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ell-aligned semiconductor

nanowires and nanorods have

attracted increasing attention
due to their unique properties and applica-
tions in novel electronic, optoelectronic,
and electromechanical nanodevices,'? such
as field emitters,>* solar cells,” lasers
diodes,5’ field-effect transistors,® sensors,’
and piezo nanogenerators.'®'" Consider-
able efforts have been made with respect
to the growth of various semiconductor
nanostructure arrays via chemical or physi-
cal routes in a controlled way. To date, well-
aligned nanowire/nanorod arrays have
been obtained for the group IV (Si and
Ge),"? groups llI-V (GaP, GaAs, and InP),
and groups II=VI (ZnO)
semiconductors.'* "% As an important II—VI
semiconductor compound, CdS (with band
gap energy of 2.52 eV) has been considered
as a perspective optoelectronic material for
utilization in nonlinear optical devices, flat
panel displays, light-emitting diodes, laser,
logic gates, transistors, etc.'”” ' It is also a
good active optical waveguide material and
electrically driven lasing material, which
may find wide applications in telecommuni-
cations, data storage, and near-field optical
lithography.?2! Synthesis of aligned nano-
wire arrays is a critical step toward enhanc-
ing nanostructure performances in nano-
scale devices. However, few CdS nanowire
and nanorod arrays have so far been syn-
thesized using thermal evaporation,?2%
template-assisted growth,?* and liquid reac-
tion processes.?>? |t still remains a chal-
lenge to synthesize high-quality
morphology-tunable CdS nanowires and
nanorods at a high yield via an effective and
low cost method.

In recent years, the research on stimu-

lated emission and field-emission proper-
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ABSTRACT Highly ordered CdS nanostructure arrays were successfully fabricated via a simple two-step

metal-organic chemical vapor deposition process. Both stimulated emission and field-emission measurements

were carried out in an attempt to understand the correlation between the morphologies, alignments, and
emission performances of five ordered CdS nanostructure array types (well-aligned truncated nanocones,

nanorods, cleft nanorods, quasi-aligned nanowires, and nanowires). The 1D CdS nanostructures of various types

displayed notable differences in stimulated and field-emission performances. The stimulated emission strongly

correlated with the structure alignment: the better the alignment, the lower the threshold. Both of the alignments

and aspect ratios greatly affected the field-emission properties; the CdS emitters of higher aspect ratio and better

alignment exhibited better field-emission performance. Thus the well-aligned (dS nanorod arrays had the lower

threshold for stimulated emission, and quasi-aligned nanowire arrays produced the higher field-emission current

and possessed the lower turn-on fields.

KEYWORDS: semiconductor - arrays - CdS nanostructure - morphology-

tunable - stimulated emission - field emission -
deposition

ties of 1D wide-band semiconductors be-
came forefront due to growing demands of
micro/nanotechnologies. However, most of
the studies have been limited to the analy-
ses of various measurement conditions on
lasing and field emission of a single ma-
terial, while little attention has been paid
to the relationship between the nature of a
nanostructure and its stimulated/field-
emission properties. Variations in such
properties are expected even for an indi-
vidual nanostructure under different di-
mensions. Morphological variations may
also have pronounced effects. According
to the Fowler—Nordheim (F—N) theory,?’
the field emission is related to two essen-
tial parameters, namely, the work function
of an emitting material and the field-
enhancement factor.?® The intrinsic work
function is an important parameter that var-
ies mainly from 1 to 7 eV for most of the in-
organic semiconductors, the lower being
better for the higher emission efficiency.?

metal-organic chemical vapor
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Figure 1. Typical FESEM images and the corresponding geometric sketches
of several CdS nanostructures: (a) well-aligned truncated nanocone ar-
rays (sample a); (b) well-aligned nanorod arrays (sample b); (c) well-aligned
cleft nanorod arrays (sample c); (d) quasi-aligned nanowire arrays (sample
d); and (e) nanowire arrays (sample e).

