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he properties of nanowire photocon-
Tductors have been studied since 2002

when Yang and co-workers first ob-
served photoconduction in individual single-
crystalline nanowires composed of zinc
oxide (ZnO)" and tin dioxide (SnO,).? In those
experiments, and in subsequent work invol-
ving nanowires of Zn0O,>~'° sn0,,""'? gal-
lium nitride (GaN),"*~"® and cadmium sulfide
(CdS),"®'° there have been two surprises:
First, the photoconductive gain can be or-
ders of magnitude higher for nanowires
than for single crystalline thin films of the
same material,'>?*2" and second, the photo-
current rise and decay times, extending to
seconds for some nanowire systems, are
often orders of magnitude slower.'>?2" |t
has been suggested'>?° that these two dis-
parities between films and nanowires derive
from the same phenomenon: the existence
of a barrier for electron—hole recombina-
tion caused by a surface electric field. De-
pending upon the material, the source of
this electric field is the trapping of electrons
or holes at surface states in the case of
cadmium sulfide (CdS)'® and cadmium se-
lenide (CdSe),*? the reaction of holes with
ambient O, for oxide nanowires,®2%23 or in
the case of GaN, by Fermi level pinning,
which is itself caused by surface hole trap-
ping.">?! For single crystalline nanowires,
several degrees of freedom provide for the
possibility of tunability of the photoconduc-
tivity performance metrics. These are the
nanowire diameter, the crystallographic or-
ientation of its long axis, the dopant density,
and the chemical termination of wire sur-
faces. However we are aware of just two
studies in which the influence of any of
these parameters on the photoconductivity
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ABSTRACT Nanocrystalline cadmium selenide (nc-CdSe) nanowires were prepared using the

lithographically patterned nanowire electrodeposition method. Arrays of 350 linear nc-CdSe

nanowires with lateral dimensions of 60 nm (h) x 200 nm (w) were patterned at 5 xm pitch on

glass. nc-CdSe nanowires electrodeposited from aqueous solutions at 25 °C had a mean grain

diameter, d,e, of 5 nm. A combination of three methods was used to increase d,,. to 10, 20, and

100 nm: (1) The deposition bath was heated to 75 °C, (2) nanowires were thermally annealed at 300

°(, and (3) nanowires were exposed to methanolic CdCl, followed by thermal annealing at 300 °C.

The morphology, chemical composition, grain diameter, and photoconductivity of the resulting

nanowires were studied as a function of d,.. As d,,. was increased from 10 to 100 nm, the

photoconductivity response of the nanowires was modified in two ways: First, the measured

photoconductive gain, G, was elevated from G = 0.017 (d,,. = 5 nm) to ~4.9 (100 nm), a factor of

290. Second, the photocurrent rise time was increased from 8 us for d,. = 10 nm to 8 s for 100 nm,

corresponding to a decrease by a factor of 1 million of the photoconduction bandwidth from 44 kHz

to 44 mHz.

KEYWORDS: photodetector - photolithography - electrodeposition - grain diameter -

polycrystalline - thermal annealing

properties of nanowires has been investi-
gated. Luth and co-workers' studied the
diameter dependence of the photoconduc-
tivity for GaN nanowires, concluding that
the aforementioned surface electric field
was reduced for nanowires with diameters
below 100 nm, reducing the photoconduc-
tive gain and accelerating recovery to the
dark conductivity following exposure to light
as compared with larger nanowires. Wu et
al* increased the photoconductive gain of
single crystalline CdS nanowires by 3 orders
of magnitude by doping these nanowires
with chlorine.

Polycrystalline nanowires add one addi-
tional degree of freedom: the mean grain
diameter, d,y.. In this paper, we explore the
possibility of tuning the photoconductive
gain and the response/recovery time for
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Figure 1. Preparation of five polycrystalline nc-CdSe nano-
wires, 60 nm x 200 nm (shown schematically in cross-
section), using electrodeposition and thermal annealing.

nanocrystalline CdSe nanowires by adjusting d,ye.
Recently,”® we have demonstrated that nanocrystalline
CdSe (nc-CdSe) nanowires with d,ye &~ 10 nm can be
prepared using the lithographically patterned nanowire
electrodeposition (LPNE) method.”®~?® These nano-
wires exhibit a photoconduction bandwidth approach-
ing 45 kHz, among the highest observed in any type of
nanowire to date, but the photoconductive gain was
just 0.032—0.050, among the lowest values reported
for semiconductor nanowires of any type.?> Here, we
start with arrays of d,e ~ 5 nm nc-CdSe nanowires
having dimensions of 60 nm x 200 nm, and we use
three processes to increase d,. (Figure 1): (1) electro-
deposition from hot plating solution (75 °C), (2) post-
deposition thermal annealing at 300 °C for 4 h, and (3)
postdeposition exposure to methanolic CdCl, followed
by thermal annealing as in (2). CdCl; has been used as a
chlorine dopant source for photoconductive CdSe
films since the 1970s,%° and its ability to facilitate grain
growth in cadmium telluride (CdTe) and CdSe has been
established.3® 32 Recently, Cl doping has also been
associated with enhancement of photoconductive
gain in single crystalline CdS nanowires.>* Using a
combination of these three methods, nc-CdSe nano-
wires with d,. values of 10, 20, and 100 nm were
obtained without altering the lateral dimensions of the
nanowire.

