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Abstract Resonant tunneling is firstly found in twin p-
type ZnTe nanowire field-effect transistors. The twin ZnTe
nanowires are synthesized via the thermal evaporation
process. X-ray diffraction and high-resolution transmission
electron microscopy characterization indicate that the as-
grown twin nanowire has a zinc-blende crystal structure
with an integrated growth direction of [11-1]. The twin
plane is (11-1) and the angle between the mirror symmetri-
cal planes is 141°. The formation of twins is attributed to the
surface tension from the eutectic liquid droplet. Field-effect
transistors based on single ZnTe twin nanowire are con-
structed, the corresponding electrical measurements demon-
strate that the twin nanowires have a p-type conductivity
with a mobility (u) of 0.11 em?V~1S™!, and a carrier
concentration (n) of 1.1 x 107 ¢cm™3. Significantly, the
negative differential resistance with a peak-to-valley current
ratio of about 1.3 is observed in p-type twin ZnTe nanowire
field-effect transistors at room temperature. As the periodic
barriers produced in the periodic twin interfaces can form
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multi-barrier and multi-well along one-dimensional direc-
tion. The multibarrier can be modulated under external elec-
trical field. When the resonant condition is met, the space
charge will be enhanced with the inherent feedback mecha-
nism, and the resonant tunneling will occur.

1 Introduction

One-dimensional (1D) nanostructures have been consid-
ered as ideal building blocks for nanoelectronics, nano-
optoelectronics, nanosensors, nanobiotechnology, and en-
ergy harvesting applications [1-9], whose properties can
be influenced by their structures, morphologies, and sizes.
As one member of 1D nanostructure, nanowires (NWs) or
nanoribbons (NRs) with twin structures have attracted great
research interests due to novel geometric shape and crystal
symmetry [10, 11]. Usually, during the growth process, a
twin structure can occur spontaneously because of the lower
formation energy, even under well-controlled crystallization
conditions. Until now, several nanostructure twins have been
reported. The ZnS bicrystalline NRs were synthesized using
chemical vapor deposition by Liu et al., which were used to
fabricate UV sensors and optoelectronic nanodevices [12].
The formation and photoelectric properties of the periodic
twin ZnSe/SiO; nanocables were also presented by Fan et
al. [13]. Davidson et al. have studied the lamellar twinning
in semiconductor NWs. and presented a semiquantitative
model to explain the twin formation mechanism in III-V
and IV groups NWs [14]. The formation of twinning mod-
ulation ZnSe NWs with a defect-related photoluminescence
emission has been reported by Wang et al. [15]. The twin
existed in 1D ZnO nanostructures have also been presented
by Ding et al. [16].
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As an important direct band semiconductor material of
II-VI group, ZnTe has a direct band-gap of 2.26 eV at room
temperature. The applications of ZnTe in green light emit-
ting diodes, X-ray detectors and solar cells have been well
recognized [2, 17-20]. Interestingly, the intrinsic ZnTe usu-
ally exhibits p-type conductivity and this character can be al-
lowed to form p-n junctions as well as heterogeneous struc-
tures by combining ZnTe with other n-type semiconductors
[19, 21]. To date, some ZnTe nanostructures have been syn-
thesized and the electrical properties were also investigated.
Zhang et al. reported the synthesis of p-type single-crystal
ZnTe nanoblets (NBs) in organic solutions [17]. That the
ZnTe NWs core showed p-type electrical properties while
the SiO, shell acted as an effective insulating layer was re-
ported by Cao [22]. Li et al. reported the synthesis and the
optical absorption band edge of ZnTe NWs arrays [23]. The
dependence of the growth morphologies ZnTe nanostructure
on temperature has been discussed by Meng et al. [24]. The
p-type conductivity of ZnTe nanoribbons by nitrogen doping
has been studied in our previous paper [25]. However, the
electrical conductivity of twin ZnTe NW is not discussed up
to present, particularly in the case of advanced nanoscaled
device structures based on p-type twin NW.