The field-enhancement factor is defined as the ratio of
a local field to an applied field and determined by the
shape and morphology of an emitter. Thus, it is possible
to achieve strong field emission from a given nano-
structured material if it is long and sharp. The tip sharp-
ness may be different, for instance, round closed tips,
blunt ends, or conical tips have all been documented.
Yu et al. prepared and compared the field-emission per-
formances of three differently shaped ZnO arrays.
Among them, the nanoneedle arrays possessed much
better field-emission performances than arrays of nano-
cavities and nanobottles,>® which was attributed to the
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1D shapes and tip sharpness of the array components.
Lu et al. investigated the composition effects on the
field-emission properties of Cd,Zn;_,S nanowire arrays
and found that the incorporation of Zn into CdS signifi-
cantly increased the resistivity of the nanowires arrays,
resulting in an increase in the voltage drop along the
nanowires, which in turn suppressed the field-emission
efficiency.®' Recently, Fang et al. have investigated the
field emission of several ZnS nanostructures®233 and de-
veloped two alternative methods to dramatically im-
prove the field-emission properties of ZnS nanostruc-
tures: the first one is to increase their aspect ratios
through making ZnS ultrafine nanobelts with narrow
size distribution; the second one is to fabricate crystal
orientation-ordered ZnS nanobelt quasi-arrays using a
noncatalytic and template-free thermal evaporation
process.>* To better understand the effects of size and
arrangement of nanostructures on their field-emission
performances, the influence of various geometries and
synthetic conditions has to be ruled out. To the best of
our knowledge, the relationships between structure
morphologies prepared in analogous conditions with
their stimulated and field-emission properties have not
yet been systematically investigated.

In this work, we present a simple two-step metal-
organic chemical vapor deposition (MOCVD) approach
to synthesize high-quality, uniform, and well-aligned
CdS 1D nanostructures with different morphologies,
such as truncated nanocone arrays, nanorods, cleft
nanorod arrays, and nanowire arrays. The morphology of
the CdS nanostructures was precisely adjusted by tuning
a distance between the precursors and a substrate. Our
results demonstrate that the better the alignment, the
lower the threshold for a stimulated emission, whereas
both the alignments and aspect ratios have greatly influ-
enced the field-emission properties: the CdS emitters with
higher aspect ratio and better alignments exhibited bet-
ter field-emission performance. Thus the well-aligned CdS
nanorod arrays have the lower threshold for the stimu-
lated emission, and the quasi-aligned nanowire arrays
possess the higher field-emission currents and the lower
turn-on fields.

RESULTS AND DISCUSSION

The representative morphologies and structures of
the produced CdS nanostructures were investigated
by field-emission scanning electron microscopy
(FESEM), as shown in Figure 1. The low-magnification
SEM images show that the ordered arrays of CdS nano-
structures uniformly and compactly cover the entire
substrates. The high-magnification SEM images illus-
trate that the morphologies and alignments of nano-
structure arrays are quite different for different dis-
tances between the precursors and a substrate. At a
short distance, the well-aligned truncated nanocone ar-
rays with coalescent ends are formed. The nanocones
have a tip width of 100—200 nm, a bottom width of
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200—300 nm, and a length of several
micrometers (Figure 1a,). The CdS nanocones
are parallel to each other and grow vertically
on the substrate with a strong preference to
be oriented. On increasing the distance, well-
organized, very short, thin, and faceted nano-
rod arrays grow (Figure 1b,). The tips of the
nanorods have an average diameter of 20—50
nm, and the bottoms are 200—300 nm in di-
ameter. The length of the top nanorods may
increase, as shown in Figure 1c, (sample c,
well-aligned cleft nanorod arrays), or decrease,
and the alignment deteriorates partly, as
shown in Figure 1d; (sample d), under a fur-
ther increase in distance. The nanowires with
a diameter of 30 nm and a length of several
micrometers are obtained within quasi-
aligned nanowire arrays (sample d). Finally,
the alignment of the nanowires with the simi-
lar dimensions to sample d has almost van-
ished when a distance between the precursor
and substrate becomes long enough (Figure
1e,). What should be mentioned is that the
temperatures of the different zones are almost
the same. The distances between the sub-
strates and precursors certainly play an impor-
tant role in determining the deposit morphol-
ogy, which in turn leads to dramatic