The influence of grain diameter on photoconductiv-
ity performance has not been probed previously for
polycrystalline nanowires to our knowledge, and there
is a paucity of data even for semiconductor thin films.
Nair et al.3® prepared X-ray amorphous CdSe films by
chemical bath deposition and studied the photocon-
ductivity of these films as a function of the thermal
annealing temperature and duration. The photosensi-
tivity, S = (Ophoto — Odark)/Odark, Was elevated from S=10,
for unannealed films, to 107 for wurtzite-phase films
heated for 20—40 min at 450 °C in air. This increase in S
was correlated with the incorporation of oxygen into
the CdSe matrix, but the grain diameter and its evolu-
tion with annealing conditions were not reported.*®
Yoneda et al.3* reported an investigation of the photo-
conductivity properties of CVD diamond films over the
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range 10 um > d,ye > 0.1 um. Photocurrent decay times
were observed to decrease with d,. over this range
from 80 to 40 ps>* Chakrabarti et al>® prepared
evaporated CdTe films with mean grain diameters
ranging from 60 to 200 nm and reported that these
films exhibit an anomalous decrease in carrier mobility
with increasing grain diameter over this range. The
grain diameter-dependent photoconductivity, how-
ever, was not reported in that work3> Gosh et al3®
reported an enhancement in the photosensitivity of
polycrystalline ZnO films as the mean grain diameter
was increased from 64 to 135 nm.

RESULTS AND DISCUSSION

Synthesis of nc-CdSe Nanowires Using LPNE. Recently,?
we described the synthesis of nc-CdSe nanowires using
the LPNE process in conjunction with the scanning
electrodeposition stripping method.3” *° Near-stoi-
chiometric CdSe nanowires were obtained by using
an asymmetrical aqueous plating solution containing
0.30 M CdSQy4, 0.70 mM SeO,, and 0.25 M H,SO,4 at pH
1—2.4%2 Cathodic deposition from this solution at
25 °Cresults in the deposition of CdSe as well as elemental
Cd and Se (Figure 2a, top two traces). But by using a
skewed Cd:Se ratio of 43:1, the quantity of excess Se is
minimized. Then, excess elemental Cd is removed from
the nascent CdSe nanowires by scanning the deposition
potential over a potential range encompassing both CdSe
cathodic electrodeposition and Cd anodic stripping
(Figure 2a, bottom trace). Heating the plating solution to
75 °C increases the cathodic current associated with the
deposition processes as well as the Cd stripping current
(Figure 2b). Scanning electron microscopy (SEM) exam-
ination of the nanowires produced at both temperatures
(Figure 2c) shows that these nanowires have a compact,
quasi-rectangular cross-section and a width that increases
linearly with the number of deposition/stripping cycles
(Figure 2d). At 25 °C, each deposition/stripping cycle adds
9.4 nm to the width of the nanowire; at 75 °C, each
cycle adds 35 nm. Atomic force microscopy (AFM)
images (Figure 2e,f) show a patterned array of CdSe
nanowires on glass (Figure 2e). At higher magnifica-
tion (Figure 2f) the quasi-rectangular cross-section of
each nanowire is apparent. For the photoconductivity
investigations described next, nc-CdSe nanowires
deposited at 25 °C were prepared using 20 scans
and were 238 (£7) nm in width, whereas those
deposited at 75 °C were prepared using 3 scans and
were 181 (£7) nm in width.

GIXRD, TEM, and SEM Characterization of As-Deposited and
Annealed nc-CdSe Nanowires. Grazing incidence X-ray dif-
fraction measurements were carried out on lithogra-
phically patterned arrays of thousands of nanowires
deposited at 5 um pitch on glass (Figure 3), and transmis-
sion electron microscopy (TEM) images (Figure 4) were
acquired on nanowires that were removed from the
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Figure 2. (a) Cyclic voltammograms at 50 mV/s and 25 °C for
LPNE-patterned templates in three different solutions: “Cd
only” (green), aqueous [Cd*"] = 0.30 M, H,SO, = 0.25 M,
pH = 1-2; “Se only' (blue), aqueous [HSeO, ] = 0.70 mM,
[H,SO,4] = 0.25 M, and “Cd+Se” (orange), [Cd* 1=0.30 M,
[HSeO, "] = 0.70 mM, and [H,SO,4] = 0.25 M. (b) Same
experiment as (a) at 75 °C. (c) Scanning electron micro-
graphs (SEM) of nc-CdSe nanowires prepared using 1, 10,
and 24 synthesis scans at 25 °C (left, top to bottom) and 1, 3,
and 5 synthesis scans at 75 °C (right, top to bottom). Scale
bar = 500 nm. (d) Plot of mean nanowire width versus the
number of synthesis scans for depositions carried out at
25 °C (blue) and 75 °C (red). (e, f) Atomic force micrographs
(AFM) of nc-CdSe nanowires. Amplitude traces acquired for
each image are shown below.

photoresist-coated glass surface by exposure to acet-
one and transferred to copper grids. A histogram of
grain diameters can be constructed by acquiring TEM
images of the same nanowire section at a series of tilt
angles relative to the electron beam axis. In each of
these images, a unique subset of the grains meets the
condition for diffraction of the electron beam, and
these grains appear black in the brightfield transmis-
sion image,*® facilitating the accurate measurement of
grain diameters. The mean grain diameters of nc-CdSe
nanowires estimated using these two methods (Table 1)
were similar but not identical. It is important to appreci-
ate that GIXRD and TEM provide complementary in-
formation: the GIXRD measurement probes the nano-
wire structure close to the surface normal, correspond-
ing to the smallest, 60 nm vertical dimension of these
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Figure 3. (a) Grazing incidence (Q2 = 0.3°) X-ray diffraction
pattern (GIXRD) for arrays of nc-CdSe nanowires deposited
with 5 um spacing on glass: (i) deposited at 25 °C, dipped in
saturated CdCl,/CH;OH solution, and annealed (N,, 300 °C,
4 h), (i) deposited at 75 °C and annealed (N,, 300 °C, 4 h), (iii)
deposited at 75 °C; (iv) as-deposited at 25 °C. A broad
reflection centered at ~25° in each pattern is derived from
the amorphous glass surface. (b, c) Selected area electron
diffraction patterns for (b) sample (i) and (c) sample (jii)
showing the same principle reflections seen for these
samples by XRD. The discontinuous diffraction rings seen in
(b) are a consequence of the large grain dimensions in this
sample.

