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exagonal boron nitride (h-BN) has
H recently attracted a lot of attention
because of its similarity to graphene
in structure and its very interesting suggested
or demonstrated properties, such as UV emis-
sion," exceptional mechanical and thermal
properties, and chemical stability.>~® It has a
layered structure like graphene/graphite,
and within each layer, sp>-bonded alternat-
ing boron and nitrogen atoms are arranged
in a honeycomb lattice. Monolayer h-BN is
another two-dimensional atomic layered
material (just as graphene), and fascinating
phenomena, such as a giant flexoelectric
effect, have been predicted.” More impor-
tantly, h-BN has been shown to be a supe-
rior substrate for graphene devices, and with
the same graphene material (either obtained
by graphite exfoliation or synthesized by
chemical vapor deposition (CVD)), the mobil-
ity values measured on an h-BN substrate
are 1 order of magnitude higher than the
mobility of the devices fabricated on SiO,/Si
substrate.®® Therefore, high-quality h-BN
material is critical for high-performance
graphene devices, and it is highly desirable
to develop effective synthesis methods.
Inspired by the graphene synthesis via
CVD on metallic substrates, such as Co,'
Pt,”’u |r,13 RU,M Ni,15718 and Cu,19'2° and
by a viable transfer technique,’”'82' =2 re-
cently h-BN synthesis via CVD on Ni or Cu
substrates was also further investigated.”?* ¢
Using either ammonia borane (H3B-NHs) or
borazine (B3NsHg), multilayer or monolayer
h-BN could be synthesized by CVD and trans-
ferred to the desired substrates. In this work,
h-BN films with thickness between 2 and
~20 nm were synthesized on Cu foil using
borazine (BsNsHg) as a precursor under atmo-
spheric CVD (APCVD) and were integrated into
graphene devices as the gate dielectric layer.
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Hexagonal boron nitride (h-BN) is a promising material as a dielectric layer or substrate for two-

dimensional electronic devices. In this work, we report the synthesis of large-area h-BN film using

atmospheric pressure chemical vapor deposition on a copper foil, followed by Cu etching and transfer

to a target substrate. The growth rate of h-BN film at a constant temperature is strongly affected by

the concentration of borazine as a precursor and the ambient gas condition such as the ratio of

hydrogen and nitrogen. h-BN films with different thicknesses can be achieved by controlling the

growth time or tuning the growth conditions. Transmission electron microscope characterization

reveals that these h-BN films are polyarystalline, and the c-axis of the crystallites points to different

directions. The stoichiometry ratio of boron and nitrogen is close to 1:1, obtained by electron energy

loss spectroscopy. The dielectric constant of h-BN film obtained by parallel capacitance measure-

ments (25 zem” large areas) is 2—4. These CVD-grown h-BN films were integrated s a dielectric layer

in top-gated CVD graphene devices, and the mobility of the CVD graphene device (in the few

thousands cm?/(V - s) range) remains the same before and after device integration.

KEYWORDS: hexagonal boron nitride - chemical vapor deposition - borazine -

copper foil

We show in the present work that the thick-
ness of the h-BN films can be controlled by the
growth time or synthesis conditions. The CVD
synthesis and transfer technique allows a
straightforward integration of the h-BN films
into graphene devices, and the devices show
comparable performance before and after the
h-BN integration.
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Figure 1. Optical images of h-BN films with different thick-
nesses on a SiO,/Si substrate (the SiO, layer is 300 nm). The
thickness of these films was measured by atomic force
microscopy: (@) 2—5 nm, (b) 8—10 nm, and (c) 177—18 nm.
The two yellow and two red arrows point out regions of
similar thicknesses. The scale bar indicates 10 um.

RESULTS AND DISCUSSION

The synthesis of h-BN film was carried out at 750 °C
under a hydrogen and/or nitrogen atmosphere using
Cu foil with atmospheric pressure CVD (APCVD), and
then the h-BN on Cu was postannealed at 1000 °C for
1 h to improve the film crystallinity.?” Since the pre-
cursor of borazine is a liquid under ambient conditions,
abubbleris used, and nitrogen is used as a carrier gas for
the borazine. The growth rate of h-BN was controlled by
the borazine bubbling rate and the ambient conditions
of hydrogen and nitrogen. After the growth of h-BN, the
film was transferred onto 300 nm SiO,/Si using PMMA as
a protection layer, as described elsewhere.'®

