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ABSTRACT

We report synthesis windows for growth of millimeter-long ZnTe nanoribbons and ZnSe nanowires using
vapor transport. By tuning the local conditions at the growth substrate, high aspect ratio nanostructures can be
synthesized. A Cu-ion immersion doping method was applied, producing strongly p-type conduction in ZnTe
and ionic conduction in ZnSe. These extreme aspect ratio wide-bandgap semiconductors have great potential for

high density nanostructured optoelectronic circuits.
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Introduction

Nanostructures, in particular "one-dimensional"”
structures such as nanowires and nanoribbons,
present a useful materials platform for exploring
quantum effects and fabricating novel devices at high
densities. Free-carrier doping is needed for most of
these applications. Typically, doping in nanowires is
achieved by in situ incorporation of dopants during
growth of the nanowires [1, 2]. For a wide range
of nanowire device applications such as inversion-
mode transistors, avalanche photodiodes, light
emitting diodes, and tunneling field-effect transistors,
axially modulated doping is needed to accomplish
or optimize their functionalities. Although axial
modulation of doping profiles can be achieved in

Address correspondence to wuj@berkeley.edu

situ [3], accurate alignment and positioning of the
appropriately doped regions of the nanowires to
build functional devices are complex and challenging.
Ex situ doping can avoid these complications by
introducing specific dopants into lithographically-
defined regions after the nanowires are grown [4-6]
or even after the devices are assembled [7].

ZnSe and ZnTe, with direct bandgaps at 2.65
and 2.25 eV, respectively, are ideally situated on the
optical spectrum for green-blue optical devices as
well as other optoelectronic applications [8, 9]. ZnSe
nanowires can also be used as nanoscale optical
cavities [10]. Undoped nanowires of ZnSe and ZnTe
with strong band-edge and defect luminescence
have been grown by vapor transport and other
methods [10-14]. Intentional doping of nanowires
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of these compounds is less common. For compound
semiconductors, the overall stoichiometry must
be regulated in addition to incorporating and
activating dopants, making in situ doping a non-
trivial task. Doping of ZnTe and ZnSe bulk and thin
film materials, in particular making p-type ZnSe
and n-type ZnTe, has historically been difficult due
to compensation from native defects [15]. But some
success has been achieved in thin films via molecular
beam epitaxy [16] and in nanowires via chemical
vapor deposition [17, 18]. These nanowires are
typically limited in length to tens of micrometers.
For integration of individual devices into functional
circuits, nanostructures with greater lengths and
higher aspect ratios are much desired. In this work,
we report a method of synthesizing and ex situ
doping of ZnTe nanoribbons and ZnSe nanowires
with extremely large aspect ratios. The lengths of
ZnTe nanoribbons are up to hundreds of micrometers
and of ZnSe nanowires are up to a few millimeters.
Our ex situ doping using Cu ion immersion [6]
results in successful p-type doping of ZnTe and ionic
conduction in ZnSe. These ultra-long, single-crystal,
ex situ doped group II-VI nanostructures could
enable a wide range of studies of integrated electrical,
optoelectronic, or photonic devices.

1. Experimental

1.1 Synthesis

ZnTe and ZnSe nanostructures were synthesized
by gold-catalyzed vapor transport from ZnTe and
ZnSe (Aldrich 99.99%) powder sources, respectively.
Oxidized silicon wafers were functionalized, and
then covered with 20 nm Au colloids (Aldrich).
The source powders were placed at the center
of a 1” tube furnace, with the growth substrates
downstream. After repeated flushing with Ar to

remove residual oxygen, the nanoribbons and
nanowires were grown for 1 h under flowing Ar.
Optimal growth source temperature (T), pressure
(P), time (#), and carrier gas flow rate (kg,,) for ZnTe
nanoribbons were T = 800 °C, P = 10 torr, t = 1 h, and
kgow = 50 standard cubic centimeters per minute (sccm).
For ultra-long ZnSe nanowires, T = 1050 °C, P = 10
torr, t =1 h, and k;,,,=100 sccm.