Figure 2. TEM images of various CdS nanostructures. (a) TEM image and ED pattern
(inset) of the truncated nanocones (sample a); (b,c) TEM image and HRTEM image of
the cleft nanorods (sample c); (d—g) TEM images, HRTEM image, and EDS spectrum of
quasi-aligned nanowire arrays (sample d); (h,i) TEM image and HRTEM image of the

differences in stimulated emission and field-
emission performance, as discussed later.
The detailed microstructures of ordered CdS nano-
structures were further studied by transmission elec-
tron microscopy (TEM). Figure 2a,b shows the typical
TEM images of truncated nanocones and cleft nano-
rods, respectively. It is noteworthy that the upper and
lower diameters of the truncated nanocones are 180
and 250 nm, which is consistent with the SEM observa-
tions. The upper nanorods of the cleft nanorod are par-
allel to each other, providing good configuration for
the further applications. As can be derived from the
electron diffraction (ED) (inset of Figure 2a) and HR-
TEM image (Figure 2c), both truncated nanocones and
cleft nanorods are single crystals grown along the [001]
direction. Figure 2d shows that the quasi-aligned nano-
wire arrays retain the wirelike array geometry even if
they have been scraped off from the substrate and sub-
jected to ultrasonic treatment for 20 min. The enlarged
TEM image (Figure 2e) shows that a diameter of the
nanowires is ~30 nm. Figure 2f corresponds to the HR-
TEM image and shows perfect wurtzite structure with
the [100] zone axis, with the corresponding ED dis-
played in the inset. The fringe spacings shown in the im-
age are ~0.67 and ~0.37 nm, in a good agreement
with the d spacing of (001) and (010) planes of hexago-
nal CdS. The axis of the nanowire is parallel to the [001]
direction, indicating that the nanowires have been
grown along this direction. The highly symmetrical dif-
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nanowire arrays (sample e).

fraction pattern and clear lattice fringes indicate that
the nanowires are well-crystallized. The energy disper-
sive X-ray spectrum (EDS) exhibits strong Cd and S
peaks, and the atomic ratio of Cd and S is close to the
1:1 stoichiometry, as expected. Figure 2h,i shows the
TEM and HRTEM images of the nanowire arrays, which
reveal that they are perfectly structured and the growth
directions are the same, that is, along the [001]
orientation.

The X-ray diffraction (XRD) pattern of the CdS nano-
structures (sample a) is shown in Figure 3a. All of the dif-
fraction peaks can be readily indexed to a hexagonal
wurtzite-structured CdS with the lattice parameters of
a=414Aand c = 6.72 A, in a good agreement with
the literature values (JCPDS Card, No. 41-1049). No char-
acteristic peaks of other impurities are detected in this
pattern. The sharp diffraction peaks indicate the good
crystallinity. Meanwhile, it is noted that the relative in-
tensities of the peaks differ from the standard pattern of
a bulk material, which should be caused by preferred
orientation and distribution of CdS nanorods. A pattern
taken from nanorods shows a strong {002} diffraction
peak, which might be due to the growth of wurtzite-
structured CdS along the [001] direction, in accord with
the HRTEM results. Raman scattering spectroscopy was
employed to further study the nanostructures. Figure
3b depicts a room-temperature micro-Raman spectrum
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Figure 3. (a) XRD pattern of the as-prepared CdS nanostructures (sample a). The vertical lines at the bottom correspond to
the standard XRD pattern of wurtzite CdS (JCPDS No. 41-1049). (b) Micro-Raman spectrum of the CdS nanostructures (sample
a) at room temperature.