In this paper, the synthesis of the periodic twin NW was
explored, the twin ZnTe NWs were characterized by us-
ing field emission scanning electron microscopy, transmis-
sion electron microscopy, and a selected-area electron dif-
fraction. The growth mechanism of the twin NW via the
vapor-liquid—solid (VLS) growth was discussed. Then the
p-type electrical conductivity and transfer properties based
on nanofield-effect transistors (nano-FETSs) were investi-
gated. Significantly, the negative differential resistance was
observed in twin ZnTe nano-FET, which can be explained by
using the resonant tunneling among the periodic twin bar-
riers. This study can develop the application of twin ZnTe
NWs in new kind of nanoelectric devices.

2 Experimental

The twin ZnTe NWs were synthesized in an alumina tube
furnace via thermal evaporation process. High-purity ZnTe
powder (99.999%) was loaded into an alumina boat and then
placed at the center of the quartz tube furnace. Si substrates
coated with 20 nm gold catalyst were placed in the down-
stream direction from the ZnTe source. After the tube evac-
uated to a base pressure of 10~2 Torr, the mixture of Ar and
Hjy with a volume ratio of 90:10 was used as the carrier gas
and kept at a constant flow rate of 60 standard cubic cen-
timeters per minute (sccm), while the ZnTe source and the
substrates were heated at a rate of 10 Kmin™! to 1100 K
and 860 K, respectively. During the experiments, the pres-
sure inside the tube was maintained at 600 Torr, the duration
was 1 h.
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Morphology and structure characterizations of the as-
synthesized twin NWs were characterized by using field-
emission scanning electron microscopy (FESEM, SIRION
200, FEI), X-ray diffraction (XRD, D/max-yB), transmis-
sion electron microscopy (TEM) and high-resolution trans-
mission electron microscopy (HRTEM, JEM-2010, JEOL)
with selected-area electron diffraction (SAED). The compo-
sitions of the nanowires were analyzed by energy-dispersive
X-ray spectroscopy (EDX, OXFORD, equipped on the
SEM).

To study the electrical properties of 1D periodic twin
ZnTe NWs, the FETs based on the twin NW were con-
structed. For the preparation of FETs, ZnTe NWs were de-
posited on a degenerately doped silicon wafer with 300 nm
dielectric of silicon dioxide. A mesh-grid consisted of 5 um
tungsten wire was used as the shadow mask and nickel elec-
trodes (120 nm) were deposited in a high-vacuum electron-
beam evaporation system. The electrical measurements were
conducted by using a semiconductor characterization sys-
tem (Keithley 4200) at room temperature.

3 Results and discussion

3.1 The synthesis and characterization of twin ZnTe
nanowires

Figure la shows the SEM image of the as-synthesized pe-
riodic twin ZnTe NWs. Typically, the NWs have a uni-
form wire-like geometry, tens of micrometers in length, and
60-100 nm in diameter. From the high-magnification im-
age in the top inset, the surface microtopography of the as-
synthesized NWs is characterized as twin crystal. The bot-
tom inset shows an EDX spectrum of the twin NWs, which
reveals the presence of Zn, Te and Si (the Si peak comes
from the Si substrate), the Zn:Te atomic ratio is semiquanti-
tatively calculated to be about 43:57 revealing a large non-
stoichiometry with many Zn vacancies, this result is the
same as our early report [25]. Figure 1b is a typical low-
magnification TEM image of the periodic twin ZnTe NW,
which has a diameter of about 80 nm with clean and smooth
surface. The measured angle between the two symmetrical
planes is 141°, which repeats in every conjoint twin through-
out the entire nanowire. Figure 1¢ shows the HRTEM im-
age of twin nanowires, and Fig. 1d gives the corresponding
SAED pattern recorded along the [011] zone axis, which
consists of two sets of diffraction spots as indexed. The
detailed electron diffraction analysis reveals that the NW
has a twin relationship and shares a common (11-1) plane.
The growth of NW is along [11-1] direction, and the angle
between the (-1-1-1) facets of nanowires sidewall is 141°,
the value of calculation is in well agreement with the mea-
surement. In the XRD pattern as shown in Fig. le, all of
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Fig. 1 (a) The SEM image of the typical as-synthesized twin ZnTe
NWs. The top inset is the high-magnification image; the bottom inset
is an EDX spectrum of the twin NWs. (b) A typical low-magnification
TEM image of the twin ZnTe NW. (¢) The HRTEM image of twin
ZnTe nanowire. (d) The corresponding SAED pattern recorded along
the [011] zone axis. (e) XRD patterns of twin ZnTe nanowires. (f) The
schematic diagram of the growth process of twin ZnTe NW

the detected peaks can be indexed to a standard diffraction
card (JCPDS No. 15-0746), which indicates the twin of zinc
blende structure (space group F-43m (216)).