1.2 Structural characterization

The morphology and structure of synthesized
nanostructures were studied by a Zeiss Gemini
Ultra-55 Analytical scanning electron microscope
(SEM) equipped with an energy dispersive X-ray
spectroscopy (EDX) system, X-ray diffraction
(Siemens D5000), and transmission electron
microscopy (TEM, JEOL 2100F). For TEM studies,
the nanowires were dispersed in isopropanol and
deposited on a lacey carbon film supported on a Cu
grid.

1.3 Doping

For ex situ doping, the nanoribbons and nanowires
were transferred to SiO, substrates. The substrates
were immersed in an aqueous Cu(NO;), solution
[6, 19, 20]. They were subsequently rinsed in de-
ionized (DI) water and dried with compressed air.
The samples were annealed at 400 °C under vacuum.
The conditions used for ZnTe and ZnSe are given
in Table 1. Two-probe and four-probe devices were
fabricated on single nanoribbons or nanowires by
photolithography and contact metals were deposited
by electron-beam evaporation.

2. Results and discussion

2.1 ZnTe nanoribbons

Typical synthesized ZnTe nanoribbons ranged in size

Table 1 Cu-doping conditions and contact metal used
Material Cu(NO;), in 150 mL Solution Immersion duration Annealing temperature Contact metal
Dl-water (mg) temperature (°C) (min) /time (°C/min) (nm)
ZnTe 50 25 0,5, 10, 15, 20 400/20 Ni/Au 15/240
ZnSe 800 60 0, 5,10, 30, 60 400/60 Cu/Au 20/200
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from 50-200 um in length and 1-10 ym in width, and
were approximately 100 nm thick. As seen in the SEM
image (Fig. 1(a)), the nanoribbons were tapered, with
the wider regions closer to the substrate. Au-rich balls
can be found at the narrow ribbon tips (Fig. 1(c)), and
their presence was confirmed by EDX spectroscopy.
X-ray diffraction confirms that the nanoribbons are
face-centered cubic (JCPDS-15-0746) (Fig. 1(b)). High-
resolution TEM (HRTEM) shows that the major axis
of the nanoribbon goes along [311] (Figs. 1(c) and
1(d)). The wide bounding facet of the nanoribbons
is (110). Selected area electron diffraction (SAED)
patterns (inset in Fig. 1(d)) along the length of the
nanoribbons have identical orientation, indicating
the single-crystallinity of the nanoribbons. These
ZnTe nanoribbons have a strong and narrow band-
edge emission peak at 2.25 eV recorded by micro-
photoluminescence at room temperature (not shown),
as well as a less prominent broad red luminescence
that is commonly attributed to oxygen impurities.
Previous reports of tapered nanoribbons grown
by vapor transport attribute the morphology to high
source and substrate temperatures; the first increases
the amount of molecules in the vapor and the second
enhances the surface mobility of adsorbed molecules,
allowing side growth and forming the ribbons [21].
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The length of the nanoribbons is controlled by the
competition between side-wall and catalyst-enabled
growth. For lower growth temperatures, molecules
are more likely to be incorporated at nearby sites
forming ribbons, rather than moving to the catalyst
and extending the length.

These high aspect-ratio nanostructures provide
a large surface area to volume ratio for fast ex situ
doping and a convenient topology for defining
electrical contacts, as was done by photolithography
and subsequent metal deposition. The Ni/ Au contacts
were ohmic, exhibiting linear current-voltage (I-V)
characteristics. With increasing Cu immersion time,
the resistivity of the nanowires decreased from 10’
Q-cm for the undoped case to nearly 1 Q-cm for the
highly Cu-doped samples (Fig. 2). In comparison to
the un-annealed sample, vacuum annealing at 400 °C
causes a slight increase in resistivity. Indeed, vacuum
anneals have been shown to decrease the crystal
quality of ZnTe [22]. The undoped nanoribbons have
two orders of magnitude higher resistivity than
reported values for comparable nanostructures [18],
but the properties of our Cu-doped nanoribbons
agree well with those of doped nanowires [6]. The
trend of decreasing resistivity with immersion time
is in line with values obtained from similarly treated
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Figure 1 (a) SEM image of ZnTe nanoribbons as grown. (b) XRD
pattern obtained from the as-grown chip, indexed to zinc blende
ZnTe. (c) Low magnification TEM image of a ZnTe nanoribbon at a
tapered region with Au catalyst tip still attached. (d) High-resolution
TEM image with corresponding SAED (inset)
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Figure 2  Resistivity of ZnTe nanoribbons versus immersion time in

