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It has been demonstrated that the presence of oxide monolayers in semiconductor surfaces alters
the electronic potential at surfaces and, consequently, can drastically affect the electronic transport
features of a practical device such as a field effect transistor. In this work experimental and
theoretical approaches to characterize Al/germanium nanowire Schottky devices by using samples
covered with a thin oxide layer (2nm width) were explored. It was also demonstrated that the
oxide layer on Ge causes a weak dependence of the metal work function on Schottky barrier
heights indicating the presence of Fermi level pinning. From theoretical calculations the pinning
factor S was estimated to range between 0.52 and 0.89, indicating a weak Fermi level pinning
which is induced by the presence of charge localization at all nanowires’ surface coming from
interface states. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4857035]

. INTRODUCTION

Nanowires and nanobelts-based devices are at the center
of the new developments in the nanoscale research. Low
dimensional systems are ideal platforms to obtain an interface
(building blocks) between the molecular world and useful
solid state devices. Germanium nanostructures can be very
interesting from a technological point of view mainly because
of their interesting characteristics such as small and indirect
band gap (0.67eV), high electron mobility in comparison to
silicon, and large characteristic Bohr radius (24.3nm) also
compared with Si (4.9nm). This last feature causes quantum
size effects to be more prominent in Ge nanowires.'”
However, fabrication of reliable electrical contacts to nano-
wires remains a challenging task mainly due to the presence
of some degree of surface disorder which affects the carriers
transport in nanowires, making difficult the control of the
Fermi level of the whole system. The presence of surface dis-
order in such nanostructures is commonly addressed to surface
native oxides which unintentionally grow on the nanowires
surface and sometimes drastically affect the injection of cur-
rent trough the nanostructure.'® It is worth to remember that
the high surface to volume ratio in nanostructures enhance
surface effects and the influence of all surfaces in the transport
mechanism should be equally considered. Usually, the disor-
der leads to a localized behaviour of carriers transport, and a
transition from a simple excitation semiconducting mecha-
nism to a more complex one such as the variable range hop-
ping mechanism (VRH) can be observed. This mechanism
arises when there is a sufficient amount of disorder states
causing the random component of the crystalline potential to
be large enough to localize the electrons wave functions near
the band edges.''™'* In fact, we recently show that not only
the contribution of the localization of charges on a nanostruc-
tures surface alter its conduction process'>!” but also the
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VRH mechanism can be observed in as-grown Ge nanowires
as a consequence of this behaviour.'? In this work electron
transport measurements and numerical calculations were asso-
ciated in order to study the effects of the interface states on
the characteristics of the electrical contacts fabricated to Ge
nanowires covered with a thin oxide layer (<2nm). The cal-
culations showed that the contribution of surface states has to
be taken in all surfaces, leading to a non negligible band bend-
ing near the nanowire’s surface which, in turn, results in an
effective Schottky barrier height. In a general way, these find-
ings can also be extended to the interpretation of the sensing
mechanism (involving exchange of charges through the nano-
wire’s surface with different environments, for instance) usu-
ally observed in these structures.'®?° Experimental data on
electronic transport in Ge nanowires were also analysed using
our theoretical approach, providing the opportunity to estab-
lish a quantitative understanding of the influence of surface
states on nanowire electrical properties.

Il. EXPERIMENT

Ge nanostructures were fabricated by using the vapour-
liquid-solid (VLS) approach, first demonstrated by Wagner
and Ellis.*' The growth apparatus used for this experiment
consisted of a single-zone tube furnace (Lindberg/Blue M)
through which a controlled flow of Ar drives the precursor
materials to the hot zone (950°C). A quartz tube containing
both the SiO, (100) substrates (with catalyst nanoparticles
formed by thermal annealing of an evaporated 20A thick
gold layer) and the germanium powder was used to hold the
samples and to confine the produced vapour. In order to
decrease the non intentional native oxide layer on Ge nano-
wire’s surface the tube was continuously pumped (1072 Torr)
and purged (50 sccm Argon gas flux (purity >99.998%) at a
fixed temperature (200°C). After a growth of 40min at