Optical Contrast of the h-BN Films on 300 nm Si0,/Si. Figure 1
shows the optical images of h-BN films with different
thicknesses. The optical contrast is changed by the
thickness of the films. It is noted that the film thickness
is measured by atomic force microscopy (AFM) after
the films are transferred onto a 300 nm SiO,/Si sub-
strate. When the thickness of the h-BN film is 2—5 nm,
the color of the film barely shows a difference with that
of the pristine substrate. However, as the thickness of
the h-BN film increases, it is easier to distinguish between
the substrate and the h-BN film, as shown in Figure 1b,c.
As suggested by previous work,?® the thickness could be
estimated by comparing the optical contrast. For exam-
ple, the optical contrast of the yellow dotted region
(indicated by the yellow arrow) in Figure 1b, which is
the 8—10 nm film being folded once, shows similar
optical contrast as the film in Figure 1¢, indicating that
its thickness is around 16 nm. In addition, the thickness of
the region outlined by the red dotted line in Figure 1b,c
could be estimated to be ~36 nm with 4-fold folding in
Figure 1b and 2-fold folding of the 17—18 nm film in
Figure 1c. These results indicate that the thickness of the
large-area h-BN grown by copper foil is quite uniform and
can be controlled by synthesis conditions.

Structure Characterization of the h-BN Films by TEM. The
structure of the h-BN films was characterized by trans-
mission electron microscopy (TEM). Figure 2 shows the
representative TEM images of various thicknesses of
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Figure 2. TEM images of the h-BN films. (a) Lower magni-
fication image of a thin h-BN film (2—3 nm thick). TEM
images of (b) 2—3 layer h-BN sample and (c) 4—5 layer h-BN
sample at their folded edge. (d,e) TEM images of a thicker
h-BN sample (>10 nm thick). In (d), the red arrow indicates
regions showing fringes in the lattice. Inset in (d) shows the
selective area diffraction pattern of this sample (2 um sized
area), indicating that the h-BN film is polycrystalline in
structure. (e) TEM image of the folded edge of this sample,
indicating that the c-axes of the crystallites are pointing in
different directions, as illustrated by the inset in (e).

h-BN film. Most of the h-BN films are continuous over
the TEM grid (Figure 2a). Figure 2b,c shows that the
number of layers (as counted by the number of lines at
the folding edge) in these samples were 2—3 and 4—7,
respectively. At higher magnification in Figure 2d,
fringe-like features (indicated by the red arrows) can
be seen, which could be either due to lattice fringes or
wrinkles in the h-BN layers or due to the fact that the
c-axis orientation of the multilayer stacking is in the in-
plane direction. If these features are due to the lattice
fringes, as they are in different orientations, this sug-
gests that we have a polycrystalline sample here, and
the crystallites are ~10 nm. Indeed, the selected area
electron diffraction (SAED) of a 2 um area region in the
inset of Figure 2d shows circular rings instead of in-
dividual spots, suggesting that the h-BN film has a
polycrystalline structure for this 2 um sized area. The
edge of the sample in panel d is shown in Figure 2e,
which also indicates that the crystallites of the multi-
layer h-BN stacks are randomly oriented, in contrast
to the parallel straight lines observed in high-quality
samples.® The schematic illustration in the inset of
Figure 2e describes the polycrystalline structure of the
h-BN film. The origin of the polycrystalline structure will
be discussed in the later sections.

Elemental and Bonding Nature of the h-BN Films. To study
the stoichiometry and atomic bonding nature of the
boron and nitrogen atoms in the h-BN films, electron
energy loss spectroscopy (EELS) was used. The ele-
mental analysis of the h-BN film with the GIF (energy
filtered imaging) technique was carried out during
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Figure 3. Elemental analysis of h-BN film by EELS. (a) Zero-
loss TEM image of a h-BN film, GIF (energy-filtered imaging
technique) imaging of (b) carbon, (c) boron, and (d) nitro-
gen. (e) Representative EELS spectra of h-BN film.

mapping. Compared to the zero-loss TEM image of the
h-BN film (Figure 3a), Figure 3b—d shows the GIF
imaging of carbon, boron, and nitrogen, respectively.
First, boron and nitrogen are distributed uniformly
throughout the sample, consistent with the fact that
the sample is a boron—nitrogen compound. Carbon in
the h-BN film is randomly distributed over the area. This is
most likely due to the PMMA residuals which are left on
the sample after the h-BN transfer process. The repre-
sentative EELS spectrum in Figure 3e clearly shows the
presence of the characteristic boron and nitrogen K-shell
peaks. There is a weak carbon K-shell peak (near 280 eV)
due to the residual PMMA.?° A similar carbon peak in the
EELS spectra was observed in the high-quality monolayer
h-BN sample reported previously.”® Also, the character-
istic 7* and o* energy loss peaks at the boron and
nitrogen K-shell are clearly shown, indicating the h-BN
film has sp? hybridization bonds.*® In addition, a close to
1:1 stoichiometry of the boron and nitrogen is obtained
after integration of each characteristic peak.