nanowires, whereas TEM images the grain structure
orthogonal to this, within the 200 nm lateral dimension
and along the nanowire axis. In addition, nc-CdSe
nanowires prepared for TEM analysis were all 20 nm
in height to enable transmission of the electron beam.
Grain size data for GIXRD and TEM are summarized in
Table 1 for five samples. nc-CdSe nanowires deposited
at 25 °C are X-ray amorphous (Figure 3a, trace (iv)), but
transmission electron micrographs of these wires
(Figure 4d) show some crystalline grains approximately
5 nm in diameter. Increasing the deposition tempera-
ture to 75 °C increases the crystallinity of nc-CdSe nano-
wires, and three reflections assigned to zinc blende are
then observed by GIXRD for these samples (Figure 3a,
trace (iii)). The line-width of the (111) reflection was
used to estimate the grain diameter using the Scherrer
equation:**

e — 089 (1)

""" Bcos 0
where d,. is the mean grain diameter, 1 is the X-ray
wavelength, Bis the full width of the peak measured at
half-height, and 6 is the diffraction angle. dave ~ 10 nm
is obtained for nc-CdSe nanowires prepared from 75 °C
solution. The same degree of grain growth was obtained
by electrodepositing at 25 °C and then thermally
annealing in flowing N, at 300 °C for 4 h (Figure 3a,
trace (iii) and Figure 4c). When the same thermal
annealing program was applied to nc-CdSe nanowires
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Figure 4. Transmission electron micrographs at progressively higher magnification of the same CdSe nanowires analyzed by
XRD in Figure 2: (a) deposited at 25 °C, dipped in a saturated CdCl,/CH3OH solution, and annealed (N,, 300 °C, 4 h), (b)
deposited at 75 °C and annealed (N,, 300 °C, 4 h), (c) deposited at 75 °C, (d) as-deposited at 25 °C. At right are shown
histograms of the grain diameter determined using tilt-resolved bright-field TEM image sequences.

|
TABLE 1. Summary of Preparation Conditions, Average Grain Diameters, and Electrical Resistivities for nc-CdSe

Nanowires
yye (NM)

sample preparation conditions GIXRD* TEM? crystal structure® resistivity (C2cm)
(i) Toep = 25 °C na. 49 +£05 cubic (64 £02) x 10°
(i) Toep = 25 °G 300 °C x 4 h, N, n+£1 10+3 cubic (54402 x 10°
(iii) Toep = 75 °C ES 10+3 cubic same as (ii)
(iv) Toep = 75 °G 300 °C x 4 h, N, 15+1 30£10 cubic 10+ 02) x 10°
(v) Toep = 25 °G sat'd CdCl,, MeOH, 5 s 300 °C x 4 h, N, 2942 100 4= 40 hexagonal (7.6 £03) x 10°

“ GIXRD = grazing incidence X-ray diffraction; the average grain diameter was determined by broadening of the (111) reflection, for cubic wires, and (100), for hexagonal wires,
using the Scherrer equation, eq 1. ° TEM = transmission electron microscopy; the average grain diameter was determined by direct measurement of crystallites along [111].

¢ cubic = zinc blende; hexagonal = wurtzite.

prepared from 75 °C, d,. increased to ~20 nm (Figure 3a,
trace (i) and Figure 4b). Finally, following a procedure
described in many previous papers,*® 32 we dipped
nc-CdSe nanowires prepared from 25 °C in saturated,
methanolic CdCl, for 5 s and then annealed using the
same program described above. This procedure pro-
duced more rapid grain growth with d,,. increasing to
100 nm (Figure 3a, trace (i) and Figure 4a). In addition, a
phase transition from zinc blende to wurtzite is also
observed (Figure 3a, trace (i)). This phase transition has
been reported to occur in CdSe nanostructures and
thin films at temperatures near 300 °C,**~*° much
lower than the temperature required to induce this
phase transition in bulk CdSe (>1000 °C).*¢

KUNG ET AL.

TEM analysis confirms the crystallographic assignments

made by GIXRD. A lattice-resolved image for a nanowire
deposited at 25 °C, for example (Figure 4d), reveals the
lattice planes separated by 350 A consistent with the
spacing of (111) planes in zinc blende CdSe. On the other
hand, the morphology of nc-CdSe nanowires processed by
dipping in methanolic CdCl, prior to thermal annealing
shows much larger grains (Figure 4a). The characteristic
hexagonal lattice directions including [1100], [0110], and
[1010] can be indexed to wurtzite phase CdSe in a high-
resolution TEM image (Figure 4a, right). In that image, the
interplane distance is slightly expanded from the cubic
value (0.35 A) to 3.71 A, in agreement with the (100) plane
spacing of hexagonal CdSe.
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Figure 5. Scanning electron microscopy (SEM) images of (a) an array of nc-CdSe nanowires and, at higher magnitication,
(b) nc-CdSe nanowires processed without and (c) with exposure to methanolic CdCl,.

nc-CdSe nanowires were also examined by scan-
ning electron microscopy. Linear nanowire arrays pat-
terned at 5 um pitch were used for this purpose (Figure
5a). At higher magnification, no observable changes to
the morphology of nc-CdSe nanowires were induced
either by electrodepositing from 75 °C solution, by
thermal annealing in flowing N, at 300 °C for 4 h, or by
application of both treatments (Figure 5b). But samples
that were exposed first to CdCl, and then annealed
exhibited a roughened surface texture in which indi-
vidual 30—190 nm grains were clearly discernible at
the wire surface (Figure 5c¢). The wire width and mean
height, however, were retained to within +20% in spite
of this grain growth and attendant surface roughening.