The schematic diagram shown in Fig. 1f reveals the ver-
tical cross-section of the growth process of ZnTe twin NW.
The growth mechanism of ZnTe twin NW can be under-
stood in view of the fundamental theory of thermodynamics
and dynamics, respectively. The crystal preferentially grows
via close-packed planes {111} to minimize the surface en-
ergy. Moreover, the formation of periodical twin can be at-
tributed to the periodical surface tension coming from the
eutectic liquid droplet. Usually the growth of NW is domi-
nated by a gold catalyst VLS growth mechanism in thermal
evaporation process. Without a doubt, the {111} planes of
zinc-blende structure ZnTe have the lowest interface energy
with the gold liquid droplet on the silicon substrate [13,
17, 24]. At elevated temperature, the source powder sub-
limes, and the resulting gas clusters or molecules of ZnTe
and Hy would hit reciprocally, then form active free-matrix,
atomic-cluster, and molecular-cluster denoted as active par-
ticles [25]. When transported to the low-temperature regions
by carrier gas and thermal diffusion, these active particles

will be adsorbed and diffuse to the surface of the gold-coated
Si substrate, then land at a suitable site. Therefore, ZnTe
will form eutectic cell structure with the gold liquid droplet
[26]. As the absorbing process continues, the concentration
of ZnTe in the droplet will become higher and exceed a crit-
ical level, then, the solid ZnTe precipitate at the interface be-
tween the liquid eutectic droplet and Si substrate. Due to the
variable wet ability and surface tension of the catalyst liquid
droplet and the solid ZnTe, most of the precipitated ZnTe
crystals would form a {111} plane to minimize the surface
energy, and align its {111} facets upward in the initial stage
[13, 15, 24]. As more ZnTe vapor is absorbed into the metal
liquid droplet, ZnTe continuously precipitate at the interface
of the liquid droplet/ZnTe solid disk/rod to achieve a dy-
namic balance. The continuous precipitation will propel the
axial growth of the NW and impel the liquid metal tip away
from the substrate along the direction of (111) to maintain
the minimum surface energy of the crystal. On the other
hand, the zinc blende ZnTe is a polar crystal with the atomic
layer of Zn for a positive plane of (111) and the atomic layer
of Te for a negative one of (-1-1-1). Because Zn has a higher
saturated vapor pressure than Te, the composition of intrin-
sic ZnTe single crystal tends to the deviation toward the Te
excess side [19, 25, 27], and the growth speed of these two
planes is different, and the growing speed of atomic layer of
Te is faster than that of the Zn layer. Thus, this alternative
growth of different atomic layers can lead to the increase
of periodical disturbance from the initial growth. It can be
suggested that the initial close-packed plane is (11-1) shown
in Fig. 1f, but under the integrated effect of various distur-
bance caused by the different growth speed of plane and the
directional flow of carrier and thermal diffusion, the atoms
of ZnTe precipitate along another close-packed plane of
(-1-1-1) to reduce the surface energy. So, the expanding
edges of plane of (-1-1-1) would push onto the left sidewall
of the liquid droplet, and the layers of closed-packed plane
(-1-1-1) are formed sequentially. Consequently, the plane
formed progressively will lead to a high compressive stress
with the increasing surface tension and restrain the further
growth. Therefore, as the growth continues, the compressive
stress will reach the critical level eventually. As a result, the
close-packed growth along [-1-1-1] direction is stopped by
surface tension of the liquid droplet, so it needs to choose
another preferred growth direction. Interestingly, the closed-
packed direction are changed from [-1-1-1] to [-111] to the
right as shown in Fig. 1f. In this case, the compressive
stress to the left will be released gradually. After layers of
a close-packed plane formed progressively, the compressive
stress to the right will reach the critical level, so the closed-
packed direction will change once again from [-111] to
[-1-1-1] to the left. Significantly, two close-packed planes of
(-1-1-1) and (-111) are symmetric with a twin plane (11-1),
and the angle between two symmetric planes is 141°; this an-
gle agrees well with that shown in the TEM image Fig. 1b.
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In short, the alternating stacking direction of atoms of ZnTe
NW affected by repeating the alternative compressive stress
leads to the formation of periodic twin NW and the ther-
modynamic balance of integral system. Furthermore, the in-
tegrated growth direction of twin is along symmetry center
axis, i.e. [11-1].

