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ABSTRACT

Arrays of CdTe nanowires have been grown on conductive, flexible Mo substrates by the
vapor-liquid-solid technique. A method of forming the arrays on a largely continuous CdTe film
is described. For producing nanowire solar cells, this structure provides the advantage of
preventing shunts. Nanowires having diameters in the range 100-500 nm and lengths up to
100 pum were generated. The influence of growth temperature, time and pressure on the
morphology of deposited layers was investigated, and a mechanism for the generation of
layer/nanowire combinations is postulated. Characterization by SEM, TEM and low temperature
photoluminescence is presented.

INTRODUCTION

There has been considerable interest surrounding the fabrication of semiconductor nanowires
for use in opto-electronic devices, including photovoltaic cells. Despite the large presence of
CdTe in the field of photovoltaics, I1-VI compounds are somewhat under-represented in the
nanowire literature, compared to Si and I11-V compounds. Indeed, vapor-phase based CdTe
nanowire growth has rarely been reported [1].

Low dimensional structures demonstrate novel optical and electrical characteristics through
guantum confinement, e.g. the conductance of nanowires becomes quantized when their
diameters are comparable to the de Broglie wavelength. For photovoltaics however, the primary
benefit of incorporating nanowires will be that of introducing numerous radial p-n junctions to
replace the traditional planar junction. In this geometry, carriers can reach the junction region by
travelling distances shorter than the minority carrier diffusion length and consequently electron-
hole recombination is restricted [2-4].

Semiconductor nanowires are commonly grown via the vapor-liquid-solid (VLS) process,
first described by Wagner et al. [5]. The physical mechanisms of nanowire growth have been
investigated in detail - for example, Wagner observed that the wire diameter was governed by the
catalyst droplet diameter. The length and aspect ratio of wires has been discussed in terms of
contributions from direct vapor impingement [6] and of diffusion limited migration [7]. Some
examples of CdTe nanowire growth include Bi,Te; catalyzed ‘rods’ grown by a co-evaporation
method [8], template-prepared nanowires [9], and catalyst-free CdTe nanorod arrays grown on
ITO [10]. It has also been observed that the use of a layer of polyvinyl alcohol dramatically
improved the size uniformity of vertically aligned CdTe nanowires deposited by laser
ablation [11].

Typically, the VLS method results in growth only at the catalyst sites and not directly on the
substrate. Within photovoltaic cells however, continuous layers are required to prevent short
circuiting. We present successful growth of CdTe nanowires on Mo foil generated by a VLS
growth mechanism which results in largely continuous layers together with the nanowire arrays.



The vapor source was provided in the ‘close space sublimation’ geometry [12]. Growth was
performed on conductive substrates, these being chosen in order to allow progress to be made
towards the fabrication of photovoltaic devices. The effect of varying the growth pressure and
temperature on the morphology of the structures was investigated using electron microscopy.
The impact on electronic properties is investigated by low temperature photoluminescence.

EXPERIMENTAL

15 mm x 15 mm substrates, cut from 0.1 mm thick Mo foil (99.9% purity), were scrubbed
with de-ionized water and blow dried using N. Au films (~ 4 nm) were thermally evaporated
onto the substrates and then annealed to form arrays of nano-sized spherical drops. The
annealing step was performed within the chamber of the close-space sublimation equipment, so
that vacuum was not broken prior to the CdTe deposition step. In the growth chamber, the
substrates were held 10 mm above a powdered CdTe source (99.999%, Alfa Aesar). The
equipment allowed a choice of N, O, and H, ambients, and the source and substrate
temperatures could be controlled using two separate heating elements. The Au films were
annealed at a substrate temperature of 360°C, for 30 minutes under N, pressures of 10-150 Torr.
A shutter was placed between the substrate and source at this stage to prevent premature growth.
The temperatures of substrate and source were then raised to the desired growth temperatures
and the shutter was removed for the allotted deposition time allowing sublimated CdTe vapor to
condense on the substrate. CdTe was deposited using source temperatures of 520-600°C, onto
substrates held at temperatures of 490-550°C, under N, pressures of 10-150 Torr, for 10-60
minutes. (N.B. A temperature gradient must always be maintained for close-space sublimation so
to promote delivery of vapour from source to substrate). Electron microscopy imaging and
structural characterization was carried out using a Hitachi SU-70 FEG SEM and a JEOL 2100F
TEM. Photoluminescence spectra were obtained using the 514 nm line of an Argon laser at 4 K.