Dielectric Constant Evaluation of the h-BN Films and Their
Integration into Graphene Devices. The main effort in this
work is to use the h-BN films as a dielectric layer for a
graphene field effect transistor (FET). In order to eval-
uate the dielectric quality of our h-BN films, we fabricated
metal—h-BN—metal capacitor structures to evaluate the
dielectric constant (g,) and breakdown voltage (V},) of
these materials. The bottom Ti/Pt (2 nm/20 nm) “M1”
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electrodes in the inset in Figure 4a were patterned using
standard photolithography and lift-off process. Large-
area h-BN films (typically 15—19 nm thick) were then
transferred onto the substrates having the electrodes.
Finally, top electrodes (5 nm Ti/90 nm Au) “M2” were pat-
terned using photolithography and lift-off. Capacitance
was measured from 50 to 450 kHz using an Agilent 4294A
impedance analyzer. The typical device size measured
was 5 um x 5 um. The extracted average dielectric con-
stant (&) was 2—4 with a breakdown electric field of 1.5—
2.5 MV/cm, as shown in Figure 4b. The lower breakdown
field (~8 MV/cm for single-crystalline h-BN)*' is most
likely due to the polycrystalline nature of the h-BN films
providing a leakage pathway through grain boundaries.
In addition, we fabricated top-gated graphene FET
with transferred h-BN as a top-gate dielectric on top of
CVD-grown graphene (inset of Figure 4c). To study the
impact of h-BN on the transport of graphene, we fab-
ricated van der Pauw structures to measure the Hall
mobility before and after transfer of the h-BN. Using a
magnetic field of B=0.30 T,/ = 1 mA, and an area of
graphene of 100 um x 100 um, we measured a room
temperature Hall hole mobility of 2455 cm?/(V-s), a
carrier density n, = 3.60 x 10'% cm ™2 before integrating
the h-BN, and of 2141 cm?/(V-s), n;=4.81 x 10'% cm 2
for the same device after transfer. Five other devices
also showed similar Hall hole mobility values before
and after the integration of h-BN. The increase in
charge doping is most likely due to the wet transfer
process that might trap water at the h-BN/CVD gra-
phene interface. Figure 4c shows the measured drain-
to-source (Ips) versus normalized electrostatically gated
carrier concentration (ng—npjrac) of one of the transis-
tors before and after h-BN integration measured first
using the back gate and then finally measured using
the top gate. The data are plotted in units of normal-
ized electrostatically gated carrier concentration to
allow top-gate and bottom-gate data to be plotted
on the same axes. The fabrication technology for the
graphene transistors is similar to the one used in our
metal—h-BN—metal capacitors, except that the bot-
tom electrode in Figure 4c is replaced with graphene.
To extract the carrier mobility from the transfer curves,
we used a simplified model to fit the device data
including the effects of parasitic resistances.>?
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Figure 4. h-BN dielectric constant and graphene devices. (a) Average dielectric constant of h-BN film depending on
frequency. (b) Representative breakdown voltage measurement. (c) Drain to source current (/ps) versus normalized
electrostatically gated carrier concentration (ng—ngjirac) of a bottom-gated (BG) and top-gated (TG) graphene device before
and after h-BN integration. The solid and dotted lines indicate the experimental data and fitted data, respectively. The
schematic diagram of the graphene device is shown in the top inset. (d) Ips—Vrg characterization of another device after hBN
integration, with a back-gate bias of —25 V, so that both p- and n-sides are observed in the measurement range. The
characterization with the bottom gate before h-BN integration is shown in the inset. Dotted lines are fitted curve using the

same model. Vg for all measurements is 1 V.

where R. is the contact resistance including the access
resistance (i.e., the resistance of the region not covered
by top-gate metal), Rg is the channel graphene resis-
tance, Lg is the gate length, W is width of the device,
Unan is the hall mobility, n; is the residual charge im-
purity concentration, Ny is the total channel charge,
Cox is the gate dielectric capacitance, Vg is the applied
gate voltage either on the top or back gate, and Vp;ac is
the minimum conductivity point. Here the gate di-
electric capacitance for the bottom gate (Cgg) can be
calculated based on the SiO, thickness (11.5 nF/cm?)
and for the top gate, Cr¢ is obtained by comparing by
the ratio of the Dirac voltage between bottom and top-
gate measurements (115—184 nF/cm?), which agrees
well with our estimated dielectric constant as mea-
sured before.