X-ray Photoelectron Spectroscopy (XPS) Analysis. XPS was
used to probe the surface chemical composition of nc-
CdSe nanowire arrays and to determine the extent to
which chlorine incorporation occurs for nanowires of
sample (v) that were treated with CdCl,. XPS spectra for
nc-CdSe nanowires were identical for all samples that
were not exposed to CdCl, solution ((—)CdCly); so in
Figure 6, we show spectra for these samples together
with spectra of (+)CdCl, nanowire samples: those that
were treated with CdCl, in methanol. In both types of
samples, the Cd 3d spectral region (Figure 6a) is
characterized by two spin—orbit components with
binding energies of 405.8 and 411.7 eV, associated
with Cd (3ds/,) and Cd (3ds,,), respectively. Just one
chemical state is seen for Cd on these samples, and the
measured binding energy is within 0.5 eV of that re-
ported earlier for CdSe.*°® CdO, with a Cd 3d binding
energy of 404.2 eV,>° would be easily detected by XPS if
it were present at concentrations greater than 10% of a
monolayer, but we did not observe peaks at this lower
energy. Like the Cd 3d region, the Se 3d spectral region
(Figure 6b) consists of an envelope containing both Se
3ds/, and Se 3ds,,; photoemission lines at 53.9 and 53.
1 eV, respectively, on the basis of Gaussian deconvolu-
tion peak fitting. Again, these spectra are consistent
with the presence of a single chemical state for Se at
the surfaces of (—-)CdCl, and (+)CdCl, CdSe nano-
wires, and these binding energies are within 0.2 eV of
those reported previously for Se in CdSe,>'*? while
they are ~0.80 eV lower than the binding energy for
selenium in either SeO, or H,SeOs. The absence of
peaks near 60 eV indicates an absence of significant
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Se0,.>* Thus, on the basis of XPS analysis of the Cd and
Se spectral regions the data show that the crystalline
bulk CdSe of the nanowire is terminated at nanowire
surfaces without significant formation of other com-
pounds, including oxides of either Cd or Se.

We determined the atomic sensitivity ratios for Cd
3d and Se 3d photoelectrons by analyzing a freshly
cleaved single crystal of CdSe. These data permit the
surface Cd:Se stoichiometry of nc-CdSe nanowires to
be determined. (—)CdCl, nanowire surfaces were close
to stoichiometric with Cd:Se = 1.08, whereas the surfaces
of (+)CdCl, nanowires were slightly cadmium-rich: Cd:
Se = 1.48.

XPS was also used to assess whether significant
chlorine was present on the surfaces of (+)CdCl, nano-
wires and within the bulk of these nanowires. The
surfaces of (—)CdCl, nanowire are free of XPS-detect-
able Cl (Figure 6c), but the Cl 2p spectrum of (+)CdCl,
nanowires shows a strong spin—orbit doublet for Cl
with the more intense Cl 2p3/,, component at 198.4 eV
(Cl 2p3/,), close to the expected binding energy for Clin
this compound.®® The intensity of the Cl signal is
undiminished as the nanowire surface is gradually
removed by Ar" sputtering for 2 and 10 min (Figure 6d).
This suggests that chlorine is incorporated at approxi-
mately uniform concentration throughout the nano-
wire cross-section. The thickness of CdSe removed by
Ar" sputtering was determined by measuring the
mean nanowire height by AFM before (Figure 6e)
and after (Figure 6f) sputtering for 10 min, a difference
of ~5 nm. Thus, the photoconductivity results reported
below must be interpreted in terms of the presence of
Cl dopant within (+)CdCl, nc-CdSe nanowires.

Photoconduction in nc-CdSe Nanowires. How does grain
growth in nc-CdSe nanowires influence optical and
photoconductivity properties? Differences between
the optical absorption and photoluminescence spectra
among the four types of nanowires we prepared,
corresponding to four different d,,. values ranging
from 5 to 100 nm (Table 1), are imperceptible. Optical
absorption spectra for these arrays are weak, owing to
the low areal density of nanowires deposited on the
glass surface, corresponding to a coverage of just 4%
for nanowires 200 nm in width, but absorption onsets
near the expected bandgap for CdSe of 1.75 eV were
observed for all samples (Figure 7a,d). All four samples
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Figure 6. X-ray photoelectron spectra (XPS) of nc-CdSe nanowire arrays patterned at 5 um pitch on glass without ((—)CdCl,)
and with ((+)CdCl,) treatment with methanolic CdCl,: (a) Cd 3d spectral region, (b) Se 3d spectral region, (c) Cl 2p spectral
region. The dashed lines in (b) and (c) show the results of Gaussian deconvolution. (d) Plot of chlorine:cadmium ratio for

(4+)CdCl, nanowires as a function of the Ar" sputtering time. (e, f) Histograms of nanowire height measured using AFM for
(+)CdCl, nanowires before (e) and after (f) 10 min of Ar" sputtering. Approximately 5 nm of the nanowire surface is removed

by this process.

also showed strong, band-edge photoluminescence
centered at energies of 1.74—1.76 eV with no obser-
vable red-shifted trap state emission (Figure 7a,d).

The photoconductivity of arrays of 350 nc-CdSe
nanowires, deposited at 5 um pitch on glass, were
probed in this study. In our photocurrent spectrometer
(Figure 8a), a chopped 532 nm laser beam was directed
onto these nanowire arrays, which were shielded in a
Faraday cage from stray electrical noise. Arrays of
nanowires rather than single nanowires were studied
because we found that the high electrical resistance of
single nanowires produced currents in the 107'°—107 "2
A range, severely limiting the available measurement
bandwidth. Thus for single nanowires, the intrinsic
photocurrent rise and decay behavior could not be
observed. Amplifying the current for a single nanowire
by 350, however, increases the available bandwidth by
the same factor and renders the gain bandwidth of our
measurement circuit sufficient to measure microse-
cond photocurrent transients with high signal-to-noise
ratio (see below). Lengths of 5 um of these nanowires
were electrically contacted by evaporated gold elec-
trodes with a thickness of 40 nm (Figure 8b,c),anda 2V
bias was applied across this gap for all measurements
unless otherwise indicated.