of the CdS nanostructures (sample a). The hexagonal been reported in CdS nanowires.?” Three strong peaks
wurtzite-structured CdS belongs to Cs,*(P63mc) space located around 300, 602, and 902 cm ™! can be assigned
group and may have the following normal lattice vibra-  to the first-, second-, and third-order longitudinal opti-
tion modes: Tope = Ay + 2By + E; + 26,353 The Ay, E;,  cal (LO) phonon modes of CdS,**' respectively. The
and E, are Raman active, whereas B, is forbidden. The  relatively broad, symmetric, and sharp peaks of CdS

weak peaks at 239 and 253 cm ™" are ascribed to nanostructures suggest that the nanorods are highly
crystalline, which is consistent with the XRD patterns

and the HRTEM observations
shown above. Further evidence
a cd3d of the high crystal quality was ob-
tained using X-ray photoelectron
spectroscopy (XPS). Figure 4a
shows the survey spectrum of
CdS truncated nanocone arrays
(sample a), and no peaks of other
elements except Cd, S, C, and O
are observed. The C and O peaks
come mainly from the atmo-
spheric contamination due to a
sample exposure to air. The bind-
ing energies obtained in the XPS
— ———— ————— ————— analysis were corrected taking
1200 1000 800 600 400 200 o into account the specimen charg-
Binding Energy (eV) ing and by referring to C 1s at
284.60 eV. The Cd 3d5 and S 2p
features, shown in Figure 4b,c,

multiphonon scattering, A;(TO) and E,", which have

Intensity({a.u.)

have binding energies of £z =
b 404.0ev C 161.4eV 404.9 and 161.4 eV, respectively.
These results agree well with
_ _ those reported previously.*?
3 3 For the growth of nanostruc-
‘E E‘ tures in a vapor deposition sys-
E £ tem, two growth mechanisms
- have been proposed, namely, the
vapor—solid (VS)** and vapor—
liquid—solid (VLS).***> The VLS
——T—7T T 77771 — mechanism can be ruled out here
418 416 414 4512 ] 410 408 406 404 402 400 166 -164- 162 160 158 because no meta| partides have
inding Energy(ev) Binding Energy(eV)

Figure 4. XPS analysis of the as-prepared CdS nanostructures (sample a): (a) survey spectrum; (b) been found on the tips of the CdS

Cd-3d binding energy spectrum; (c) S-2p binding energy spectrum. nanostructures (which is a finger-
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Figure 5. (a) Power-dependent PL spectra of the CdS nanowire arrays (sample d) excited by femtosecond laser pulses with
various excitation power densities at room temperature. The inset is the enlargement of the two curves at 1.0 X 10~*and 5.1
x 107* J/em?. (b) Excitation power dependence of the emission intensity for spectra positions at 500 and 516 nm.

print of the VLS model). Thus we suggest that the VS
mechanism is dominant. Initially, the Cd(S,CNEt,), va-
por generated by thermal evaporation is transported by
the carrier gas to the substrates located at the high-
temperature zone and then decomposed to form CdS
vapor. It is obvious that the CdS vapor supersaturation
plays an important role: the growth of nanocones,
nanorods, cleft nanorods, and nanowires can be con-
trolled by adjusting a distance between the precursors
and a substrate. From the viewpoint of the system
Helmholtz free energy minimum, when the crystalline
facets are the same for different nanostructures, a lower
pressure would facilitate a higher surface-to-volume
ratio.*#*” The formation of truncated nanocones with
coalescent ends can be attributed to a sum effect of the
3D and anisotropic growth rates. Due to the large differ-
ence in surface free energy between CdS and a sub-
strate, the CdS deposits grow in the 3D island mode,
and then these islands grow larger and meet to form a
CdS film. Such a scenario has commonly been observed
in the literature.*® The decrease of the CdS vapor pres-
sure with the consumption of the precursor favors the
high surface-to-volume ratio growth mode, enabling a
transformation from a film to nanorod growth (the
structure diameter decreases), which results in the for-
mation of the truncated nanocones. As a typical wurtz-
ite crystal, CdS is intrinsically an anisotropic material
with the specific c-axis. A hexagonal CdS crystal can be
described as a stacking of the {CdS4} tetrahedrons shar-
ing the common corners. Each tetrahedron has a cor-
ner in the [001] direction.*” The atom at the corner of a
tetrahedron has the strong bonding force (s = 2 v.u.),
compared with the atoms at other positions,>**" which
favors the growth of CdS nanocones along the [001]
axis. With increasing distance between the substrates
and the precursors, the degree of supersaturation and
diffusion rate of CdS molecules decrease accordingly,
resulting in the formation of cleft nanorods and nano-
wires with a higher surface-to-volume ratio. On the
other hand, the vapor pressure fluctuations during the
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reaction become more prominent due to a decreased
distance to the pump, which results in the poor align-
ment of the nanostructures.