the Cu(NO,), solution. The samples were vacuum annealed at 400 °C
for 20 min, except for a control case which was neither immersed nor
annealed. (Inset) Linear /-V curves from an as-grown ZnTe nanoribbon
and another which had been immersed for 20 min. The as-grown signal
has been magnified by 1000. The nanoribbon segment measured is
approximately 5 pm in width, 100 nm in thickness, and 20 um in length
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thin films [19, 20].

It is well established that Cu sitting sub-
stitutionally on Zn sites in ZnTe creates an acceptor
level 149 meV above the valence band maximum [23].
As expected, both doped and undoped nanoribbons
exhibit p-type behavior, with slightly enhanced
conduction on applied negative gate voltage (not
shown). It has been proposed that the copper ions
are incorporated through an ion exchange process
with Zn at the surface, leading to the development
of a Cu surface layer which eventually blocks the
incorporation of additional Cu [19]. Based on optical
transmission studies, vacuum annealing at 400 °C
is sufficient to diffuse Cu throughout a 500 nm film
[19]. In addition to occupying Zn sites, Cu dopants
are reported to accumulate at grain boundaries and
Te-inclusions [24]. However, our nanoribbons should
not have such doping inhomogeneity due to their
nanoscale dimensions and single-crystal nature.

2.2 ZnSe nanowires

Growth substrates of ZnSe nanowires emerged
covered with a bright yellow mat of nanowires,
even more brilliantly colored than the starting ZnSe
source powder (Fig. 3(d)).Radii vary widely from
30 nm to several microns, and can have lengths up
to a few millimeters. These extreme lengths lead to
spectacular fields of nanowires when imaged by
SEM and are visible even by the naked eye (Figs. 3(a)
and 3(d)). The longer wires tend to be faceted and
wider. Aspect ratios of length versus diameter of up
to 10 000 have been found. As a comparison, typical
lengths of ZnSe nanowires grown by vapor transport
have been previously reported to be a few to tens of
microns [10, 12-14], with similar diameters to ours.
While ZnSe nanowires grown by molecular beam
epitaxy (MBE) are generally smaller in diameter (20-50
nm), their aspect ratios are limited by lengths of only
1-2 um [25]. In addition, the nanowires are constant
in diameter along their length, as demonstrated by
Fig. 3(e). XRD spectra of as-grown ZnSe nanowires
show that the predominant polytype is zinc blende
(JCPDS 37-1463), although there may be a small
percentage of wurtzite (JCPDS 80-0008) (Fig. 3(b)).
Au-tips are also visible at the top of some nanowires,
as can be expected from the Au-catalyzed vapor—
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Figure 3 (a)SEM image of ZnSe nanowires as grown. (b) XRD
pattern obtained from nanowires on the as-grown substrate,
indexed to zinc blende ZnSe. (c) TEM image of a ZnSe nanowire with
associated SAED (inset). (d) Photograph of growth substrate,
where the mm-long nanowires were grown on the upstream edge.
(e) SEM image of a highly uniform ZnSe nanowire transferred onto
an Au/Si substrate. The wire was broken during transfer, and is
therefore shorter than as-grown structures. (Insets) SEM images of
the endpoints and two middle segments

liquid-solid (VLS) growth.