Whereas the absorption and photoluminescence
spectra were similar for all four of the samples inves-
tigated here, dramatic differences were observed in
the photoconductivity properties of these nanowires.
If, for example, the nanowires of sample (ii) (cubic;
dave = 10 Nnm) are compared with those of sample (v)
(hexagonal; dave = 100 nm), the photocurrent ampli-
tude at any incident light intensity is larger for sample
(v) by a factor of 200 (Figure 7¢,f) and the onset of the

KUNG ET AL.

photocurrent with increasing photon energy is also
more abrupt (Figure 7b,e). The gradual photocurrent
onset observed for sample (ii) above the bandgap is
attributed to the electronic heterogeneity of the
~10 nm grains present in this material, mediated in
part by quantum-confined and blue-shifted absorption
edges for the smallest grains within it (Figure 4c).
Conversely, the rapid increase in photocurrent ob-
served for sample (v) suggests that little electronic
heterogeneity exists between the ~100 nm diameter
grains within this nanowire. A common feature of the
two photosensitivity traces is the decay in photocur-
rent amplitude for photon energies above ~2.3 eV.
This behavior has been frequently observed in the
spectral response for nanowires'®?>*> and films>® of
cadmium chalcogenides as well as for other materials.®
Because the absorption coefficient increases monoto-
nically with increasing photon energy,” photoexcited
carriers are produced in closer proximity to the surface
of the absorber and the surface traps inevitably present
there, reducing the carrier lifetime and diminishing the
photocurrent.*® These differences suggest that daye is a
parameter that exerts considerable influence over the
photoconductivity performance of these nanowires,
and in what follows, we probe the influence of d,.. on
the transient properties of the photocurrent and on the
photocurrent amplitude.

The photocurrent amplitude for the four samples of
interest here (Figure 9a—d) increases by almost 3
orders of magnitude with increasing grain diameter from
dave & 5 nm (sample (i), Figure 9a) to daye &~ 100 Nm
(sample (v), Figure 9d). Three metrics are commonly
used to quantitate the sensitivity of photoconduc-
tors to light: The photosensitivity, S (defined above),
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Figure 7. Optical and photoconductivity properties of 350 nc-CdSe nanowire arrays on glass. (a—c) Data for (—)CdCl,
nanowires, corresponding to sample (ii) in Table 1. (d—f) Data for (+)CdCl, nanowires of sample (v). (a, d) Absorption spectra
and photoluminescence spectra acquired with excitation at 514.5 nm. (b, €) Photocurrent spectral response for Epj,s = 1.0V,
using a chopped (135 Hz) illumination (with a power of 1.2 mW/cm? at 500 nm). (¢, f) Current versus voltage traces measured in
the dark and with illumination at 532 nm, 91 mW/cm?.
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Figure 8. (a) Schematic diagram showing the apparatus employed for measuring the photoconductivity properties of nc-
CdSe nanowires. (b) Scanning electron microscope (SEM) image showing part of an ensemble of 350 nc-CdSe nanowires
bridging evaporated gold electrodes configured with a 5 um spacing. (c) Five nanowires within this device are shown at
higher magnification.

the gain, G, and the responsivity, R. S quantitates illuminated photoconductor referenced to the dark
the fractional change in the conductivity at the photoconductor:*® The gain, G, is the number of
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Figure 9. (a—d) Optical power dependence of the photocurrent for four nc-CdSe nanowire arrays with d,, as indicated. The
range of optical powers plotted here are (a) 6.3 to 128 mV/em?, (b) 11 to 119 mV/cm?, (c) 5.5 to 95 mV/cm?, and (d) 5.5 to 181
mV/cm?. (e) Plot of G versus Poptical- In this calculation, it is assumed that 80% of the incident photons are absorbed and that
90% of the 350 nanowires present in each device are electrically continuous. (f) Plot of G versus d,y.. (g) Correlation between
the generated photocurrent and incident optical power of 350 x nc-CdSe nanowires, plotted as the best fit to a simple power

. Y
law: Iphoto < Foptical-

electrons produced in the external circuit for each
absorbed photon:>®

T utV
- /T (2)

where 7 is the lifetime of photoexcited carriers, 7, is
the transit time for carriers between the two con-
tacts, u is the carrier mobility, V is the applied
voltage, and [/ is the distance between contacts.
Equivalently, G can be defined in terms of the
steady-state photocurrent, Ihoto, and the optical
power, Popiical, as follows:

_ Iphoto hv 1
q Poptical 77*NW,

(3

where h is Planck's constant, v is the frequency, q is
the elementary charge, 5* is the effective photocar-
rier generation efficiency (including the effects of
reflection, scattering, and incomplete absorption,
taken to be 0.8), (w/) is the area of a single nanowire,
and N is the number of nanowires, taken to be 315 in
the present case (90% of 350). R (units: A/W) is the
photocurrent normalized by the incident optical
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power on the nanowires:*®

R — Iohoto Gn* _ Gr*A(nm)

= = 4
PopticaINWl (hV/q) 1240 @

where 4 (nm) is the wavelength of the incident
illumination.

For the nc-CdSe nanowires investigated here,
all three of these metrics increase with d,,. across
the range d,y. from 5 to 100 nm (Figure 9¢,f and
Table 2): G and R both increase by a factor of
290, while S, which depends upon the incident
optical power, increases by a factor of 375 for
P =91 mW/cm?. G and R, which depend exclusively
on the properties of the illuminated photoconduc-
tor, are both proportional to ut. Although we have
not measured u in this study, the influence of d,y.
on u has been intensively investigated for poly-
crystalline semiconductor thin films, and it has
been demonstrated®®° that i o daye. 7, ON the
other hand, can be approximated by the time
necessary for photoinduced charge carriers to en-
counter a grain boundary. If it can be assumed that
carrier recombination is a diffusive process that
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TABLE 2.

photocurrent amplitude

Summary of Photoconductivity Metrics for nc-CdSe Nanowires

transient response

sample(s) dae/aryst struct [ ¢ R (Aw) Tresp” (45) Tretasu” (US) Trecstowr’ (145)
i) ~5 nm cubic 8+2 0.017 = 0.004 0.0058 = 0.002 4945 741 D+3

(i), (iii) 10 nm cubic 20+2 0.037 = 0.005 0.013 = 0.002 8+2 341 3047

(iv 20 nm cubic 10+1 05402 017 £0.07 200 70 20470 6(£1) x 10°
(v) 100 nm hex 300 + 100 49408 17403 (8+£2) x 10° (17+02) x 10° (27£09) x 10°