RESULTS AND DISCUSSION

1. Nanowire Fabrication and Growth Mechanism

Fig. 1 illustrates the successful Au-catalyzed growth of CdTe nanowires. For this sample, the
Au film was annealed under 25 Torr N, and CdTe was deposited at Tsource = 550°C, Tgup = 520°C
in 25 Torr N, for 30 minutes. A distribution of nanowire lengths and diameters was obtained,
with some wires exceeding 20 um in length and with diameter in the range 100-500 nm. The
nanowire diameter is considered to be governed by the (Gaussian) distribution of the Au catalyst
drop diameters [5], the size of which were determined from electron micrographs. Typically, the
thinner wires were observed to grow to greater lengths than the thicker wires. This suggests that
the diffusion of adatoms from substrate to catalyst is the predominant contribution to nanowire
growth, as observed by Dubrovskii et al. [7]. In contrast, an adsorption-limited system would
have resulted in the thicker wires growing at a faster rate. [6]. Energy-dispersive X-ray (EDX)
spectroscopy taken from the ‘stem’ of a nanowire clearly shows Cd and Te Lal peaks (Fig. 1c).
EDX also confirms the presence of an Au catalyst droplet at the nanowire tip, and this is
consistent with growth by VLS.

The growth mechanism here is atypical of standard VLS growth however: in this work, a
rough film of CdTe, ~ 500 nm, established on the substrate before nanowire growth began. This
initial film was directly observed in cross sectional SEM images and shorter deposition times
were seen to yield no nanowire growth. The observed growth sequence may arise from the fact




that the lattice mismatch of this system is very high (lattice parameter a = 0.648 nm and 0.315
nm for CdTe and Mo respectively) and the resultant strain may initially prevent coherent one-
dimensional growth. Chuang et al. demonstrated that the critical nanowire diameter - above
which coherent VLS growth cannot occur - is extremely small (of the order of a few nm’s) for
highly mismatched systems [13]. Once a thin film of CdTe has established however, it
effectively becomes the substrate of the system and there is no longer a mismatch, and one
dimensional growth becomes favorable.

Cross sectional SEM imaging also confirmed that some of the smaller Au nanodots became
trapped underneath the initial two-dimensional layer and did not catalyze nanowires (illustrated
in the schematic in Fig. 1d). Droplets of smaller radii have a higher chemical potential (Gibbs-
Thomson effect) which acts to prevent the saturation condition that is required for wire
nucleation. It may be postulated however that if the wires were to be grown on a CdTe substrate,
Au-CdTe alloy droplets may form during the annealing stage and the saturation condition may be
achieved more readily. The ‘critical radius’ of wire nucleation, partly determined by the Gibbs-
Thomson effect, may therefore be reduced. Successful nanowire growth using such
homoepitaxial systems is frequently reported [7, 14], and we shall report similar findings for
CdTe elsewhere.

In this work, the nanowire arrays are not vertically aligned, rather they are highly disoriented,
as shown in Fig. 1a. There may be a number of reasons for this: a) roughness of the underlying
film, b) polycrystallinity of the underlying material, c) tilts due to misfit dislocations and d)
kinks in the wires caused by growth defects. This shall be the subject of further investigation.
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Figure 1. (a) Array of CdTe nanowires on a Mo substrate (20° image tilt), (b) Image of single
nanowire with a catalyst drop, (c) EDX spectrum of a nanowire and (d) Growth mechanism — a
rough film of CdTe initially forms before nanowire growth begins.

2. Morphology dependence on growth pressure, temperature and time

Pressure: Four samples were grown under N, pressures of 150, 100, 25 and 10 Torr at
Tsource = 550°C, Tgyp = 520°C for 30 minutes. As the pressure was decreased a change in the
morphology of the structures, from two dimensional films to one dimensional nanowires, was
observed. For example, Fig. 2a shows a rough but essentially two dimensional film grown under
150 Torr of Ny, whereas Fig. 2d shows the nanowire arrays that are encouraged by reducing the




pressure to 10 Torr. These observations may be explained as follows: for VLS growth to
proceed, it is considered necessary, as previously stated, for the liquid droplets to be saturated
with dissolved material. Such conditions are achieved when the flux of incoming material
exceeds that of loss from the droplet (due to wire formation and re-evaporation). In the present
experiment the source temperature was kept constant. However the rate of arrival of CdTe
species at the catalyst tip is influenced by the pressure of N, which acts as a buffer. Under
relatively high pressures of N, (e.g. 150 Torr), the arrival rate of CdTe species is insufficient to
saturate the droplet, and the conditions for VLS growth are not achieved, even when the growth
times are extended. Nevertheless for lower pressures (e.g. 25 or 10 Torr) VLS proceeds, as
shown in Fig’s 2¢ and d.
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Figure 2. SEM images at 20° image tilt of samples grown under (a) 150 Torr, (b) 100 Torr, (c)
25 Torr and (d) 10 Torr of N, for 30 minutes at Tsoyrce = 550°C, Tgup = 520°C.

