REPORT DOCUMENTATION PAGE T 10188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching data sources,

gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection
of information, including suggestions for reducing this burden to Washington Headquarters Service, Directorate for Information Operations and Reports,

1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget,

Paperwork Reduction Project (0704-0188) Washington, DC 20503.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
APRIL 2010 Journal Article Preprint April 2009 — April 2010

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Morphology, Microstructure and Transport Properties of ZnO Decorated SiO, In House

Nanoparticles (PREPRINT) —

N/A
5c. PROGRAM ELEMENT NUMBER
N/A
6. AUTHOR(S) 5d. PROJECT NUMBER
459T
Joseph E. Van Nostrand, Rebecca Cortez, Zachary P. Rice, Nathaniel C. Cady,
and Magnus Bergkvist 5e. TASK NUMBER
NA
5f. WORK UNIT NUMBER
NO
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER
Albany CNSE
AFRL/RITC Union College University at Albany N/A
525 Brooks Road 807 Union Street 257 Fuller Road
Rome NY 13441-4505  Schenectady, NY 12308  Albany, NY 12203
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)
N/A
AFRL/RITC
525 Brooks Road 11. SPONSORING/MONITORING
Rome NY 13441-4505 AGENCY REPORT NUMBER
AFRL-RI-RS-TP-2010-24

12. DISTRIBUTION AVAILABILITY STATEMENT
Approved for public release; distribution unlimited. PA# 88ABW-2010-1869
Date Cleared: 05-April-2010

13. SUPPLEMENTARY NOTES

This paper was submitted for publication in “Nanotechnology”, Journal of the Institute of Physics. One or more of the authors is a
U.S. Government employee working, within the scope of their Government job; therefore, the U.S. Government is joint owner of the
work and has the right to copy, distribute, and use the work. All other rights are reserved by the copyright owner.

14, ABSTRACT

We report on a novel, surfactant free method to achieve nanocrystalline ZnO decoration of an SiO, nanoparticle at ambient
temperature. The size distribution of the naked and decorated SiO, nanoparticles is measured by dynamic light scattering, and
monodisperse distribution is observed for each. The morphology and microstructure of the nanoparticles are explored using atomic
force microscopy and high resolution transmission electron microscopy. Investigation of the optical properties of the ZnO decorated
SiO, nanoparticles shows absorption of 350 nm. This blue shift in absorption compared to bulk ZnO nanocrystals. Finally, the
electronic transport properties of the nanoparticles is explored by scanning conductance atomic force microscopy. A memristive
hysteresis in the transport properties of the individual ZnO decorated SiO, nanoparticles is observed. Optical absorption
measurements suggest the presence of oxygen vacancies, the migration and annihilation of which appears to contribute to the
dynamic conduction properties of the ZnO decorated nanoparticles. We believe this to be the first demonstration of a ZnO decorated
Si0O, nanoparticle, and represents a simple yet powerful way of achieving the optical and electrical properties of ZnO combined with
the simplicity of SiO, synthesis.

15. SUBJECT TERMS
Nanotechnology, ZnO, Memristor

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF j18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
ABSTRACT OF PAGES Joseph E. Van Nostrand
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (Include area code)
u U U uu 7 N/A

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18




PREPRINT

Morphology, Microstructure and Transport Properties of ZnO Decorated SiO,

Nanoparticles

Joseph E. Van Nostrancﬂ
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Rebecca Cortez
Union College, Schenectady, NY

Zachary P. Rice, Nathaniel C. Cady, and Magnus Bergkvist
Albany College of Nanoscale Science & FEngineering, Albany, NY
(Dated: April 15, 2010)