Ultra-long nanowires of Si have been grown via
VLS using Si,H, as opposed to the more common
SiH, to overcome the rate-limiting step of precursor
decomposition [26]. However, growth of ultra-long
group II-VI nanowires has not been reported. In
our case, increasing growth time at lower growth
temperatures did not produce such ultra-long
nanowires. We therefore attribute the growth of
ultra-long ZnSe nanowires to the elevated source
temperature (1050 °C) compared with other reports
(950 °C), which provides sufficient vapor supply, and
the elevated substrate temperature (780 °C) compared
with other reports (650-725 °C), which increases
surface mobility of adsorbed adatoms on nanowire
side-walls, allowing them to rapidly diffuse to the
Au-catalyst. Variations in the growth parameters,
including decreasing growth temperature or adding
a Zn source, also produce ZnSe nanowires; however,
they do not reach the extreme lengths produced
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under the optimal conditions. Room-temperature
micro-photoluminescence shows strong broad
luminescence near 2.0 eV and very weak band-edge
luminescence near 2.65 eV. In previous reports of
ZnSe nanowires, it was found that higher growth
temperatures resulted in a higher prevalence of
structural defects and thus more intense defect
luminescence at room temperature [27]. This may be
the reason for the high ratio of defect-to-band-edge
luminescence in our nanowires.

The electrical response of Cu-doped ZnSe
nanowires developed non-linearity with increasing
Cu-ion immersion. Previous reports of undoped,
vapor-transport grown ZnSe nanowires show
resistivity ranging from 1 to 105 Q-cm [17, 28], which
reflects the importance of growth conditions to the
electrical quality. Our undoped ZnSe nanowires,
both as-grown and annealed, show linear /-V
characteristics with resistivities in the range 0.1-
1 Q-cm. After Cu-immersion, we saw no obvious
improvement in conductivity in contrast to the ZnTe
case; instead, a hysteretic resistive switching effect
appeared, as shown in the inset of Fig. 4. In the
switching behavior observed in oxide memristors
[29], the device starts with a high-resistance state,
and then sweeps back through a low resistance
state. In contrast, in our Cu-doped ZnSe nanowire
devices the hysteresis loop starts at a low-resistance
state, and abruptly changes over to a high-resistance
state when swept to a positive threshold bias. The
switch occurs between 0.3 and 0.5V, varying slightly
from device to device. When returning to zero
bias and sweeping to negative bias, the nanowire
behaves nearly symmetrically, starting in a low
resistance and transferring to a higher-resistance
state. A full understanding of the mechanism of
such a resistance switching in Cu-doped ZnSe
needs further investigation. Previous work in Cu-
doped ZnSe highlights the intricacies involved in
making Cu dopants active in ZnSe. Cu-immersion
of polycrystalline ZnSe thin films, similar in method
to this work, incorporated up to 1 wt% Cu, causing
the resistivity to drop eight orders of magnitude [30].
However, for co-evaporated 20% Cu films, ex situ
annealing made the film non-conductive [31]. 1%
Cu doping of ZnSe from the melt also showed an
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Figure 4 Typical /-V curves of as-grown and Cu-doped (30 min) ZnSe
nanowires. The nanowire segment measured is approximately 100
nm in diameter and 4 pm in length

increase in resistivity with increased Cu content [32].
It has been suggested that due to the multi-valence
of Cu in ZnSe, it is difficult to tune the Fermi level to
make it highly conductive, since the Fermi level can
be pinned between Cu deep levels at 0.72 and 0.35 eV
above the valence band maximum [33].

3. Conclusions

Crystalline ZnTe nanoribbons with lengths up to
a millimeter and ZnSe nanowires with lengths
exceeding several millimeters have been synthesized
using the vapor transport method. We identified a
narrow window of synthesis conditions that allow
growth of such nanostructures with extreme aspect
ratios. Utilizing a simple ion-immersion method,
we ex situ doped these nanostructures with Cu.
Successful p-type doping was achieved in ZnTe
nanoribbons where the resistivity was reduced
by five orders of magnitude. Cu doping of ZnSe
introduced a resistive switching effect, an electrical
process involving ionic conduction possibly activated
by the incorporation of multi-valent Cu dopants.
Combined with their advanced optical and electrical
properties, these ultra-long, single-crystal, ex situ
doped group II-VI nanostructures could enable
studies of nanostructure-based circuits integrating
multiple electrical, optoelectronic, or photonic
components.
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