3.2 Electrical properties

Electrical properties of 1D nanostructure sensitively depend
on their structures, morphologies, and sizes. As one of the
periodic superlattics structure, the twin ZnTe nanowires can
present novel electronic transport characteristics. The nano-
FETs are constructed based on a single ZnTe twin NW,
and the electrical measurements are performed. The inset
in Fig. 2a illustrates the device structure of the FET with
the heavily doped p™-Si substrate and the SiO; layer (300
nm) serving as the back-gate and the gate dielectric, respec-
tively. As shown in Fig. 2a, the typical source-drain current
versus voltage (lgs—Vys) curves are obtained at varied gate
voltages (Vg) from —30 V to 10 V in a step of 10 V. It
can be observed that the conductance of the NW monoto-
nously increases with the decreasing of the Vg, such gate-
dependent I4,—Vys characteristics reveal the p-type conduc-
tivity of twin ZnTe NWs [25, 28]. Figure 2b shows the cor-
responding transfer characteristics (/gs—V,), which depicts
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Fig. 2 Electron transfer characteristics of twin ZnTe NW FET. (a) /4
vs. Vys curves for different V, that range from 10 to —30 V. The inset
is a schematic diagram of twin ZnTe NWs FET. (b) Ig4s vs. V, curve
measured at Vygs = —1 V. The inset is the SEM image of a typical twin
NW FET device

@ Springer

the 15—V ¢ curve at Vgs = —1 V. The SEM image for a typi-
cal device is shown in the inset of Fig. 2b. The hole mobility
(up) can be deduced from the equation, g, = up L? /C Vs
[29]; here, gm(gm = dlgs/d V) is the transconductance in
the linear region (V, from —20 V to 0 V), and the value is
about 0.34 nS, C is the capacitance of the NW, and L the
length of the NW channel of 4800 nm. The capacitance can
be given by C = 2mepesio, L/ In(4h/d), here €50, is the di-
electric constant (3.9 for SiO,); & is its thickness, and d the
NW diameter of 80 nm. Taking account of the diameter (d)
and gate length (L), the capacitance (C) can be calculated to
be 0.72 fF. To put these values into the above equation, up
can be deduced to be about 0.11 cm? V~—! S~!. This value
is close to that of single crystalline ZnTe NWs reported in
the literature [30], but much lower than the value of ZnTe
thin film [31]. The resistance of ZnTe twin NW (R) is es-
timated to be about 5 x 10° € and resistivity (p) is about
520 Q2 cm by taking account of the dimensions of the twin
NW. The hole concentration () thus can be estimated to be
about 1 .1 x 107 cm™3 from the relations of p = 1/njepuy,.
By extrapolating the /4s—V, curve to V, axis, the threshold
voltage (Vi) is estimated to be 5 V. In fact, the p-type be-
havior of the intrinsic ZnTe NWs is attributed to the intrin-
sic defects such as Zn vacancies in the twin NWs due to the
self-compensation effect [19, 21, 25], but the carrier concen-
tration and mobility are different from our report [25] due to
the different crystal structure and morphology. The defect
theory can be used to explain the p-type conductivity of the
twin ZnTe NWs [23, 25], and then the neutral Zn vacancy
of V7 and the ionized vacancies will bring about the ac-
ceptor energy level in the forbidden energy gap. Meanwhile,
the holes can be generated at the top of valence band, which
contribute to the p-type conductivity.