We report on a novel, surfactant free method to achieve nanocrystalline ZnO decoration of an
SiO2 nanoparticle at ambient temperature. The size distribution of the naked and decorated SiO2
nanoparticles is measured by dynamic light scattering, and a monodisperse distribution is observed
for each. The morphology and microstructure of the nanoparticles are explored using atomic force
microscopy and high resolution transmission electron microscopy. Investigation of the optical prop-
erties of the ZnO decorated SiO2 nanoparticles shows absorption at 350 nm. This blue shift in
absorption compared to bulk ZnO is shown to be consistent with quantum confinement effects
due to the small size of the ZnO nanocrystals. Finally, the electronic transport properties of the
nanoparticles is explored by scanning conductance atomic force microscopy. A memristive hysteresis
in the transport properties of the individual ZnO decorated SiO2 nanoparticles is observed. Optical
absorption measurements suggest the presence of oxygen vacancies, the migration and annihila-
tion of which appears to contribute to the dynamic conduction properties of the ZnO decorated
nanoparticles. We believe this to be the first demonstration of a ZnO decorated SiO2 nanoparticle,
and represents a simple yet powerful way of achieving the optical and electrical properties of ZnO
combined with the simplicity of SiO2 synthesis.

PACS numbers: 61.46.-w, 61.46.Hk, 66.10.Ed, 68.37.Ps, 68.37.Lp, 73.61.Ga, 78.67.Bf, 81.05.Dz, 81.07.-b

I INTRODUCTION
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such as physical vapor deposition on substrates patterned

One dimensional nanostructures such as nanowires,
nanotubes, and nanoshells have received a great deal of
interest because of their morphology-dependent physico-
chemical properties and technological relevance in com-
parison to their bulk phase counterparts!.  Oxide
materials have become a major focus in the emerg-
ing area of nanoelectronics, especially those catego-
rized as wide bandgap. Potential applications in-
clude high speed/high power electronics?, nano-crossbar
computing?, optical emitters and detectors in the visible
and ultraviolet®2, chemical and biological sensors®, and,
recently, memristors” 2, which have been described as
the fourth fundamental passive circuit element?. ZnO is
a wide, direct bandgap semiconductor with a bandgap of
3.37 eV and unique photonic and electronic propertiesi®.
One dimensional ZnO nanometer size crystals not only
have an enormous surface to volume ratio, but also
exhibit significant size-dependent electronic and optical
properties resulting from quantum confinement effects.
Furthermore, ZnO nanomaterials show potential for ex-
cellent sensitivity and rapid response in nanoelectronic
devices in comparison to larger size devices.

ZnO has wide applications in broad areas of photonics
and electronics, and there has been considerable effort
expended in attempting to control both the ZnO mor-
phology and size on the nanometer scalel®1l. Techniques

with noble metals which catalyze material from the va-
por phase into the solid phase have been shown to pro-
duce single crystal wurtzite ZnO nanorods with control-
lable diameters*!. Wet chemical methods!? 14 have also
been employed for the synthesis of one dimensional ZnO
nanostructures with high uniformity4. However, synthe-
sis of nanometer size particles of single crystal ZnO which
are approximately spherical in shape has proven difficult.
For wet chemical techniques, this is believed to be due to
the selective growth of the ZnO crystal planes resulting
in uneven growth rates for the different crystallographic
directions!®. For vapor phase nanosynthesis techniques,
the catalyst material is a stationary phase, and thus only
high aspect ratio nanostructures can be achieved.

In this paper, we report on a novel technique for the
synthesis of ZnO nanocrystals at ambient temperature
that decorate an SiOs nanoparticle core. Previous efforts
involving gold nanocluster decoration of silica nanopar-
ticles have been reported by Westcott et. all®, how-
ever metal oxide nanocrystal synthesis on semiconductor
oxide nanoparticles is an area yet to be fully explored.
One advantage of this approach is that it enables wide
bandgap engineering of oxides for novel memristive and
photovoltaic nanostructures using a facile synthesis tech-
nique. The average diameter of the ZnO decorated SiO2
nanoparticles was targeted to be 100 nm for the pur-
poses of this study, however the nanoparticle size can



be reduced to a few tens of nanometers using the well
established Stober techniquel?. In addition, we have ex-
plored the optical absorption as well as the local elec-
tronic transport properties of individual nanoparticles.
The measured optical and transport properties suggest
the synthesis technique results in a high quality nanocrys-
talline ZnO coating the surface of the SiO3 for use in low-
dimensional physics studies as well as for applications in
other nanoscale science and technology.

