °C/pentacene/Au source-drain TFT device.

charging energy is reversely proportional to the QD diameter
(d) and dielectric constant of the surrounding medium (g, =
2.7 for polystyrene): . = é/(4ndeye,),® where e is the
fundamental unit of charge; &, = 8.85 X 10"* (F-m™") is the
permittivity of a vacuum. By using this equation, the charging
energy of a 3.5 nm SiQD in polystyrene matrix was calculated
to be 0.15 eV; this value is consistent with the charging energy
reported for a 3.5 nm SiQD surrounded by SiO, (¢, = 3.9 for
Si0,), of about 0.09 eV, measured by scanning tunneling
spectroscopy.*® By taking this charging energy into account, the
effective barrier height for hole (electron) reduces to be 1.05 eV
(0.65 eV) for the first trapped hole (electron), as depicted by
red dotted lines in Figure 5. As a result of it, hole trapping in
the nanocomposite films, which caused the C—V hysteresis in
Figure 4b—g, is surely more pronounced than electron trapping
due to its larger effective barrier height.*?

The hole trapping to, storing in, and de-trapping from
SiQDs, which caused the C—V hysteresis observed in Figure
4b—g, can be concisely explained as follows. Upon tip
contacting to the Al electrode and the p-Si* substrate, their
Fermi energy levels aligns (Figure 6a); the HOMO and LUMO
energy levels of polystyrene adjust accordingly with respecting
to their vacuum levels.** When applying a large negative bias
voltage (V) to the Al electrode (Figure 6b), the bands of p-Si*
were bent upward and a hole accumulation layer appeared at
the polystyrene—p-Si* interfaces, from which holes were
injected into the valence band states (herein, for clarity
purposes, only HOMO is shown) of SiQDs. The first six holes
added to a SiQD will occupy the 6-fold degenerate states at the
top of the valence band;*’ thereby, they have the sample energy
levels. The number of trapped holes represented in Figure 6 is
only for relative comparison; it does not indicate an actual
value. Because the charging energy, of about 0.15 eV, is much
larger than the thermal energy (kzT, where ky and T are
Boltzmann constant and absolute temperature) at room
temperature, of about 0.026 eV, hole injection into a SiQD
was not continuous but was cost by a hole—hole Coulomb
energy, which is in the order of charging energy (0.15 eV)," for
each added hole. Consequently, the effective energy level of
trapping state decreased stepwisely by 0.15 eV, or in other
words, the effective potential barrier for trapped hole decreased.
Nayfeh and co-workers reported that an effective barrier of 0.5
eV is not sufficient for electron trapping.*” If one assumed that
0.5 eV was a lower limit for charge trapping, one electron or
four holes could be trapped in a SiQD in our system. Due to
the presence of trapped holes in the nanocomposite film after
applying a negative bias, the flat band voltage (AVyy,), at which
the bands of p-Si* are flat, was negative (Figure 6¢).>” When a
positive bias voltage was applied to Al, the bands of p-Si* were
bent downward and a depletion region appeared at the
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polystyrene—p-Si* interfaces following the energy levels of Al
and valence band states of SiQD adjustments;”" thereby, the
trapped holes were forcibly ejected from SiQDs to p-Sit
(Figure 6d), thus resulting in no or very few holes maintained
in the nanocomposite film (Figure 6e). Because the density of
trapped charges is directly proportional to the flat band shift,*”
the fewer number of trapped holes in the reverse scan gave the
smaller flat band shift (AVgs, < AVgyg,), thus giving rise to a
counterclockwise C—V hysteresis that was observed in Figure
4b—g or schematically shown in Figure 6f.