It is worth noting that a series of negative differential re-
sistance (NDR) are observed at source-drain voltages (Vys)
range from —1.9 Vto —2.4 V and 1.9 V to 2.4 V, respec-
tively, which monotonously increase with the decreasing of
the gate voltages (V,) from 10 V to —30 V. As shown in
Fig. 2a, the peak-value voltage (V) is at 2.3 V, and the
valley-value voltage (V,) is at 2.4 V. Accordingly, both the
peak-value current (/,) and the valley-value current (/,)
increase with the decreasing of the gate voltage (V,). The
peak-to-valley current ratios are estimated to be about 1.3,
which is close to that of carbon nanotube [32].

The theory of tunneling in 1D has been presented in al-
most all quantum mechanics textbook. The first tunneling
diode or Esaki diode was discovered by Esaki in 1958 [33].
Esaki and Tsu suggested that a superlattice can also form
NDR in 1973 [34], and NDR in a GaAs/AlAs superlattice
was achieved in 1990 [35]. Up to now, the NDR has been
demonstrated in nanoelectronic device, the resonant tunnel-
ing quantum-well at frequencies as high as 2.5 THz of GaAs
has been observed by Sollner et al. [36]. In addition, nega-
tive differential resistances in carbon nanotube field-effect
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transistors (FET) have been demonstrated [32, 37]. But all
the NDR reported above are achieved in the heterogeneous
structure and diodes, which can be explained by coherent
tunneling and sequential tunneling theory. In our experi-
ments, the NDR is first observed in twin ZnTe NW, but this
occurrence is different with that of heterogeneous structure.
The interface between the different close-packed planes be-
have like the energy potential barriers and impede the elec-
tron transmission, the periodic potential well between two
barriers can be formed in series along 1D NW direction.
From the HRTEM image shown in Fig. lc, the length be-
tween two barrier planes is only about 18 nm, which is
shorter than the value of .t (u is the mobility, T the transmit
time), so the continuous energy band can be split and form
discrete energy level due to the quantum effect. Under the ef-
fect of external electrical field, the energy level can slope to
a certain extent. The resonant tunneling can occur when the
energy of some electrons reaches one sloped energy level,
and the current becomes large, and the NRD appears.

The current of twin NW can be divided into two parts:
the intrinsic current (/i;) and the resonant tunneling current
(IrT). The I, mainly includes the thermoelectron emission
current (/i) and the inelastic tunneling current (/). Both
Iit and Iy increase monotonically with the increasing bias.
In particular, the Iy, is intensively dependent on the temper-
ature, and becomes the main component at high bias. How-
ever, if it meets the resonant tunneling condition, the Irt
will play a remarkable role in the electrical conductivity.
These characteristics imply that the enhancement of space
charge is available for modulating the interfaces barrier with
the inherent feedback mechanism of resonant tunneling in
1D multi-barrier nanostructure. To illustrate the tunneling
process simply, a model for resonant tunneling can be ap-
plied to the NDR of p-type ZnTe twin NWs as shown in
Fig. 3a. This is a schematic diagram of one three-barrier
coherent-tunneling model, the potential barriers on the twin
grain boundary behave like the semi-transmitted reflective
mirror, and the quantum well between two potential barriers
correspond to one mirror reflection resonant cavity which
can be thought as Fabry—Perot resonant cavity [38]. The
tunneling process of electrons includes entering into reso-
nant cavity, multireflection between two reflective mirrors,
and transmitting across the barrier. Here, the tunneling cur-
rent is in phase with the field due to the similar wells and
barriers. The conception of electronic wave can be used to
demonstrate the physical processes of the resonant tunnel-
ing, Fig. 3b is considered as an illustration under the effect
of electric field. The electron with energy of E; in region
A through potential barrier B inject into potential well Wy,
and then the electronic waves arrive in the potential barrier
B, along the 1D direction. Partial electronic waves transmit
B>, W», and B3 and so on. Meanwhile, part of them reflects
to W, along reverse direction, a part transmits B, and W