© 2013 AIP Publishing LLC
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950 °C, Ge nanowires were grown on the substrate. The mor-
phology of the products was investigated by Field Emission
Gun Scanning Electron Microscopy (FEG-SEM, Zeiss Supra
35, equipped with an energy-dispersive X-ray spectrometer
(EDS)). The micrography of the as-prepared Ge nanowires
on SiO, substrates is depicted in Figs. 1(a) and 1(c). As
observed in Fig. 1(a) the diameter of as-grown nanowires
was found to range between 50 and 200 nm, and the length is
of tens of micrometers. Figure 1(c) depicts the EDS analysis
of the samples where a negligible content of oxide species
was found. The structure of the as-synthesized Ge nanowires
was examined using X-ray diffraction (XRD, Rigaku diffrac-
tometer model DMAX 2500PC, 40kV, 150 mA, with a Cu
Ko radiation) and transmission electron microscopy (TEM,
Tecnai F20G2, Phillips). The XRD pattern shown in Fig.
1(b) indicates that the samples are single crystalline in the
diamond-like cubic phase*? with the lattice constant
a=0.565nm (Fd-m space group). The TEM measurements
also confirmed the samples high crystalline quality. The inset
in Fig. 1(d) displays a TEM image of an individual Ge nano-
wire (inset) from which it was found that the nanowires
grow along the [110] orientation. Also, the presence of a thin
non-intentionally grown oxide layer (GeO,) was found.
This layer is known to be always present in germanium:>
in our case the TEM analysis shows a disordered oxide
layer, thickness of less than 2nm, in agreement with the
previous data from XRD and EDS. In order to perform
temperature-dependent transport measurements aluminium
contacts were fabricated directly on the as-grown samples.
Considering the potential integration of Ge nanowires with
present Si technology, aluminium was chosen for the con-
tacts because it is one of the most used metals for electronic
devices fabrication. Different geometries for the contacts
were patterned (interdigital or dots electrodes) on samples,
but in both geometries the results remain unchanged. The
temperature-dependent transport measurements were carried
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out in a closed cycle helium cryostat (Janis Research, CCS
400H) working at a pressure lower than 10~° Torr. The re-
sistance curves were monitored by an electrometer (Keithley
Instruments, 6517B) using the four contacts geometry. For
current-voltage characterization two contacts geometry was
used.

lll. RESULTS AND DISCUSSION

As stated by many authors,>*? the oxide layer presents

in Ge nanostructures can be reduced with chemical reactions
or thermal annealing but not completely avoided: after a
short period of time the oxide layer re-grow. From a practical
point of view it is very interesting to study the real case in
which a thin oxide layer is present. Also, further advances of
existing technologies call for the capacity to control both as-
sembly and integration of structures on scales reaching more
than individual nanowire devices. As an example, a device
made from several nanowires is suitable for practical appli-
cations such as sensors since it has a better signal-to-noise
ratio, a larger activation area, and a longer lifetime, being
easier not only to manipulate but also to integrate with other
devices.”?® In this sense a four-terminal device was fabri-
cated in which the active elements are the oxide-capped ger-
manium nanowires. Figure 2 depicts data on temperature-
dependent transport measurements and a sketch of the Ge-
based device.

To estimate the resistivity, the well-known equation
p=RA/L was applied considering several single devices
(L=5pum and cross section areas from 107" t0 1077 m2)
using resistance data. The values of p(300K) were found
from 2 x 10* to 7 x 10* Q cm. For the carrier density evalua-
tion the equation n = 1/peu was used considering the carrier
mobility to be 0.01 cm?/V s (Ref. 12) and the above resistiv-
ity values, resulting in 1-3 x 10'®cm ™. Fig. 2(a) reveals the
semiconducting character of the samples. The experimental
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(b) FIG. 1. (a) SEM image of as grown Ge
nanowires showing diameters between
80 and 240nm and lengths of tens of
micrometers. (b) XRD pattern of Ge
nanowires samples, agreeing with PDF
4-545 where the cubic structure of ger-
manium is observed (the small peak at
~26° represents the contribution of
GeO, oxide). (c) EDS spectrum on
36 48 60 nanowires is showed in (a) confirming
20 (degree) the negligible GeO, oxide quantity. (d)
J HRTEM image of a single nanowire
showing a thin oxide layer (<2nm)
and the important crystallographic
planes. The lattice spacing was found
to be 0.32nm, corresponding to the
(111) plane family. Lattice fringes
formed an angle of 54° with the nano-
wire’s growth axis so that the growth
direction of the nanowire was found to
be along [110]. In the inset, a low reso-
lution image of the nanowire is
depicted.
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curve does not follow the expected simple thermal excitation
law for a semiconductor. The observed behaviour was well
fitted to the VRH conduction mechanism due to Mott.'" In
this model, phonons are required to conserve energy during a
hop from site to site: the higher phonon density at a higher
temperature increases the hopping rate and thereby decreases
the resistivity. The VRH mechanism is described by

T

1/4
p(T) = poexp (7()) ; M

where T :%, N(Ep) is the density of states at the

Fermi level, kg is the Boltzmann constant, and o~ ! the local-
ization length. The conduction takes place by hopping of
small region (kgT) in the vicinity of the Fermi level where
the density of states remains almost a constant. This condi-
tion is fulfilled when the temperature is sufficiently small or
when the energy states are uniformly distributed. The agree-
ment between theoretical and experimental curves [inset of
Fig. 2(a)] confirms that the VRH process governs the trans-
port in whole range of temperatures (77-300K), providing
us with a hopping length ~60 nm (at 300K)."" This length is
the mean distance that electrons must hop in order to contrib-
ute to the conductivity.'! Also it is in reasonable agreement
with the Bohr radius of germanium (24 nm), and it is smaller
than the nanowires. The large value of the localization length
could be a manifestation of a change in the nature or in the
type of localization centers through which the conduction
occurs.’