The uniform dimensions and good crystallinities of
the obtained CdS nanostructure arrays indicate that
the stimulated emission or lasing under high excita-
tion may be realized in them. Figure 5a shows the
power-dependent photoluminescence (PL) spectra of
CdS nanorods (sample d) excited by the femtosecond
laser pulses with various power densities at room tem-
perature. The laser was incident to the sample at an
angle of 45°, and the acquisition direction was perpen-
dicular to the sample, as shown in Figure S1 in Support-
ing Information. At a low excitation intensity, a broad
and weak band appears at 500.1 nm (2.480 eV), which
is attributed to the spontaneous exciton transition at
the CdS band gap.22 When the excitation power den-
sity increases to ~5.1 X 10~* J/cm?, a new sideband ap-
pears at 515.6 nm (2.405 eV), at the low energy side of
the broad mainband. This sideband with a ~75 meV red
shift is attributed to the E-2LO phonon band since 2LO
phonon energy (ca. 76 meV) is close to the observed red
shift and larger than the available thermal energy at
room temperature (~26 meV). This peak has a full width
at half-maximum (fwhm) of 5 nm, which is less than
for spontaneous exciton emission, and its output inten-
sity increases rapidly, clearly indicating a lasing action.
For bulk and nanoscale CdS, three mechanisms are
known to produce significant gain: exciton—exciton
(E—E) scattering, exciton—longitudinal optic (ex—LO)
phonon scattering, and electron—hole plasma (EHP).>
The formation of EHP is generally accompanied with a
strong red shift and the spectrum broadening due to the
band gap renormalization effect.>® The absence of a red
shift and broadening with increasing excitation intensity
rules out the EHP mechanism. In addition, for
exciton—exciton scattering, the peak position for
exciton—exciton collision (during which one of the exci-
tons was scattered to the nth exciton level) is given by*>>

P = Eo = EE*(1 - lz) - %kT (1)
n
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Figure 6. (a) PL lifetime decay profiles of CdS nanowire ar-
rays (sample d) at different pumping energies: (a) 11 x 107
J/em?; (b) 5.1 X 107* J/em?; (c) 3.4 X 107* J/em?; (d) 1.0 X
107*J/cm? The curves are well-fitted by a single-exponential
function.

where p,, is the phonon energy, E., is the free-exciton
emission energy, £, is the binding energy of an exciton
(29.4 meV for CdS*), n is the quantum number of the en-
velope function, and kT is the thermal energy. Equation

1 gives an energy difference between the free-exciton
peak and the exciton—exciton of 61 meV (n = 2), which
is much smaller than the experimental energy shift (75
meV). These results further prove lasing by the ex—LO
mechanism in the range of the excitation intensities used
in our study.

Figure 5bplots the excitation power dependence of
the emission intensity for spectral positions at 500 and
516 nm. It clearly shows that the PL intensity at 500 nm
has an approximately linear increase with rising of the
excitation power, whereas the emission intensity at 516
nm has a supralinear dependence on the excitation
power, with a threshold at 4.5 X 107* J/cmZ The supra-
linear increase in emission intensity is a characteristic
of the amplified stimulated emission and lasing. These
spectral characteristics were further studied by the PL
decay profiles as a function of pumping energy. The PL

lifetime is also very important for luminescent semicon-
ductor nanostructures in various applications, such as
LEDs, biological labeling, solar cells, lasers, and so
forth.>” Figure 6 displays the room-temperature decay
curves of CdS nanowire arrays at different excitation in-
tensities from 1.0 X 107%to 11 X 107 J/cm? All these
curves can be well-fitted by a single-exponential func-
tion. At the low excitation intensities, the PL lifetime of
spontaneous emission is ~15.7 ps, and its lifetime
slightly decreases with an increase in pumping energy.
Under further power increase to 5.1 X 10™* J/cm?,
above the threshold (4.5 X 107* J/cm?), the lifetime de-
creases rapidly from 15.7 to 5.6 ps. The obviously short-
ened PL lifetimes indicate that the confined PL is un-
der a resonance under high excitation, which further
confirms the occurrence of stimulated emissions in
these CdS nanowire arrays.>®