Fig. 3 The schematic diagram of resonant tunneling -effect.
(a) A three-barrier coherent-tunneling model of resonant tunneling.
(b) An illustration of the three-barrier coherent-tunneling model un-
der the effect of electric field. (¢) The multibarrier model of resonant
tunneling

back to region A, and a part reflects back to Wy. In effect,
the electrons on the potential well energy level will resonate
with a velocity of V = 27};# between two barriers, B; and
B, or B, and B3, etc. If it meets the resonant condition of
E = Eq (Ep the corresponding resonant energy), the ampli-
tudes of electronic waves will be enhanced and reach the
maximum gradually after multi-reflection. Meanwhile, with
the amount of electron trapped into the well increasing, the
oscillating currents will reach to the stationary states as well
as self-accelerating under the condition of resonant tunnel-
ing. Furthermore, the integrated transmission coefficient T
depends on transmittance 7 of every potential barrier [39],
the relation can be express as T = %, where T is the
transmittance of first barrier, and 75> of the second. When the
energy E = Eo, T1 =T, and so T = 1, the resonant current
will reach the maximum. However, if E # E, the electronic
waves cannot meet the resonant condition. Indeed, the in-
tegrated transmittance 7 = 717>, and then both the value
of T1 and T, are exponential small numbers, so the value
of 1T, « 1. Similarly, the three-barrier module can be ex-
tended to the multibarrier model as shown in Fig. 3c.

The resonant tunneling is not only dependent on the bar-
rier height and width, but on the energy distributions of po-
tential well. In the quantum mechanics point of view, the
conduction band (or valence band) is split into discrete sub-
bands in a quantum well being proportional to the well width
of L?. The rectangular potential-energy barriers within the

@ Springer



474

S.Lietal.

well (such as shown in Fig. 3a) along with 1D direction is
given by E, = ;;:T"z*z (ny =1,2,3,...), where h is Plank
constant, m* effectivxe mass of electron, L, width of the
well. In the case of no bias, the electron energy E is above
E (the high energy side under electrical field condition), so
that resonant tunneling cannot occur. When the bias voltage
is added, energy band slopes downward. Thus, the E de-
creases to the value below the E1, resonant tunneling starts
and this voltage is denoted threshold voltage (V7). As the
bias increase, the E is pulled to the special energy band the
Ey (below the E and above the E» (the low energy side un-
der electrical field condition)). Then the resonant tunneling
would be induced by the two equivalent energy bands the
E and the E(y. The resonant current will be enhanced with
the increase of the bias. When the bias reaches to the peak
value (V),), resonant current arrives at the peak value (/).
If the bias increases continually, the resonant tunneling ef-
fect decreases gradually and the resonant current declines to
zero. Meanwhile, the E decreases into the low energy level
below the E>. In summary, it is reasonable to conclude that
the periodic barriers produced in the periodic twin interfaces
form multi-well along 1D direction. Under the influence of
an electric field, if it meets the resonant condition, the space
charge could be enhanced in Fabry—Perot resonant cavity by
modulating the interfaces barrier with the inherent feedback
mechanism, accordingly, the NRE contributes to the signif-
icant change of the current in the twin p-type ZnTe NWs
FET.

4 Conclusion

The resonant tunneling in twin p-type ZnTe NW FET has
been studied. The periodic twin ZnTe NWs were synthe-
sized via a conventional thermal evaporation process. The
characterization reveals that the twin ZnTe NW has the zinc-
blende crystal structure with the common growth direction
of [11-1], and more than ten micrometers in lengths. The
formation mechanism of periodic twin can be attributed to
the alternative surface tension of the eutectic liquid droplet.
The electrical measurements of nano-FET based on sin-
gle twin NW indicate that the twin NW has the p-type
semiconducting characteristic with the carrier concentration
(ny) of 1.1 x 10'7 ¢cm™3, mobility of 0.11 cm?V~—!§~!
and the threshold voltage of 5 V. It is significant that the
negative differential resistance induced the resonant tun-
neling is observed in single p-type twin ZnTe NW FET.
The semi-quantitatively measurement demonstrates that the
peak-value voltage (V) is at 2.3V, the valley-value voltage
(V) at 2.4V, and the peak-to-valley current ratio is about
1.3. The resonant tunneling can be attributed to the periodic
barrier produced in the periodic twin interface. Under the
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influence of an electric field, the space charge could be en-
hanced by modulating the interfaces barrier with the inher-
ent feedback mechanism in 1D multi-barrier nanostructure.
These results above can offer a new resonant tunneling pro-
totype based on the single p-type twin ZnTe NWs, and will
promote the application of twin ZnTe NW in nanoelectric
device.
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