In this study, back-gated measurements before
h-BN integration are first fitted using the simplified
model, which provides reasonable fits for contact re-
sistances that agree well with transmission line mea-
surements (TLM) (2—8 kQ-um). CVD-hBN is then in-
tegrated as a top-gate dielectric and then remeasured.
The transfer curves are then fitted using the same
model used previously. The reduced on-state current

KIM ET AL.

and transconductance in the top-gated devices is
mostly attributed to increased contact resistances due
to the ungated graphene regions. This can be easily
explained due to the device geometry of our transistor.
During back-gate measurements, the entire channel is
modulated (L = 6 um, W =5 um), while during top-gate
measurements, only a fraction (L = 3 um) of our channel
is modulated. The more pronounced sublinear depen-
dence of Ip with respect to Vg in the top-gated case is
encompassed within the model as a contact resistance
term including any parasitic resistance such as access
resistances and any additional resistances due to any
Schottky or p—njunctions. The model and related fitting
parameters are presented in Table 1. The field effect
transistors also show a slightly increased p-type doping,
agreeing well with Hall measurements. The discrepancy
between the Hall hole mobility and the field effect hole
mobility is due to the sample and transfer variations as
different samples were used for Hall measurements and
field effect mobility measurements.

All of our devices turn out to be heavily p-doped
after h-BN integration. Figure 4d shows Ips—V5¢ mea-
surement from another device, where a back-gate bias
(—25 V) was applied to ensure that both p- and n-side
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TABLE 1. Fitting Parameters for the Top- and Back-Gated
h-BN/Graphene Devices Shown in Figure 4c

back gate (BG) before top gate (TG) after

parameter unit hBN integration hBN integration
R, Q-um 7338 12130
Uan a(V+s) 1338 1404
1 1/em? 8.078 x 10" 9.228 x 10"
Mbirac 1/em? 3.25 x 10" 59 x 10"
(e nF/em? 15
Gro/Gag 15
w um 5 5
Lg um 6 3
Lps um 6 6

conduction can be observed in the measurement
range. The Ips—Vpg curve before the h-BN integration
is shown in the inset of Figure 4d as a comparison. The
same model was used to fit the measurement data, and
similar mobility values before and after h-BN integra-
tion were again obtained. The curve fittings are shown
as a dotted line in Figure 4d. The deviation in the fitting
on the n-side is due to change in contact resistance
caused by p—n junctions as well as possible deviation
between electron and hole mobility.

Understanding the Synthesis of h-BN films via APCVD on Cu
Foils. 1. Growth Rate of h-BN Films. In order to control
the h-BN film thickness, systematic studies were car-
ried out in terms of growth rate. Figure 5a shows the
h-BN film thickness (measured by AFM after transfer-
ring the film on 300 nm SiO,/Si) as a function of growth
time for 1 sccm borazine bubbling rate and 2000 sccm
H, flow rate at a growth temperature of 750 °C. The film
thickness shows a linear dependence on growth time,
indicating the growth rate, which is defined by the film
thickness per growth time, is constant and the film thick-
ness can be controlled by the growth time. Figure 5b,c
shows the effect of growth conditions on the growth rate.
First, the effect of the borazine concentration was ex-
amined. With increasing borazine bubbling rate under
1000 sccm N,, the growth rate is increased, but the
increase in growth rate is not a linear behavior, as
shown in Figure 5b. This is likely due to the fact that
excess borazine does not participate in the growth of
the h-BN film. From Figure 5, it is therefore concluded
that 1—1.5 sccm of borazine is a suitable flow rate for
growth. On the other hand, the growth rate at a con-
stant of borazine bubbling rate is linearly increased by
the amount of N, relative to H,, as shown in Figure 5c.
This effect can be understood by Le Chatelier's princi-
ple with the reaction below:

B3N3H5 < 3BN+ 3H,

If the partial pressure of hydrogen is increased, the
equilibrium is shifted to counteract the imposed
change, leading to a decreased growth rate. As a result,
the growth rate in only a nitrogen atmosphere is about
2.3 times higher than that in a hydrogen atmosphere.