It is demonstrated that holes were controllably injected to or
ejected from thin films of the nanocomposite sandwiched in
MIS devices by tuning a negative bias stress (—V;) or a positive
bias stress (+Vg), respectively, (Figure S8, Supporting
Information). After applying a bias stress to Al electrode for
about 5 s, C—V curves were obtained for a film cured at 50 °C
by scanning the bias voltage in the range from —13 to 7 V; this
range was chosen so that the trapped holes could not be ejected
(no C—V hysteresis). When the —Vj; increased, the flat band
voltage shifted to the left side, indicating that more holes were
forcibly injected into the NC film (Figure S8a, Supporting
Information). Meanwhile, trapped holes, which were initially
charged in the NC film by applying a —40 V bias stress to Al
electrode, were ejected more and more by increasing the +V,
as indicated by the right-shifting of the flat band voltage (Figure
S8b, Supporting Information). Additionally, electron trapping
to the NC was feasible, indicated by a positive flat band voltage,
if highly positive bias stress was used, such as 40 V (Figure S8b,
Supporting Information).

To turn back to Figure 4, it is notable that C-V
characteristics for the thin films of SiQD—PS NC were almost
the same over a wide range of curing temperatures, from 50 to
250 °C (see Figure 4b—f). We could not find any direct relation
between the width of the C—V hysteresis and the density of
SiQDs within the NC film (Figure 3a). Likely, the hole
injection/ejection that has been discussed from Figure 6 was
restricted to SiQDs near the p-Si* semiconductor. In this
circumstance, the polystyrene chains on the surfaces of SiQDs
are very important because they do not only act as a barrier
layer to confine the trapped holes but also, in the case of
intimate contact to p-Si*, work as a tunneling layer through
which holes inject to or eject from the QDs. Upon curing at
300 °C, the C—V curve slightly changed at high positive bias
voltages (Figure 4g). Because FT-IR and X-ray photoelectron
spectroscopy (XPS) Si 2p spectra of the NC thin film was
maintained at high curing temperatures (Figures S9 and S10,
Supporting Information), an accurate chemical origin account-
ing for the change in C—V curves for the NC film cured at 300
°C was still lacking. Possibly, at high curing temperatures, the
Si—C bonds between SiQDs and their capping polystyrene
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Figure 8. (a) Transfer curves and (b) plots of root square of I vs. V; obtained from different scans for the TFT devices using films of SiQD—PS
NC cured at 200 °C. (c) Plots of root square of Ipg vs. Vg for the control TFT device using a film of PSO cured at 200 °C. (d) The 1% and 3" transfer
curves taken from (a) and shown in a V; range from —40 to 0 V with assumptions that the hole injection was induced by a Vi; at —80 V and that the
hole ejection was completed by a Vg > 40 V. The Ipg data was obtained by scanning Vi four consecutive times with respective V;; ranges that are

indicated in (a—c), and a Vg = —40 V was used.

chains were cleaved, thus ruining the spherical potential well
structure of the SIQD@PS component. One line of evidence
for this argument is the PL quenching observed in the NC film
cured at 300 °C, which could be attributed to the formation of
Si dangling bonds on the surface of SiQDs (Figure S6,
Supporting Information).

In order to realize the applicability of the SiQD-PS
nanocomposite into OTFT based memory devices, TFT
devices having a structure of p-Si**/SiO,/NC film/penta-
cene/Au source-drain were fabricated using a thin film of the
NC on the SiO,/p-Si*" substrate cured at 200 °C. This curing
temperature is suitable for most of the flexible substrates, and it
is high enough to test the thermal stability of the NC. Two
control TFT devices with a structure of p-Si**/SiO,/with or
without a thin film of PSO/pentacene/Au source-drain were
also fabricated for comparison. The commercially available
thermally-oxidized silicon wafer (SiO,/p-Si**) has a 100 nm
thick SiO, layer deposited on the surfaces of low-resistivity p-
Si** wafer; this SiO, layer served as a buffer layer in the TFTs
used in this study.** Backside of the p-Si'* substrate was
deposited with a thin layer of Al metal and served as a back
gate. The structure of these TFTs is schematically shown in
Figure 7a. Thicknesses of the SiO,, SiQD—PS nanocomposite,
and pentacene layers were determined by cross-sectional SEM
to be about 100, SO, and 100 nm, respectively (Figure 7b).
Transfer (Figure 7c) and output curves (Figure 7d) of the TFT
device using SiQD—PS NC exhibit the p-channel TFT
characteristics; a cross-section SEM image, transfer curves,
and output characteristics of the control TFTs are shown in
Figures S11 and S12 (Supporting Information). From the
conventional characterization equations,*” values of mobility
(u), threshold voltage (Vy), and I,/I g4 ratio for the TFT
device using the NC were calculated to be 0.34 (cm?V~'s™"),
—9.5V,and 7.4 X 103, respectively; these values are comparable
to those of a control TFT device using PSO. Notably, the use
of NC improved significantly the mobility and I,/Ig ratio
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when compared with those of the p-Si*"/SiO,/pentacene/Au
TFT device (Table S1, Supportin% Information), because of the
hydrophobicity of the NC layer."