Temperature: Whilst keeping the substrate temperature at 520°C, increasing the source
temperature resulted in denser arrays of longer nanowires (Fig. 3a — ¢). This was a direct
consequence of the rise in deposition rate, and the same trend was observed when using a
substrate temperature of 490°C. At a higher substrate temperature (550°C) however, the
nanowire density dropped and higher aspect ratios (i.e. longer and thinner) were achieved.
Surface diffusion of adatoms is increased at higher substrate temperature and so adatoms are able
to migrate to established nanowires, in favor of nucleating new wires. Crystallographic faceting
of the wires was also more evident at 550°C.

Time: The average length and diameter of nanowires grown for different lengths of time was
calculated by measuring 100 wires from each sample. Fig. 3d shows the development of the wire
dimensions. Initially the growth rate was low as the two-dimensional CdTe layer was
established. Following nanowire nucleation, there was a period whereby nanowire length
increased linearly with time. During this period the diameter of the nanowires remained constant,
but then began to increase after 40 minutes. This onset of lateral growth correlates with a
reduction in the growth rate of the nanowire length. Adatoms fail to reach the liquid catalyst at
the tip of the nanowire once the wire length exceeds the surface diffusion length. There is also



evidence in our samples that some Au catalysts migrate from the tip to sidewalls and to
neighboring wires during growth; a process that inevitably limits nanowire length.
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Figure 3. SEM images of samples grown at source temperatures of (a) 530°C, (b) 550°C and (c)
570°C under 25 Torr N, for 30 minutes. (d) Development of average nanowire length and
diameter over growth time. The samples were tilted at 20° for imaging.
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Figure 4. (a) TEM image of a CdTe nanowire. (b) Corresponding diffraction pattern showing
growth is along the [111] direction. (c) HRTEM image of section circled in Fig. 4a reveals
twinning defects. (d) 4K photoluminescence spectrum.

3. Further Characterization

Fig. 4a shows a TEM image of a single CdTe nanowire. Its corresponding diffraction pattern
confirms that the wire has the zinc blende structure and its growth axis is along the [111]
direction. d-spacings of 3.8, 2.4 and 2.0 A were calculated for the (111), (220), and (311) lattice
planes respectively. These differ slightly from accepted values (3.73, 2.28 and 1.96 A [15]),
possibly as a result of the slight non-stoichiometry that was measured by EDX analysis.




Twinning defects are an inherent crystallographic feature in nanowires of zinc blende structure
[16] and have been seen to induce faceting of nanowire surfaces [17]. An HRTEM image of the
section circled in Fig. 4a is displayed in Fig. 4c, and shows such a defect.

A typical low-temperature (4K) photoluminescence spectrum from a nanowire structure is shown
in Fig. 4d (nanowire length ~ 5-20 um, diameter ~ 200-500 nm, density ~ 4 x 10° cm™). The
spectrum shows a near band edge feature at 1.589 eV with a FWHM of 8 meV. This energy
corresponds with the (A°X) peak normally seen in p-type single crystal CdTe, although the
FWHM is more than twice the usual value. Two weaker features at 1.575 and 1.554 eV are also
observed; their origin is unclear at this time although they may be phonon-related transitions.
The spectrum is dominated by a broad band at 1.44 eV with a zero phonon transition at 1.455 eV
and a series of 5 phonon replicas to lower energy. The peak separation corresponds well with the
21 meV energy of the LO phonon in CdTe. The Huang-Rhys phonon coupling parameter of this
band was determined to be S=1.43. This indicates the band originates from a defect complex
strongly coupled to the lattice. It is likely that the main contribution to the spectrum comes from
the underlying two-dimensional film as opposed to the nanowires themselves. Ongoing work
will clarify the origin of the spectra.

CONCLUSIONS

The vapor-liquid-solid technique has been successfully employed to grow arrays of CdTe
nanowires on conductive, flexible Mo substrates. It has been demonstrated that the morphology
of deposited material can be manipulated by varying specific growth conditions, namely
temperature, pressure and deposition time. In contrast to standard VLS growth, a two
dimensional thin film of CdTe initially forms, from which nanowires nucleate. The resultant
continuous layer is desirable for solar cell applications as it would prevent short circuiting. A
mechanism accounting for this growth mode, and based on the pressure dependent conditions for
nanowire growth, is presented. A more controlled method of creating the two dimensional film
will be used in future work, and methods of constructing core-shell heterojunctions shall be
developed, with the aim of developing full PV devices.
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