KIM ET AL.
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Figure 5. Control of the h-BN thickness. (a) Thickness of the
h-BN film as a function of the growth time. Synthesis
condition: borazine bubbling rate is 1 sccm, with 2000 sccm
H,, growth at 750 °C. Growth rate of the h-BN film (b) as a
function of borazine bubbling rate under 1000 sccm N,
atmophere and (c) as a function of the amount of N, relative
to H,. Total flow rate of nitrogen and hydrogen is 1000 sccm.

2. Growth Mechanism of h-BN Film on Copper Foil
with Borazine. From the structural analysis described
above, it was found that the resultant h-BN films are
polycrystalline with crystallite sizes of ~10 nm. The film
quality is not as high as the h-BN films grown with Ni
thin film,?* where much larger (~1 um) single-crystal-
line domains were obtained. However, it was found
that the h-BN films grown on the Ni thin film substrate
were leaky as a dielectric layer, possibly due to the non-
uniform regions grown at the Ni grain boundaries. For
the Ni thin film substrate, after annealing at high tem-
perature, deep grooves develop between the Ni grains.
In contrast, the grain boundary grooves in the Cu foil are
much shallower. Furthermore, the typical grain size of
the Cufoilis >1 x 1 mm?, much larger than that of the Ni
grains (~20 x 20 ymz). Therefore, Cu foil was used to
achieve leakage-free h-BN films in this work.

The growth of the h-BN synthesis was carried out
under atmospheric pressure CVD (APCVD) at various tem-
peratures. According to the previous analysis,?’>* the
growth of h-BN film occurs via a thermal polymerization
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process and could be divided to three steps: (I) adsorp-
tion of borazine or polyborazylene on the surface
(—133 to 400 °C);**** (Il) thermally induced polymer-
ization to form polyborazylene and the crossing linking
reaction of B—H and N—H groups on adjacent chains
(70—600 °C);*”>*3> (lll) dehydrogenation of the poly-
borazylene thin film to become a h-BN film (>700 °C).%*
Step | depends on the binding energy between the
borazine molecule and the substrate.3*3¢ Steps | and Il
play a crucial role in the formation of the h-BN film on
the substrate. The temperature range of these steps is
fairly wide in our experiments. We studied the growth
from 300 to 1000 °C. The growth rate and the results
are very different depending on the growth tempera-
ture. Generally, it was observed that, with higher
growth temperature and borazine concentration, a
higher growth rate is obtained. At higher temperature
(>900 °Q), the thickness is not easy to control due to the
too high growth rate in our current setup (the lower
limit of the flow rate for the borazine carrier gas is
0.5 sccm). Under high growth rate, a very rough surface
was observed, with a large quantity of particles on the
surface. This is because the thermally activated polym-
erization and dehydrogenation at higher temperature
occur at the same time. It should be noted that since
our current APCVD setup is a hot-wall reactor, the
borazine at high temperature can be thermally acti-
vated before arriving at the substrate. We expect that
the moderate growth temperature (750 °C) in this work
could induce the fast polymerization and slight dehy-
drogenation of borazine, leading to the formation of

EXPERIMENTAL SECTION

h-BN Growth Procedure. Borazine is used as a precursor for the
h-BN synthesis in this work. Since borazine is a liquid, during the
synthesis, it is delivered to the growth chamber by nitrogen
carrier gas through a bubbler. The temperature of borazine is
maintained at 0 °C using a commercial wine cooler. Before the
h-BN growth, a copper foil (25 um, 99.8%, Alfa Asear) which is
used as a catalytic substrate is annealed at 1000 °C for 30 min
under 10 sccm hydrogen atmosphere (LPCVD process), in order
to increase the copper grain size and to obtain a smooth surface.
The growth of h-BN is carried out at 750 °C for typically 5—
30 min under 1—3 sccm of borazine under 2000 sccm of
hydrogen. To study the effect of the ambient condition, the ratio
of hydrogen and nitrogen flow rate (sccm) is varied between
0:1000 and 1000:0. After growth, the h-BN film on copper is post-
annealed at 1000 °Cfor 1 h under 100 sccm hydrogen and 100 sccm
nitrogen atmosphere.