The above TFT properties were performed on an HP4145B
semiconductor analyzer with a gate voltage (V) limited to 40
V (from —40 V to +40 V), which was not sufficient to cause
charge injection from the pentacene channel layer to the
nanocomposite layer; thereby, the expected memory character-
istics, which are directly indicated by a shift in the transfer
curve, were not observed. An HP1110A semiconductor
analyzer was then employed because it can provide Vg in a
wider range, from —80 V to +80 V. For each TFT device using
either film of SIQD—PS NC or film of PSO cured at 200 °C, the
drain current (Ig) was obtained from four consecutive scans by
applying a drain voltage (Vpg) at —40 V to the source-drain
while V; was allowed to sweep, respectively, from 10 to —40 V
for the first scan (denoted by “1*: 10 — —40 V”), from 10 to
—80 V for the second scan (2" 10 — —80 V), from 10 to —80
V for the third scan (3" 10 — —80 V), and from 40 to —40 V
for the fourth scan (4™: 40 — —40 V). These results are
summarized in Figure 8a—c.

The transfer curve for the TFT device using SiQD—PS NC
obtained by scanning V; from 10 to —40 V (the first scan, gray-
circled curve in Figure 8a) was identical to that shown in Figure
7¢, indicating that the TFT characteristics were reproducible. It
is clear from Figure 8a that the transfer curve was shifted by
changing the V; range and scanning sequence. No shift in the
transfer curve was observed between the second and the first
scans while a well-defined negative shift was observed between
the third and second scans (Figure 8a). Then, the transfer curve
turned back almost to the initial state, which is defined by the
first scan. Correspondingly, Vy, shifted from —12 V (in the first
or the second scans) to —27 V (in the third scan) and then
turned back to —15 V (in the fourth scan), Figure 8b. By using
the same measurement procedure, Vy;, obtained on a control
TFT device using PSO shifted from —13 V (in the first or the
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second scans) to —16 V (in the third scan) and then turned
back to —13 V (in the fourth scan), Figure 8c. Therefore, the
large shifts in the transfer curve or Vi, observed in Figure 8a,b
were surely attributed to the SiQD@PS component of the
nanocomposite. These shifts, which responded to the V; range
and scanning sequence, can be fairly explained by the hole
trapping ability of the NC that we have discussed through
Figures 4—6, as follows. A band diagram for the p-Si**/SiO,/
SiQD—PS NC/pentacene/Au TFT device is shown in Figure
S13 (Supporting Information), which is similar to that of the
MIS device shown in Figure S. By applying a highly negative
Vi, such as —80 V, in the second scan, holes were forcibly
injected from an accumulation layer developed at the NC—
pentacene interfaces into SiQDs within the NC layer. The
trapped holes maintained in the NC layer, which were not
ejected by a low positive Vg (<10 V) in the third scan,
effectively reduced the electric field across the device thickness,
thus shifting the transfer curve to the negative direction
compared to that in the second scan. Holes were absent in the
NC layer after the first scan, as indicated by no transfer curve
shifting between the second and the first scans (Figure 8a). We
think the thick SiO, buffer layer, whose thickness was 100 nm,
reduced the applied field, which is the driving force for the hole
injection from the p-channel to the NC trapping layer so that
with Vi of about —40 V in the first scan was not sufficient to
cause the hole injection. By applying a highly positive V, such
as +40 V, in the fourth scan, the trapped holes were partially
ejected, thus resulting in a fewer amount of trapped holes
maintained in the NC layer. As a result of it, the transfer curve
turned back almost to the initial state where no holes were
present.