II. EXPERIMENT

The SiOs nanoparticles were synthesized using the
Stober method!”, while the ZnO nanocrystals were
synthesized using an ambient temperature hydrolytic
method. After Stober synthesis of the SiOs nanopar-
ticles, the nanoparticles were washed by centrifugation
at 13,300 rcf for 30 minutes. The supernatant was de-
canted off and replaced with an equal volume of ethanol,
and the nanoparticles were resuspended. This washing
process was repeated three times. In the hydrolytic ZnO
synthesis method, a 1 ml suspension of SiOs nanoshells
in ethanol was added to 10 ml of a 0.005 M solution
of Zn(CH3C00)22H,0 (MW: 219.51 u) in ethanol and
stirred at 350 RPM. To this mixture 520 ul of NaOH
(28-30%, Fisher Scientific) was added, and allowed to
react for 24 hours at 30°C. As a control, the ZnO syn-
thesis method was repeated without the presence of SiO2
nanoparticles.

The resulting nanoparticles from each synthesis pro-
cess were characterized by several methods as follows.
Hydrodynamic radii were determined via dynamic light
scattering (DLS) using a Zetasizer Nano (Malvern Instru-
ments, UK). Room temperature bulk values for index of
refraction and absorption were used for both the SiO9
nanoparticles and ZnO decorated SiOs nanoparticles.
Optical absorption measurements were performed using
a Shimadzu UV-1800 spectrophotometer. Transmission
electron microscopy measurements were performed us-
ing a JEOL 2010 and lacey carbon grids (Ted Pella,
Redding, CA). Nanoparticle morphology and conductiv-
ity were measured using a Veeco Dimension V scanning
probe microscope. Morphology measurements were per-
formed in tapping mode using a Veeco RTESP probe,
while electrical measurements were performed in con-
tact mode using a Veeco OSCM-PT platinum coated tip.
The SiO4 nanoparticles and ZnO decorated nanoparticles
were dispersed on a copper coated substrate for conduc-
tivity measurements in order to complete the circuit.

IIT. RESULTS AND DISCUSSION
A. Dynamic light scattering

Dynamic light scattering results for the different
nanoparticles explored in this study are shown in Fig-

ure [l Dynamic light scattering, also known as photon
correlation spectroscopy, measures Brownian motion and
relates this to the size of the particles being measured.
An important feature of Brownian motion measured by
DLS is that small particles move quickly in comparison to
large particles, and the relationship between the size of a
particle and its speed due to Brownian motion is defined
in the the Stokes-Einstein equation!®. The fundamental
size distribution determined by DLS is an intensity dis-
tribution. However, this can be converted to a volume
distribution using Mie theoryt?, as is shown in Figure
[0 The single peak in the DLS measurement suggest a
monodisperse distribution for both the SiOs nanoparti-
cles and the ZnO decorated SiO5 nanoparticles. Based on
a Gaussian fit to the DLS measurement results, the peak
diameter for SiOs nanoparticles was determined to be 87
nm, while for ZnO decorated nanoparticles the diameter
was 123 nm. This suggests an average ZnO “ radius” of
approximately 18 nm. Figure [ also shows a gradual de-
crease in mean volume with increasing SiOs nanoparticle
diameter. This may be due to the scattering measure-
ment incorporating reflections from a small number of
clusters of nanoparticles and interpreting this as a larger
diameter SiOs single particle. This shoulder is not ob-
served in the peak for the ZnO decorated nanoparticles,
which suggests a lesser degree of clustering in solution by
the ZnO decorated SiO; nanoparticles in comparison to
the as grown SiOs nanoparticles. DLS measurements on
the ZnO control nanoparticles (not shown), which were
synthesized without the presence of SiO5 nanoparticles,
showed a significant degree of clustering. This cluster-
ing resulted in poor run to run correlation statistics, and
thus prevented DLS measurement of the average diame-
ter of the as grown ZnO control nanoparticles. As shown
in Figure [, the presence of SiOs nanoparticles during
Zn0O nanoparticle synthesis precludes ZnO cluster forma-
tion. This is probably due to the SiOs providing a sur-
face for the ZnO nanoparticles to adhere to. This results
in a significant improvement in control of the diameter
of nanoparticles obtained using the synthesis method we
describe in comparison to ZnO nanoparticles grown in a
solution free of SiO5 nanoparticles.