? § = photosensitivity. The Pypyical = 95 mW/cm? except for sample (v) where Poptical = 91 mW/cm? %6 = photoconductive gain at 532 nm, from eq 3, averaged over optical
powers from 5 to 103 mW/cm? “ R = responsivity at 532 nm, from eq 4 assuming 77* = 0.80, averaged over optical powers from 5 to 103 mW/cm?. “Response time. © Recovery
time for the fast component of the photocurrent relaxation. fRecovery time for the slow component of the photocurrent relaxation.

occurs efficiently at grain boundaries, then®’

q(dave ) 2

~ T aVEs
~

kTu ()

So to first-order, as d,e is increased from 5 to
100 nm, a factor of 20, we expect ut and therefore
G and R to increase by 20 x 20 = 400, whereas a
factor of 290 is seen experimentally. It should be
noted here that chlorine incorporation into single
crystalline CdS nanowires has been associated?*
with 1000-fold increases in G, so there is every
reason to expect the presence of chlorine in the
nc-CdSe nanowires of sample (v) to be a second
factor, together with d,,., contributing to the ele-
vation of G.

In prior work going back more than 50 years,
the optical power dependence of the photocurrent has
often been observed to conform to the equation

61,62

(6)

Y
Iphoto o Poptical

where 0.5 < y < 1.0. For nc-CdSe nanowires the
measured optical power dependence of the photocur-
rent also adheres to eq 6 with v decreasing mono-
tonically with increasing daye from 0.94 (d,ye =5 Nnm) to
0.76 (dave = 100 nm) (Figure 9g). In prior work,?* single
crystalline CdSe nanoribbons were characterized by a y
value at 600 nm of 0.77, nearly identical to the value we
observe for sample (v). The canonical treatment of
noninteger y values is that of Rose,®’ who considered
the influence of electron trap states arrayed in the
energy interval between the conduction band edge
and mid band gap and encompassing the Fermi level,
E¢. Within this model, a y value of 1.0 is obtained for a
uniform, energy-independent, density of trap states
that are filled (by photoexcitation) below Er and empty
above it.°"? If instead a preponderance of these states
arefilled above E, then y = 0.5 is observed. Noninteger
y values are associated with a nonuniform state dis-
tribution. In particular, Rose proposed®' that the state
density decreases exponentially with energy below the
conduction band edge, and the validity of this state
distribution for Cd(SSe) sintered films, chemically simi-
lar to the nc-CdSe nanowires, was later confirmed.®®
The exact noninteger value of y then depends upon
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where E is located within this exponential distribution
relative to the level of trap filling.5? When interpreted
using the Rose model, our data supports the existence
of a quasi-uniform trap state distribution for d,,. =
5 nm nanowires, filled below Er (y = 0.94), and the
observed decrease in vy indicates that this distribution
deviates from uniformity, becoming progressively
more exponential with increasing d,ye.. If the transfor-
mation from a uniform trap state distribution to an
exponentially distributed distribution occurs via the
loss of deep trap states, then the data of Figure 9g can
be reconciled, at least qualitatively, with the increase in
G (Figure 9e) and the decrease in response/recovery
times (see below) that occur in parallel as d,,. increases
from sample (i) to sample (v).

The transformation from sample (i) with G=0.017 to
sample (v) with G = 4.9 creates nc-CdSe nanowires with
an optical photosensitivity, S, that is comparable to that
seen for the CdSe and CdTe nanowires studied pre-
viously, including single crystalline nanowires. Fan
et al.%* studied arrays of ~2000 single crystalline CdSe
nanowires and reported S & 40 (Poptical = 4.4 mW/cm?
white light, V = 2 V), whereas we measured S ~ 10 for
sample (v) under similar illumination conditions (Poptical =
5mW/cm?, 4 =532nm,V=2V).Penaet al.** reported S
~ 15 for single polycrystalline CdSe nanowires at an
unspecified optical power and V = 10 V. Arrays of an
unspecified number of single crystalline CdTe nano-
rods prepared by Wang et al.%® yielded S ~ 5—20 at
V= 1.5V and unspecified illumination conditions. The
electrically isolated wire length was reported in none of
these previous studies as far as we can tell, so the
electrical field strength associated with these measure-
ments of S is not known.

The increased G induced by thermal annealing and
exposure to CdCl, is obtained at the cost of dramati-
cally slower photocurrent response and recovery (Figure
10). Photocurrent response at A = 532 nm and 91 mW/
cm? conformed to a single exponential (Figure 10a—c):

(7)

Iphoto = Iphoto,O“ —exp( *t/Tresp)]

where [ghoto,0 is the maximum photocurrent, tis the time,
and 7. is the time constant. Photocurrent recovery in
the dark, however, showed two discrete exponential
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Figure 10. (a—c) Normalized photocurrent versus time for
350 nc-CdSe nanowire arrays, biased at 2 V. (a) Sample (ii);
dave = 10 nm. (b) Sample (iv); daye = 20 nm. (c) Sample (v);
dave = 100 nm. (d) Plot of Tyesp, Trec fasty aNd Trecsiow @S @
function of d,e.

decays for all samples and was therefore fit to a biexpo-
nential (Figure 10a—c):

Iphoto = Iphoto, o[eXp( _t/Trec, fast) + eXp( _t/Trec, slow)]
(8)

where Trecfast aNd Trecsiow are the time constants for the
fast and slow components of the photocurrent decay,
respectively. These three time constants, Tresp, Trec sty and
Trecslow are tabulated in Table 2 and plotted in Figure 9d.
The observation of two time constants for the photo-
current decay is consistent with a S-type photoconduc-
tivity system® in which the faster time constant is asso-
ciated with the recombination of free (untrapped) photo-
carriers and the slower one is associated with carrier
untrapping. For such systems, . a5t approximately equals
the minority carrier lifetime.>” An increase in daye by a
factor of 20 across our samples is correlated with an
increase of Tyec fast by a factor of 560. Our five samples
can be classified according to the apparent rate-limit-
ing process for photocurrent response: For samples (ii),
(iii), and (iv), Tresp = Trecast Within the experimental
error of our measurement. This behavior is observed if
the trapping rate exceeds the rate of free photo carrier
recombination while untrapping is significantly slower.
For these samples, a time-independent photocurrent is
achieved on the time scale of the minority lifetime. For
samples (i) and (v) in contrast, Tresp A Trec,siows @and this