Figure 7a shows the lasing threshold of the as-
prepared CdS nanostructures. It is clear that the well-
aligned nanorod arrays (sample b) have the lower
threshold (0.8 X 107* J/cm?), compared to the well-
aligned truncated nanocone arrays (1.2 X 107* J/cm?),
well-aligned cleft nanorod arrays (1.0 X 10~ J/cm?),
and quasi-aligned nanowire arrays (4.5 X 107* J/cm?).
We do not observe the stimulated emission phenom-
enon in the nanowire arrays (sample e). Figure 7b pre-
sents the room-temperature PL spectra of CdS nano-
wire arrays (sample e). The PL spectra of the arrays
display a broad and weak band around 500.8 nm, which
is attributed to the spontaneous exciton transition at
the CdS band gap, as discussed before. With the rise of
the excitation power density, the intensities of the
spontaneous emission are enhanced, and the peak po-
sition blue shifts from 500.8 to 495.3 nm. Even if the ex-
citation power density increases above 1.5 X 1073
J/cm?, no peak around 516 nm attributed to stimu-
lated emission can be observed. The lasing threshold
is dependent upon the nature of the nanostructures,
such as dimensions, alignment, ending facets, and crys-
tal quality, as well as substrate coupling.>® We suggest
that the lasing threshold is mainly de-
pendent on the orientation of an array.

54
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Figure 7. (a) Threshold for lasing of the as-prepared CdS nanostructures (samples a—d). (b)
Power-dependent PL spectra of the CdS nanowire arrays (sample e) excited by femtosecond
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Samples a, b, and ¢ have the similar orien-
tations, which result in the similar lower
thresholds. Sample d has the poorest ori-
entation, leading to the higher threshold.
When the alignment deteriorates, no
stimulated emission is observed.

Field-emission (FE) measurements
show that the CdS nanostructures are po-
tentially good field emitters. Until now,
the studies on the field-emission (FE)
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properties of CdS nanostructures have
been rather limited compared to other
field emitters such as carbon nanotubes
and ZnO and ZnS nanomaterials.3* The
field emission from the present CdS nano-
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Figure 8. Field-emission properties of the as-grown CdS nanostructures. (a) FE current density versus the applied field (J—E)
curves from the five samples at a working distance of 50 um; (b) corresponding Fowler—Nordheim (FN) plots roughly show-

ing linear dependence.

structures was measured at a 50 wm gap between the
anode and a sample in a vacuum chamber maintained
at a pressure of 1.6 X 107° Pa. The curves of the emis-
sion current density versus the applied field curve (J—E)
from the five samples are shown in Figure 8a. The quasi-
aligned nanowire arrays (sample d) have the best field-
emission properties with the lowest turn-on field (E,
defined as E at which J becomes 10 wA/cm?) of 12.2
V/pm, the lowest threshold field (defined as E at which
Jbecomes 0.1 mA/cm?) of 15.7 V/um, and the highest J
at the same E value. The FE current density reaches 2.0
mA/cm? (the total current reaches 2.0 X 107> A) when
an applied macroscopic field is 21.8 V/um. Meanwhile,
the turn-on fields from the other samples are 14.9, 14.0,
13.4, and 21.9 V/pm, as shown in Table 1. It is noted
that the threshold field from nanowire arrays (sample
e) could not be measured due to a very small current
density (far below 0.1 mA/cm?) in the available voltage
range. In comparison to the FE characteristics of CdS
nanowire arrays reported by other researchers,®® the E;,
value of sample d is lower, but the value of the sample
e is higher. This discrepancy may be due to a smaller
number of the present emitter tips that resulted from
the coalescence of nanowires, as indicated in Figure 1
and in ref 60.

The FE current—voltage characteristics are further
analyzed by the Fowler—Nordheim (F—N) equation®'5?