B. Morphological characterization by atomic force
microscopy

An atomic force microscopy image showing morphol-
ogy of SiOy nanoparticles synthesized using the Stéber
method!? and dispersed on a silicon substrate is shown in
Figure 2] (a). The image is 2 ym X 2 pm, and the black
to white grayscale is 40 nm. Individual nanoparticles
can be clearly resolved, and the monodisperse distribu-
tion observed in Figure[2 (a) is consistent with the single
peak in the DLS measurement shown in Figure[Il The
SiO2 nanoparticle diameter as determined by averaging
the measured diameter of several SiO5 nanoparticles cho-
sen at random is consistent with the diameter of 87 nm
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FIG. 1: Dynamic light scattering (DLS) measurement of vol-
ume diameter of SiO2 and ZnO decorated SiO2 nanoparti-
cles. The single peak for both the SiO2 and ZnO decorated
nanoparticles suggests a monodisperse distribution for each
dispersion. Based on a Gaussian fit to the DLS measurement
results (not shown), the peak diameter for SiO2 nanoparti-
cles was 87 nm, while for ZnO decorated nanoparticles the
diameter was 123 nm.

predicted by DLS to within one standard deviation. Fig-
ure[2 (b) is an atomic force microscopy image showing the
morphology of ZnO decorated SiOy nanoparticles from
the same lot of material shown in Figure[2(a). The image
is 2 pm x 2 pum, and the black to white grayscale is 250
nm. The ZnO coated nanoparticles show a greater degree
of coalescence in comparison to the bare SiO, nanopar-
ticles, which leads to the larger black to white grayscale
for Figure 2 (b). The monodisperse distribution of ZnO
coated nanoshells shown in Figure [0l by dynamic light
scattering measurements suggests the process of agglom-
eration does not occur in solution, but rather may occur
as the ethanol evaporates after the suspension of ZnO
nanoshells is deposited on the silicon substrate.

C. Optical characterization by absorption
spectroscopy

Results for room temperature optical absorption mea-
surements of both the SiO9s and ZnO decorated nanopar-
ticles is shown in Figure[3l For the SiOs nanoparticles at
least two absorption peaks can be identified. The higher
energy peak near 225 nm is believed to be due to the
E’ center??. Moreover, the shoulder in the SiOs spectra
at 275 nm is in good agreement with the absorption at-
tributed to intrinsic oxygen hole centers?!, one of which
is the non-bridging oxygen hole centers (NBOHC)22:23,
It should be noted that the absorption band near 600
nm associated with NBOHC is not observed in our SiOq
nanoparticle samples. This result can be explained by
the differences in oscillator strength, where the absorp-

FIG. 2: Atomic force microscopy images showing morphol-
ogy of (a) SiO2 nanoparticles synthesized using the Stober
method®’, and (b) ZnO decorated SiO2 nanoparticles. Both
images are 2 pym X 2 pm. The black to white grayscale is 40
nm in (a) and 250 nm in (b).

tion band amplitude near 600 nm is predicted to be over
100 times smaller than the absorption band at 275 nm?22.

For the ZnO decorated SiOs nanoparticle absorption
shown in Figure[3] the absorption peak at 350 nm is blue
shifted from the bulk value of 387 nm!3 observed in high
quality single crystal ZnO. This blue shift of the reduced
dimension ZnO nanocrystals in comparison to bulk ma-
terials is believed to be due to size effects, as widely re-
ported in the literature24:23. The absorption spectrum of
nanocrystals with a diameter larger than approximately
15 nm show a well developed maximum near the onset
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FIG. 3: Room temperature absorption spectrum of SiO2 and
ZnO decorated nanoparticles suspended in ethanol solution.