As revealed by the TEM analysis, the surface of germa-
nium nanowires is naturally covered by a thin oxide layer
produced during the synthesis process but also due to the
contact to the atmosphere. As above mentioned, the
Ge/GeO, interface is disordered due to its nature, and it indu-
ces a disordered potential that should affect the conduction
of electrons inside the Ge nanowires.'® In fact, a small sur-
face disorder could dominate nanowire bulk properties as the
sizes of the samples are scaled down (by controlling the
Fermi level and screening out electrons from surface, for
instance). As an example of this problem, it is interesting to

back-to-back model. (d) Sketch of the
experimental device with aluminium
contacts over Ge nanowires layer on
Si/SiO, substrate.

mention that current-voltage curves obtained in devices pro-
duced under the same conditions and using identical metallic
contacts can be very different presenting electrical character-
istics ranging from Schottky to ohmic behaviour.*® This
implies that metal/semiconductor contacts depend in large
part on interfacial chemistry.*'*? It should be noted that the
natural surface disorder can trap charges “spreading” the
interface states into a few nanometers inside the semiconduc-
tor. In this scenario the current-voltage dependence is useful
for extraction of electrical parameters of these devices, and
they can be seen in Fig. 2(b) for different temperatures.
Clearly, two Schottky barriers were observed. This metal/
semiconductor/metal can be modelled using the back-to-
back Schottky model under the usual thermionic emission
theory assumptions. The total current is**

2J01Jg2sinh (%)
J(V,T) = . _ o
Jorexp (2/2?) —&-Jozexp(ﬁ)
where
—q®
Joroa(V) = A"Texp | L8182 3)
kgT

According to Rhoderick,* image-force effects always
result in a voltage dependence of the barrier height which is
then an effective barrier as follows:

1
®p1 g2 = Pprop20 + Vi < - 1>. 4)

nin

In this equation, n;, are the ideality factors, ®g; and
Dp(, are the values of barriers in an ideal Schottky junction,
and V,, are the voltage drops at the junctions. Fitting the
current-voltage curves in Fig. 2(b) using Eq. (2) ®pg
between 0.54 eV (220K) and 0.48 eV (400 K) was found and
Dpgo between 0.55eV (220K) and 0.51 eV (400 K).

In order to interpret the experimental data on barrier
heights a model based on a distribution of charges near the
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surface of the nanowires was developed, accounting for the
disorder induced interface states.*> Lu and Barret®” used a
similar idea in order to study the consequences of a distribu-
tion of interface states in metal/GaAs Schottky barriers.*? In
that work, the interface states were spread out in thin few
layers inside the semiconductor under the metallic contact.
Taking into account the size of Ge nanowires, the objective
here was to determine some parameters (such as the
Schottky barrier) by considering the non-uniformities on the
charges distribution in all nanowires surfaces. For this pur-
pose the Poisson equation was solved by considering a single
germanium nanowire device with two electrical contacts as
sketched in the inset of Fig. 3(a). The Schottky contact was
characterized by a barrier height of 0.58 eV (Ref. 36), and a
rectangular shaped intrinsic germanium nanowire sur-
rounded by vacuum was used. For this geometry, the Poisson
equation is written as

V.[e(F) V()] = p(7), (5

where €(7) is the electrical permissibility, ®(7) is the electri-
cal potential, and p(F) is the electrical charge density. This
density should include the contribution of electrons in the
conduction band and additional effects of charges trapped in
interface states. In order to account effects of surface charges
an energy and space distribution for interface states were
considered as follows:

J. Appl. Phys. 114, 243705 (2013)

where Ngg/Lp is the surface density/penetration depth of an
interface state, d (F : 17) is the distance between the points 7
and /7, and ffsd’j represents the integral over the nanowire
surface, Ep is the activation energy of a given state, and Eyis
the Fermi level.

The distribution presented in Eq. (6) was used in all the
surfaces defining the nanowire: in this one-dimensional ge-
ometry, the effect of trapped charges in the lateral oxide/na-
nowire interfaces as above mentioned (usually the surface
states are considered only at the metal/semiconductor inter-
face) cannot be neglected. Even in the case where no oxide
layer was detected, the interface air/nanowire interactions,
leading to charge localization, should be considered. In fact,
all applications of nanowires as sensing elements invariably
depend on the ability of the electron transport in nanowire to
be modified by effects of such surface charges.