J = (AR*E*/¢)exp(—Bp**BE) 2

or
InU/EY) = In(AB*/qp) — Bg>/BE 3)

where A and B are constants with values of 1.54 X
10°°AeVV2and 6.83 X 103V pm™~' eV~ 32, respec-
tively, J is the current density, 3 is the field-
enhancement factor, E is the applied field, and & is the
work function of the emitting materials, which is 4.2 eV
for CdS. Generally, the values of B are related to the
emitter geometry (such as aspect ratios), crystal struc-
ture, vacuum gaps, and the spatial distribution of emit-
ting centers.%® The linear variation of In(J/E?) with (1/E)
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(F—N plot) (Figure 7b) implies that the electron emis-
sion from CdS nanorod arrays follows the F—N behav-
ior. The calculated field-enhancement factors from the
F—N plots are also summarized in Table 1. Quasi-
aligned nanowire arrays (sample d) have the highest B
value (555) compared to sample a (384), sample b (408),
sample c (450), and sample e (129). The excellent field-
emission properties and high B of sample d are likely at-
tributed to the higher aspect ratio (or smaller emitter ra-
dius) than those of samples a, b, and ¢ and the better
alignment (see Figure 1) than that of sample e.

Figure 9a illustrates a F—E curve for the well-aligned
CdS truncated nanocone arrays (sample a) measured
at different vacuum gaps (d). When a vacuum gap in-
creases from 30 to 70 wm, the turn-on field decreases
monotonously from 23.8 to 11.5 V/pm during a voltage
increase. Meanwhile, the threshold field also decreases
from 28.4 to 14.9 V/pm. From the slope of the linear
part of the F—N plot, B can be calculated to be 261, 348,
373, 505, and 602 for d = 30, 40, 50, 60, and 70 pm, re-
spectively. The 1/B versus 1/d plot is given in Figure 9c.
This allows us to establish the relationship between 3
and d. It is clear that 1/@ follows the trend for 1/d, that
is, the larger a vacuum gap, the higher the 3. On the ba-
sis of the two-region field-emission (TRFE) model,% we
found that the experimental data are almost perfectly
fitted to a straight line and can be approximated by 1/8
= h/d + 1/Bo, where h is the width of the field-
enhancement region near the nanorod surface and 3,
is the absolute amplification factor, which is intrinsically
determined by emitters and independent of d and an
applied field. The h and B, (determined by fitting the

TABLE 1. Turn-On and Threshold Fields and 3 for the Prepared CdS

Nanostructure Arrays

samples morphology turn-on field (V/pum)  threshold field (V/jpum)
a well-aligned truncated nanocone arrays 14.9
b well-aligned nanorod arrays 14.0
4 well-aligned cleft nanorod arrays 134
d quasi-aligned nanowire arrays 122
e nanowire arrays 219
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Figure 9. (a) J—E plots and (b) corresponding F—N plots from well-aligned truncated nanocone arrays (sample a) with dif-
ferent vacuum gaps; (c) relationship between the field-enhancement factor 3 and a vacuum gap d. The straight line is the lin-
ear fit to experimental data based on the TRFE model; (d) the field-emission stability data over ~5 h acquired at the emis-

sion current density of 0.1 mA/cm?.

slope and intercept value) are ~110 nm and ~4933, re-
spectively. The value of B revealed by the present
nanocone arrays is comparable to that of the carbon
nanotubes grown on a Si wafer (8, = 7900)%* and that
of ZnO nanorods grown on a Si substrate (B, = 3738),%
and much larger than that of an Al-doped ZnO emitter
(Bo = 1845).% However, h is much smaller than the val-
ues reported in the literature (h is 540 nm for CNT
grown on a Si wafer®), which is probably due to the
strong screening effect caused by the higher density
and coalescent ends of the nanocones.

Stability of the field emitters is another important
parameter related to potential applications. FE stability
measurements were performed on the well-aligned
truncated nanocone arrays (sample a) by keeping an
electric field at 20 V/pm over a period of 5 h. As shown
in Figure 9d, there were not any current degradations
or notable fluctuations during this period. Good emis-
sion stability demonstrates that the CdS nanostructures
could find potential applications in the cold-cathode-
based electronics.