of absorption which is attributed to the first excitonic
transition!®. This excitonic transition is similarly ob-
served in other direct bandgap II-VI material systems,
such as CdS26. However, the first excitonic transition no
longer appears in the absorption spectrum of smaller ZnO
nanocrystals. Instead, other transitions are observed in
the wavelength range 320 - 330 nm in the sub 15 nm size
range. The shape of the crystallites, surface energy, and
correlation effects will all influence the relative spacing
of the energy levels?”, thus making the band structure
source of the absorption difficult to clearly identify in
this reduced size range. The optical absorption of ZnO
nanocrystals synthesized as a control without the pres-
ence of SiOy nanoparticles is also shown in Figure[3 As
can be seen in Figure[3] the absorption properties of the
ZnO nanocrystals are nearly identical to those of the ZnO
decorated SiOg nanoparticles, differing only in a slightly
enhanced near bandedge absorption by the ZnO deco-
rated nanoparticles compared to the ZnO nanocrystal
control. The similarity in absorption properties between
the ZnO nanocrystals and ZnO decorated SiO2 nanopar-
ticles suggests the SiOs nanoparticles do not interfere
with the ZnO nanocrystal growth kinetics beyond pro-
viding a substrate for the ZnO nanocrystal interaction.
No free ZnO nanocrystals are observed in solution when
they are synthesized in the presence of SiOs nanopar-
ticles. It is unclear at this point if the ZnO nanocrys-
tals nucleate homogeneously in solution and then bind
strongly to the SiO2 surface, or if the SiO2 nanoparticles
provide a substrate for heterogeneous nucleation.

D. Microstructural analysis

Structural information about the SiOy and ZnO deco-
rated nanoparticles is provided by the transmission elec-
tron diffraction analysis shown in Figure @ As shown
in Figure d (a), the SiOy is amorphous and is decorated

by small, 5-10 nm nanoparticles of crystalline ZnO. The
high resolution transmission electron microscopy image
in Figure @ (b) shows the ZnO nanocrystals have co-
alesced, forming a porous, polycrystalline shell around
the SiO5 nanoparticle. The lattice fringes in the individ-
ual ZnO nanocrystals are clear and parallel within each
nanocrystal. However, they are generally randomly ori-
ented around the SiOs nanoparticle. This is consistent
with the polycrystalline rings observed in the selected-
area electron diffraction pattern (not shown) for the
Zn0O decorated SiO2 nanoparticles. While the growth
conditions we employ for synthesis of ZnO nanocrys-
tals are similar to those previously reported?®:22. we
believe this is the first demonstration of decorating an
SiO2 nanoparticle with a polycrystalline ZnO nanoparti-
cles to control ZnO nanocrystal clustering. Use of SiOs
nanoparticles as a substrate for ZnO nanocrystal attach-
ment and subsequent growth also simplifies extraction
of the ZnO nanocrystals from solution since they can
easily be separated out using a benchtop ultracentrifuge.
Since the SiO2 nanoparticles synthesized using the Stober
method!? can be tailored to a range of sizes, it is possi-
ble to use this approach to produce ZnO decorated SiO2
nanoparticles of the desired diameter without the need
for elevated reaction temperatures. Further, the pro-
cess enables the synthesis of larger diameter ZnO “shells”
around SiOs nanoparticles without the use of surfactants
which are often utilized to reduce the asymmetric growth
rates encountered in fabrication of low dimensional ZnO
shapes!?. The diameter of ZnO nanocrystals in the 5-10
nm range is consistent with the blue shift observed in the
absorption spectra of Figure [3

E. Electronic transport characterization by
scanning conductance spectroscopy

Figure [0l shows the measured transport properties of
the ZnO decorated SiO, nanoparticles for consecutive
positive then negative voltage sweeps as measured by a
scanning conductance atomic force microscope. In each
“pass” shown in Figure [l the ZnO decorated nanopar-
ticles were exposed to a forward bias from 0 to 5 volts
and back to 0 (Figure [ (a) ), then a reverse bias from
0 to -5 volts and back to 0 (Figure H (b) ). The hys-
teresis in the transport properties of the nanoparticles
can be clearly observed. The mechanism for the change
in resistance is not yet clear, but the presence of oxygen
vacancies suggested in Figure Bl may be contributing to
the dynamic conduction properties observed in Figure Bl
The presence of oxygen vacancies in the ZnO nanocrys-
tals would also be in agreement with the work of Szot
et. al®?, whose work demonstrated that electrochemical
migration of oxygen ions resulted in significant changes
in oxide thin film conductivity.