Graphene Growth Procedure. Graphene was synthesized by
LPCVD using a copper foil (25 um, 99.8% Alfa Asear) as a cata-
lytic metal substrate. Before graphene growth, the copper foil
was annealed at 1000 °C for 30 min under 10 sccm hydrogen
atmosphere (~330 mTorr) to increase the grain size and to
ensure the growth of a smooth surface, followed by synthesiz-
ing graphene under 15 and 50 sccm of methane and hydrogen
atmospheres, respectively, for 40 min (~1.5 Torr), while main-
taining the same temperature. During the cooling step, 10 sccm
of hydrogen was flowed until room temperature was reached.

Transfer. Poly(methyl methacrylate) (PMMA) (4.5% in anisole)
was spun on the h-BN or graphene on copper foil at 2500 rpm

KIM ET AL.

polycrystalline h-BN film (Figure 2). In an ultrahigh
vacuum (UHV) system, monolayer h-BN can be grown
on various catalytic substrates such as Ni, Cu, Pt, Rh,
and Rd at temperatures higher than 750 °C as reported
previously*” ~3° because the amount of borazine pre-
cursor introduced is only about few Langmuir, leading
to surface-limited growth. Therefore, in order to im-
prove the quality of the h-BN material in the future, a
lower borazine concentration should be used or low-
pressure CVD (LPCVD) systems should be considered. A
cold-wall reactor could be another option to prevent
thermal decomposition before the precursors reach
the growth substrate.

CONCLUSION

In this work, we present the synthesis of large-area
h-BN on copper foil and the integration of such films
as a gate dielectric in graphene devices. The thick-
ness of the h-BN films can be controlled by different
growth conditions and growth times. The h-BN films
are polycrystalline with crystallite sizes of ~10 nm. The
graphene-based transistors with h-BN gate dielectrics
showed comparable performance before and after
the h-BN integration. Future investigation to use the
h-BN as both a bottom substrate and top gate for
graphene devices will be developed, and further un-
derstanding of the growth mechanism will guide future
improvements of the synthesis process and the quality
of the h-BN thin films. This result will be applicable to
both graphene devices and flexible electronics in the
future.

for 1 min, followed by etching copper with copper etchant
(CE-100, Transene). The film of PMMA/h-BN was washed by DI
water to remove the residual copper etchant. To remove the
residual iron particles which came from the copper etchant (FeCls),
the film was floated on 10% HCI for 20 min, followed by neutraliz-
ing with deionized water. After the PMMA/h-BN film was trans-
ferred onto either SiO,/Si or a quantifoil TEM grid (2.5 um hole,
Tel Pella), PMMA was removed by acetone vapor and thermal
annealing at 450 °C for 2 h under an H,/Ar atmosphere.

Device Fabrication. Metal—-BN—metal capacitors were fabri-
cated using standard photolithography techniques using an im-
age reversal resist (AZ5214E from Microchem). Hybrid graphene/
BN structures were fabricated following similar procedures. CVD
graphene grown from copper was transferred onto thermally
grown silicon dioxide on doped silicon. Ti/Pd/Au (25/450/150 A
ohmic metal contacts were patterned using a lift-off process,
and then the h-BN film was transferred on top. The graphene/
BN stack was then patterned using a reactive oxygen etch with a
photoresist hardmask. The top-gate metal contact was pat-
terned from Ti/Au (500/2300 A) again using an image reversal
resist and lift-off.

Characterization. A TEM (JEOL 2010) instrument equipped
with electron energy loss spectroscopy (EELS) and selected area
electron diffraction (SAED) was used to characterize the struc-
ture of h-BN. The surface morphology of the copper foil and
h-BN was examined by atomic force microscopy (Dimension
3100, Veeco). Optical absorption spectra of the samples were
obtained by using a Varian Cary 500i instrument. The capaci-
tance was measured using an Agilent 4294A impedance ana-
lyzer from 50 to 450 kHz. Electrical and Hall measurements were

VOL.6 = NO.10 = 8583-8590 = 2012 K@LNMLJ\)\

WWwWW.acsnano.org

8588



done using an Agilent semiconductor parameter analyzer 4155C
and a Hall effect probe station using a permanent neodymium
magnet. Current—voltage sweeps were done in a Lakeshore
Cryogenic Probe Station at room temperature.
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