CONCLUSIONS

In summary, ordered CdS nanostructure arrays with
different morphologies were fabricated through a two-
step metal-organic chemical vapor deposition method.
Through increasing the distances between precursors
and substrates, the morphology of CdS nanostructure

) VOL.3 = NO.4 = ZHAI ET AL.

arrays was varied from truncated nanocones, nano-
rods, or cleft nanorods to nanowires arrays. Although
the detailed mechanism requires further investigations,
the present results suggest that this simple method
might be useful for the synthesis of other semiconduc-
tor nanostructures to meet the growing demands of the
nanotechnology. The stimulated emission and field
emission of the five ordered CdS nanostructure arrays
with different morphologies were thoroughly investi-
gated. Generally, different 1D CdS nanostructure arrays
have obvious differences in stimulated and field emis-
sion. The alignments of CdS nanostructures have a
prime effect on their stimulated emission properties,
the better the alignments, the lower the threshold, but
the dimensions (or aspect ratio) have a little effect on
their stimulated emission properties, while both the
alignments and aspect ratios have a significant influ-
ence on their field-emission properties. The CdS emit-
ters with a higher aspect ratio and better alignment ex-
hibited better field-emission performance. Well-aligned
CdS nanorod arrays have the lower threshold for the
stimulated emission, whereas quasi-aligned nanowire
arrays produce the higher field-emission current and
possess the lower turn-on field owing to the higher as-
pect ratio and better alignment. We envisage that the
present CdS nanostructure arrays are promising candi-
dates for future applications in flat panel displays, high
brightness electron sources, and nanolasers.
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METHODS

The CdS nanorod arrays were synthesized through a low-
pressure thermal decomposition process described
previously,®” =% as shown in Figure S2 in Supporting Informa-
tion. In short, homemade Cd(S,CNEt,), powders were put in a
quartz boat at the upstream end of the tube furnace. Several
p-type Si substrates covered with Au nanocrystals were placed
on the high-temperature zone to collect the products, and the
distances between the substrates and left margin of the furnace
were ~16, 18, 23, 25, and 27 cm for samples a—e, respectively.
First, the furnace was rapidly heated to 650 °C and maintained
for 120 min and then cooled to room temperature. Second, the
quartz boat was taken out of the furnace and filled with the
Cd(S,CNEt,), powders again and placed back into the furnace.
The furnace was heated to 420 °C and held at that temperature
for 240 min. All of the growths were carried out under a N, flow
of 60 sccm at a base pressure of 100 Pa. After that, the furnace
was cooled to room temperature slowly. The nanomaterials were
collected on the Si wafers at different positions in the furnace.

The synthesized products were characterized by a scanning
electron microscope (SEM, Hitachi F-4300) with an X-ray energy
dispersed spectrometer (EDS), X-ray diffraction (XRD, Rigaku
D/max-2400PC) with Cu Ka radiation, a transmission electron
microscope (TEM, JEOL JEM-1011), and a high-resolution TEM
(HRTEM, Philips Tecnai F30). X-ray photoelectron spectra were
measured using an ESCALab220i-XL electron spectrometer from
VG Scientific using 300 W Al Ka radiations. The binding ener-
gies were referenced to the C 1s line at 284.6 eV of carbon. The
Raman spectra were recorded in the backscattering geometry by
using a Renishaw-2000 Raman spectrometer with a 514.5 nm
line of an Ar ion laser as the excitation source. Photolumines-
cence (PL) measurements were optically pumped by the third
harmonic of a mode-locked Ti:sapphire laser (266 nm in wave-
length, 150 fs pulse width). The pump laser shone the CdS nano-
structures at an incidence angle of 45°, and the light emission
was collected along the sample surface normal direction. The PL
detector was a streak camera (C5680, Hamamatsu Photonics) at-
tached to a polychromator (C5094, Hamamatsu Photonics). The
temporal and spectral resolutions of the detector were ~2 ps
and ~0.2 nm, respectively. The field-emission properties were
studied at room temperature in a high vacuum chamber (1.6 X
107 Pa) using a 1 mm? cross-sectional area aluminum anode. A
dc voltage sweeping from 100 to 1100 V was applied to the
samples.
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