Migration of ions in metal oxide films is believed to be
the fundamental physical mechanism? providing the basis
for the exciting new area of “memristors.” A memristor is



FIG. 4: (a) Transmission electron microscopy image of ZnO
nanoshells with SiOs core decorated with coalesced ZnO
nanocrystals. (b) High resolution electron micrograph show-
ing amorphous SiO2 core and lattice fringing of the polycrys-
talline layer of ZnO nanocrystals.

a two-terminal electronic device whose resistance can be
precisely modulated by charge transport through the de-
vice. Memristors are typically fabricated by sandwiching
an oxide material between two metal contacts. However,
a lack of device repeatability has limited the technological
implementation of memristors. Ions in the oxide mate-
rial are subject to high electric fields, and their mobility
is enhanced by localized Joule heating. Ions migrate and
often form a “filament,” which subsequently provides a
low resistance path through the oxide material®!. An al-
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FIG. 5: Transport properties of ZnO decorated SiO2 nanopar-
ticles in the (a) forward, and (b) reverse bias directions as
measured by scanning conductance atomic force microscope.
Nanoparticles were alternately exposed to forward then re-
verse bias in each “pass.” In each pass shown, the ZnO deco-
rated nanoparticles were exposed to a forward bias from 0 to
5 volts (solid line) and back (dashed line) to 0 (Figure [ (a)
), then a reverse bias from 0 to -5 volts and back to 0 (Figure

B (b))

ternative mechanism for dynamic transport in TiOs thin
films described by Yang et. al® involves oxygen vacancies
drifting towards the cathode forming localized conduct-
ing channels in the oxide, while, at the same time, O%~
ions drift towards the anode where they evolve out of
the oxide layer as O2 gas. Based on the results in Fig-
ure [B] it is not clear if there is any filament formation
in the ZnO decorated SiO2 nanoparticles as described by
Waser2!. As the number of passes increases, the overall
resistivity of the ZnO decorated SiOs nanoparticle also
increases. This may be due to a redistribution or pos-
sibly evolution of ions from the ZnO nanocrystal layerS.
This trend of increasing resistivity of the oxide nanopar-
ticle with each pass limits the viability of ZnO decorated



SiO2 nanoparticles for memristor applications, but may
prove useful in solar applications where a resistive nano-
material with strong absorption in the ultraviolet is de-
sirable for photoconductivity32. It is interesting to note
that no current could be measured for the SiOs nanopar-
ticles over the applied voltage range from zero to +10
volts. Based on this, we believe the conductivity proper-
ties demonstrated by the ZnO decorated SiOs nanopar-
ticles is dominated by the ZnO nanocrystals.

IV. CONCLUSIONS

We have demonstrated a facile technique for ambient
temperature synthesis of a polycrystalline layer of ZnO
nanocrystals decorating an SiOs nanoparticle core which
represents a simple yet powerful way of achieving the op-
tical and electrical properties of ZnO with the simplicity
of SiOg synthesis. Dynamic light scattering and atomic
force microscopy measurements suggest a monodisperse
distribution of nanoparticles, and absorption measure-
ments show ZnO optical properties consistent with high
quality low-dimensional ZnO nanocrystals. Optical prop-

erties also suggest the presence of oxygen vacancies,
which appear to contribute to the memristive trans-
port properties of the ZnO decorated SiO; nanoparti-
cles as measured by scanning conductance atomic force
microscopy. High resolution transmission electron mi-
croscopy shows an amorphous SiO4 core and lattice fring-
ing of the polycrystalline layer of ZnO nanocrystals, con-
sistent with the optical and electrical transport proper-
ties observed for these nanoshells. We believe this lay-
ered approach to nanoparticle synthesis will have use in
a number of different metal oxide systems, and could
provide a general technique for producing metal oxide
nanoparticles of a target dimension with optical and elec-
tronic transport properties similar to the single crystal.
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