Figure 8d shows two representative transfer curves that were
obtained from the first and the third scans; thereby, memory
characteristics are realized if one assumes the hole injection to
and hole complete ejection from the SiQDs by applying,
respectively, a V; at —80 V (programming) or a Vg > +40 V
(erasing). The difference in drain current between the two
states was about 2 orders of magnitude (see Figure 8d).

An additional TFT device using a NC on SiO,/p-Si** film
cured at 100 °C was fabricated in an effort to study the effects
of Si QD density and thickness of NC layer on the FET
memory characteristics, although the curing temperature does
not likely cause significant change in the trapping ability of NC,
Figure 4b—g. TFT characteristics and memory behavior of this
device are summarized in Figure S14 (Supporting Information).
As expected, this device also exhibits FET memory behaviors,
resembling those shown in Figure 8ab for the TFT device
involving a NC layer cured at 200 °C, with an exception that
the width of transfer curve hysteresis, which is an indicator of
charge trapping density, is smaller, 10 vs. 15 V. Despite lower
QD density in the NC layer, 3.3 X 107 vs. 4.7 X 107 (dots/
cm?), the origin of smaller transfer curve hysteresis (10 V) is
not likely, because the QD density trivially affects charge
trapping density, Figure 4b—g. This variation may be due to a
lower carrier concentration in the pentacene layer, as indicated
by the lower mobility (0.11 vs. 0.36 cm®V~'s™"; Figure S14a
and Table S1, Supporting Information).>® More studies relating
to the synthesis of Si QD based nanocomposites with a
controllable Si QD content and device engineering are needed
to understand the effects of Si QD composition as well as the
thickness of charge trapping layer on the FET memory
characteristics. Such kinds of experiments have been carried out
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in our laboratory, and the results will be communicated in a
separate report.

In conclusion, we have demonstrated the synthesis of SIQD—
PS nanocomposite through a thermally-induced surface-
initiated polymerization approach using pre-prepared hydro-
gen-terminated SiQDs. The nanocomposite consisted of two
miscible components: SiQD@PS and PS which, respectively,
are SiQDs capped by polystyrene chains and homopolystyrene
formed simultaneously. SIQD@PS component has a spherical
potential well structure in which a SiQD and polystyrene chains
on its surfaces act as a well and a potential barrier, respectively.
Through a study on MIS devices using thin films of this
nanocomposite cured at different temperatures, it has been
demonstrated that the spherical potential well accounted for
the hole trapping and de-trapping abilities of the NC and the
strong covalent bonds between the SiQDs and the polystyrene
chains were responsible for the thermal stability of these
abilities. Transfer curves obtained for an OTFT based memory
device, that employed the SiQD—PS nanocomposite as a
trapping material and pentacene as a channel layer, were
controllably shifted by changing gate voltage, thus realizing the
memory characteristics. Importantly, in this study, thin films of
the nanocomposite that exhibited charge trapping properties
were fabricated by using a solution process and low curing
temperatures; these conditions are suitable for large-scale and
flexible device fabrications. We think that this study is a starting
point for a new type of silicon quantum dot based
nanocomposite for solution-processed nonvolatile memory
applications. Further study investigating effects of the dielectric
constant of the insulating matrix, size of SiQDs, and density of
SiQDs in the nanocomposite and more precise memory
characterizations are needed to optimize the use of this
nanocomposite.
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