Equation (5) was numerically solved assuming different
values for the density of interface states (from 10'% to 10'*
states/cm?®) and penetration depth Lp (I nm, S5nm, 10nm).
Also, different values for £, were used. For these calcula-
tions the dimensions of the nanowires were x =3500nm,
y=50nm, and z=35um. The numerical solution was
obtained within the finite difference framework, as follows:
the nanowires and their surroundings were divided into a
mesh of discrete points, and for each point in the mesh, the
values of potential were calculated. At interfaces, the follow-
ing boundary conditions were applied: z direction—at the
face  corresponding to  the  Schottky  contact,
O =0z=0.58¢eV (barrier height); at the ohmic contact,
VO =0 what means flat band; x-y plane—in this plane, the
same condition is applied but considering a distance of 1 um
far from nanowire in both directions, where a vanishing elec-
tric field was assumed. The non linear equation system was

FIG. 3. In panels (a) and (b) are shown
the conduction band energy profile in
x-y plane far from the depletion region
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states densities.
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solved by using the Newton-Raphson method,”” using as
stopping criterion a convergence of 0.05% between two con-
secutive steps. The main results are summarized in Fig. 3.

Cross section plots (x-y planes) for the nanowire con-
duction band in the neutral region (far from the depletion
region due to the Schottky barrier) for different temperatures
are seen in Fig. 3(b) (Ngg=0) and Fig. 3(c) (Nss#0). The
displayed results were obtained for L, =5nm, Ep =0.3eV
which provided the better adjustment to the experimental
values. The effects of the interface states can be readily
observed by the strong changes in the conduction band pro-
file at the surface of the nanowires.

The energy at the vacuum/nanowire interface can be
considered an estimate for the surface potential (®g), and it
reflects the presence of charges randomly distributed by the
interface states. This behaviour was expected: interface
states and the corresponding dipole charges were distributed
in nearby surface layers inside the semiconductor, thus creat-
ing a charged and disordered electrical shell (few nanometers
thick) around nanowires.>%3°

Fig. 3(c) shows the conduction band profile in z direc-
tion for different interface states densities at 300 K. The anal-
ysis of these results should be carefully accounted because
®(z=0) values do not represent correctly the Schottky bar-
rier height. The space between interface (z=0) and z=Lp is
a thin layer where interface states are acting as specified in
our model, and in fact, it is essentially transparent for car-
riers. Then, the Schottky barriers were calculated within
0 < z < Lp taken from the semiconductor surface and ®p val-
ues found should be considered as effective barrier heights.*?
Theoretical and experimentally obtained Schottky barriers
are plotted in Fig. 3(d) at different temperatures, interface
states densities and for z=2.0nm (in 0 <z < Lp range there
is no significant change on their values). From Fig. 3(d) then
the density of interface states can be estimated of our sam-
ples between 10'? and 10'? states/cm?®. Such a density leads
to pinning factors between S =0.89 and S =0.52 by consid-
ering that the density of interface states Ngg in the band gap
of a semiconductor can roughly be estimated from the well
known relationship*’

1-58
Ngs = 1.1 x 1013 <T>cm2. (7)

These S values show a weak Fermi level pinning (the
strong pinning is obtained when the Bardeen limit, S=0,
is reached®") in opposition to results found in metal/bulk
Ge.*'"**> We believe that in bulk samples only the metal/-
semiconductor interface charges contributes to the barrier
formation. Our calculations showed that the random
distribution of charges in the surfaces of the nanowires
contributes to the barrier formation: due to the size of the
samples, disorder in any surface induces a perturbation
which propagates to the whole system affecting even the
space charge region below the metal contact. Then, the
net charge located at electronic levels which were intro-
duced into the gap due to the surface disorder determines
the overall electronic behaviour of the metal/Ge
nanowires.

J. Appl. Phys. 114, 243705 (2013)

IV. CONCLUSION

The effects of interface states on Schottky contacts fab-
ricated to high quality germanium nanowires were studied.
The presence of unavoidable disorder (coming from a non-
intentional grown thin oxide layer) at the nanowire’s surfa-
ces was pointed as the responsible for localizing charges at
the interface, leading to the Fermi level pinning. As observed
in this work, the presence of interface states affects directly
the formation of the Schottky barrier, but their presence
influences the overall electron transport in the nanowires as
confirmed by the observed hopping mechanism. Using an
electrostatic model for the charges distribution on the surfa-
ces of the nanowires, the experimental values of Schottky
barrier were theoretically confirmed.
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