EXPERIMENTAL SECTION

Chemicals and Materials. Cadmium sulfate (CdSO,- 8H,0, 98+%),
cadmium chloride hemi(pentahydrate) (3CdCl,-2.5H,0, 98+%),
and selenium oxide (Se0,, 99.9+%) were used as received from
Sigma-Aldrich. Sulfuric acid (ULTREX ultrapure) was purchased
from J. T. Baker. Acetone, methanol, and nitric acid were used as

KUNG ET AL.

suggests that the rate-limiting process for photocur-
rent response is trap filling. For sample (v), the disparity
between Tiec siow aNd Tyec fast i More than 3 orders of
magnitude. Thus, slow trap filling is likely responsible
for the enormous range of response times—a factor of
10°—10%—observed for the nc-CdSe nanowires exam-
ined in this study.

CONCLUSIONS

We have demonstrated that the LPNE method can
be adapted to synthesize single-phase, cubic nano-
crystalline CdSe nanowires on glass surfaces. These nc-
CdSe nanowires have a rectangular cross-section with
height and width dimensions that are independently
adjustable, down to minimum values of 20 and 50 nm,
respectively. The mean grain diameter, d,., of these
nc-CdSe nanowires can be increased from 5 nm, the
value obtained for nanowires electrodeposited at
room temperature, to 10, 20, or 100 nm using a com-
bination of thermal annealing, deposition from hot
(75 °Q) plating solution, and exposure to methanolic
CdCl,. XPS depth profiling shows that for nc-CdSe
nanowires exposed to methanolic CdCl, before ther-
mal annealing, chlorine is present at a uniform con-
centration throughout the bulk of the nanowire.

nc-CdSe nanowires synthesized at 25 °C and an-
nealed at 300 °C for 4 h have a d,ye ~ 10 nm. Arrays of
350 such nanowires show rapid photocurrent response
and recovery characterized by time constants of 8 and
30 us, respectively. The photoconductive gain of these
samples, however, is just 0.037.%° Increasing d,ye from 5
to 100 nm increases the photosensitivity by a factor of
375 (for Poptical = 91 mW/cm?). The photoconductive
gain and the responsivity are both increased by a factor
of 290 over this same range of d,.. For G and R, the
magnitude of this increase is consistent with the
expected increase in the product (u7) with d,.. Re-
sponse times increase by a much larger factor of
10°—10° as d,e increases from 5 to 100 nm, a disparity
that we attribute to slow trap filling for the d,,. =
100 nm sample (sample (v)).

Collectively, these data show that the critical photo-
conductive properties of nanowires can be adjusted
over a wide range using the mean grain diameter.
More work is necessary to fully characterize the energy
and number density of the traps present in these
nanowires and to learn how the carrier mobility varies
with wire dimensions and d,e.

received from Fisher (ACS Certified). Positive photoresists, Shipley
S-1808 and S-1827, and developer MF-319 were purchased from
Microchem Corporation. Nickel wire and gold pellets (5N purity)
were purchased from ESPI Metals.

(dSe Nanowire Synthesis. CdSe nanowire arrays were prepared
by electrodeposition using the LPNE process.>> 2”5 Nickel
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films (ESPI, 5N purity) 20—60 nm in thickness were thermally
evaporated onto precleaned 1 in. x 1 in. squares of soda lime
glass. A positive photoresist (PR) layer (Shipley, S1808) was spin
coated (2500 rpm, 80 s), and a PR layer of ~800 nm thickness
was formed after soft-baking (90 °C, 30 min). The PR was then
patterned using a contact mask in conjunction with a UV light
source equipped with a photolithographic alignment fixture
(Newport, 83210i-line, 365 nm x 1.80 s). The exposed PR region
was developed for 25 s (Shipley, MF-319), rinsed with Millipore
water (Milli-Q, p > 18 MQ-cm), and air-dried. Exposed nickel was
removed by dipping the patterned samples in 0.8 M HNO3
(Fisher, ACS Certified) solution for 6 min to create a horizontal
trench with a typical width of 500 nm and a height that equaled
the thickness of the evaporated nickel layer. The entire litho-
graphically patterned region was then immersed in an aqueous
plating solution with the exception of one edge where an
electrical contact to the nickel layer was established with an
alligator clip. CdSe nanowires were then electrodeposited in the
lithographically produced trench using the scanning electro-
deposition/stripping method.>®*%%8 The potential of the nickel
edge was scanned at 50 mV/s from an initial potential of —400
mV vs SCE to a negative scan limit of —800 mV and back. The
width of the nascent CdSe nanowire was dictated by the
number of complete voltammetric scans ranging from 50 nm
(1 scan at 25 °C) to 350 nm (40 scans). Two different bath
temperatures were employed, 25 and 75 °C, and the deposition
rate at 75 °C was much more rapid (Figure 2d). The aqueous
plating solution was unstirred aqueous 0.30 M CdSO,, 0.70 mM
Se0,, and 0.25 M H,50, at pH 1—2.3741%2 (Caution: both CdSO,
and SeO, are highly toxic.) Electrodeposition was conducted
using a one-compartment three-electrode electrochemical cell
using a Gamry G300 potentiostat. After the CdSe electrodeposi-
tion was complete, the remaining PR was removed by rinsing
with acetone (Fisher, ACS Certified) and Milli-Q water, and the
remaining nickel was removed by soaking in a 0.8 M HNO;
solution for 10 min. This process produced an array of CdSe
nanowires that strongly adhered to the surface of the glass substrate.

Two postdeposition thermal treatments were carried out:
(1) As-deposited CdSe nanowires were heated in flowing N, at
300 °C for 4 h using a tube furnace (Lindberg, 54233) and then
cooled to room temperature. (2) As-deposited CdSe nanowires
were dipped in a saturated CdCl,/CH;OH solution®*~3>°for 5 5
and then thermally annealed as described in (1). After thermal
annealing, these CdSe nanowires were rinsed with Milli-Q water
to remove residual CdCl,.

Structural Characterization. Scanning electron micrographs
were acquired by using a Philips XL-30 FEGSEM (field emission
gun scanning electron microscope) operated at 10 keV. All
samples were sputtered with a thin layer of Au/Pd before
imaging to prevent charging.

Transmission electron microscopy images and selective
area electron diffraction (SAED) patterns were obtained using
a Philips CM 20 TEM operating at 200 keV. The as-synthesized
CdSe nanowires were released from a PR precoated surface
using an acetone stream and then transferred onto a holey
carbon film coated Cu grid (Ted Pella, Inc.), as previously
described.®” For the postannealed CdSe nanowires, an alumi-
num layer evaporated (140 nm) and then thermally oxidized in
air at 300 °C for 4 h was executed prior to the LPNE nanowire
fabrication. After postannealing, the CdSe nanowires were
released from the aluminum oxide layer by dissolving in aqu-
eous 2 M NaOH and then transferred onto the Cu grid and dried
overnight before TEM analysis.

Atomic force microscopy images and amplitude traces were
acquired using an Asylum Research MFP-3D AFM equipped
with Olympus AC160TS tips in a laboratory air ambient.

Grazing-incidence X-ray diffraction patterns were obtained
using a Rigaku Ultima Il high-resolution X-ray diffractometer
employing parallel beam optics with a fixed incident angle of
0.3°. The X-ray generator was operated at 40 kV and 44 mA with
Cu Ko irradiation. JADE 7.0 (Materials Data, Inc.) X-ray pattern
data processing software was used to analyze acquired patterns
and estimate the respective grain diameter size.

X-ray Photoelectron Spectroscopy. XPS measurements were per-
formed with an ESCALAB MKII (VG Scientific) surface analysis

KUNG ET AL.

instrument. The ultra-high-vacuum multichamber system is
equipped with a twin anode X-ray source (Mg/Al) and a 150
mm hemispherical electron energy analyzer. Spectra presented
here were collected using Mg Ka X-rays (1253.6 eV) in constant
energy mode with pass energy of 20 eV. During acquisition the
base pressure of the spectroscopy chamber was 1 nTorr. XPS
peak areas of Cd(3d) and Se(3d) were measured following a
standard Shirley background subtraction. Binding energies
were calibrated using the C(1s) peak of adventitious carbon
setat 284.8 eV as a reference.>® Deconvolution and spectral line
fitting were carried out using XPSPeak 4.1. Ar ion beam sputter-
ing (2 keV) was used for depth profile analysis.

Optical Properties. Absorption spectra were recorded from
900 to 400 nm using a UV—vis—NIR photospectrometer
(Perkin-Elmer Lambda 900) equipped with an integrating
sphere (Lab Sphere Inc.). Photoluminescence spectra were
acquired using excitation from a continuous wave argon ion
laser (Coherent Innova 90, A= 514 nm, 60 mW). Emission was
collected at a normal incidence through a 20x Zeiss EpiPlan
microscope objective and then coupled with an f4 lens into an
imaging spectrograph (Chromex 250IS), equipped with 300
grooves/mm holographic grating (500 nm blaze) that dispersed
light onto a liquid nitrogen cooled CCD (Princeton Instruments,
LN/1024EUV) with 1024 x 256 pixels. Signals from the 256 pixels
arrayed perpendicular to the long axis of the CCD were binned,
producing a linear detector with 1024 channels. Collection
times were 60 s.

Photoconductivity.Evaporated gold electrical contacts (thickness =
40 nm) with a spacing of 5 um were photolithographically
patterned on top of an array of 350 nc-CdSe nanowires, and a
1.0 V bias was applied. The spectral response of the photo-
current was acquired using a photocurrent spectrometer con-
sisting of a 75 W xenon arc lamp (Oriel, 6255) coupled to a f/4
monochromator (Oriel, MS-257) equipped with a 600 line/mm
grating. The output of this light source was modulated using a
chopper (Stanford Research Systems, SR-540 at 135 Hz) and
focused onto the nc-CdSe nanowire array. The resulting photo-
current was converted to a voltage, amplified (Keithley 428-PROG),
and detected using a dual-phase lock-in amplifier (EG&G, 5210).
The photocurrent was normalized by the incident optical power
(1.2 mW/cm? at 500 nm) measured using a digital power meter
(Newport, 815) and a photodiode (Newport, 818-SL).

The temporal response of the photocurrent was measured
for 350 nanowire nc-CdSe arrays biased by 2.0 V using a diode-
pumped, frequency-doubled Nd:VO, laser (532 nm, Syntec, ST-
532-ST) as the irradiation source. The output from this laser was
reduced in diameter using a microscope objective lens (DIN
achromatic 4x/0.10) and mechanically chopped (Stanford Re-
search Systems, SR-540) up to 4 kHz. This light beam was
directed onto the nanowire array, and its optical power was
adjusted using neutral density filters. The resulting photocur-
rent was converted to a voltage, amplified (Keithley, 428-PROG),
and detected using a digital storage oscilloscope (Tektronix,
TDS 1012) triggered by the optical pulses produced by a beam
splitter and silicon photodiode (OSI Optoelectronics, UV-100). In
parallel, the long-period temporal photoresponse was recorded
using a computer-controlled DAQ card (National Instrument, NI
USB-6221 BNC) controlled by a Labview program. All the
photoresponse measurements were carried out in laboratory
air using a Faraday cage to minimize stray electrical noise.
Current versus voltage traces were measured using a source-
meter (Keithley, 2400), and these data were recorded using a
computer controlled by a Labview program.
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