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ABSTRACT
The scaling of traditional metal-oxide-semiconductor field-effect transistors (MOSFETs)
is hitting a limit, not due to difficulties in fabricating short gate lengths, but rather to an ongoing
power crisis. As channel lengths have been reduced power densities of integrated circuits have
risen dramatically. While supply voltage scaling would alleviate many power concerns, the
MOSFET structure fundamentally limits the amount that voltages can be reduced. Because
MOSFET operation is governed by thermal emission of carriers over a potential barrier, the
subthreshold swing from the off to on current is limited to a minimum of 60 mV/decade of
current. Therefore, reductions in the supply voltage will degrade the on/off current ratio.
The tunnel field-effect transistor (TFET) has emerged as a potential solution to these
problems. Current is controlled by band-to-band tunneling through a barrier that is modulated by
the gate, and subthreshold swings below 60 mV/dec. can be achieved. While TFET simulations
are quite promising, subthreshold swings below 60 mV/dec. at technically relevant on-currents
have yet to be demonstrated experimentally. Nanowire geometries and III-V semiconductor
channel materials are predicted to improve TFET performance by increasing gate control and
tunneling current.
In this dissertation the fabrication of TFETs from semiconducting nanowires will be
investigated. First, axially doped silicon (Si) nanowire in situ p-n junctions will be studied. By
controlling the nanowire growth, separate p and n-type segments can be formed to create a
rectifying junction. While as-grown nanowire junctions do not have the abruptness necessary to
facilitate band-to-band tunneling, thermally oxidized nanowires are shown to have a p-n-n+
profile with an abrupt n-n+ junction. By gating the nanowires an abrupt electrostatically-doped p+n+ junction can be formed that permits reverse-biased tunneling. These p-n-n+ nanowires will be
integrated into a top-gated lateral TFET test structure. Current-voltage (I-V) measurements will

iv
show that the gate-controlled tunneling current is composed of both direct band-to-band tunneling
and trap-assisted tunneling components. Finally, p+-n+ and p+-i-n+ InGaAs nanowires with abrupt,
heavily doped junctions will be etched from a planar wafer grown by molecular beam epitaxy
(MBE). The nanowires will be integrated into a lateral test structure, and characterized by I-V
measurements. These results will show that surface conduction is a strong component of device
operation, but that it can be reduced by thermal annealing. TFETs will be fabricated from the p+i-n+ nanowires, and gate-controlled Esaki diode characteristics will be observed. While elevated
surface leakage current will limit the device performance, the Esaki characteristics will indicate
that band-to-band tunneling can be induced in a nanowire TFET. The platforms and analysis
developed in this dissertation will permit advanced studies of semiconducting nanowire TFETs.
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Chapter 1
Introduction

1.1 – Motivation
The proliferation of advanced electronic devices throughout all aspects of our lives is due
almost entirely to the scalability of the metal-oxide-semiconductor field-effect transistor
(MOSFET), the main building block of the complementary MOS (CMOS) integrated circuit. As
famously predicted by Gordon Moore in 1965, the density of transistors in integrated circuits has
doubled approximately every two years.[1] The 2009 International Technology Roadmap for
Semiconductors (ITRS) expects planar CMOS scaling to continue until at least 2015.[2] Beyond
then, it is anticipated that more exotic structures and perhaps even a transistor with a new mode of
operation will be needed.[2]
In addition to permitting increased functionality per chip, scaling has historically led to
direct performance improvements. Unfortunately for modern devices with channel lengths well
below 100 nm, scaling has also led to significant increases in both the active and passive circuit
power density.[3, 4] In fact, passive power has increased so rapidly that it is now on the same
order as the active power. This exponential increase in power density cannot be sustained,
particularly for mobile electronic applications where the available energy is limited.
Recently, the tunnel FET (TFET) has emerged as an attractive replacement candidate for
the MOSFET in low-power integrated circuits.[5-7] Theoretically, it promises lower power by
allowing reduced operating voltages, while maintaining a high on-current for fast performance.
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However, experimental TFETs have not yet demonstrated the performance metrics necessary to
attain low power operation.[8]
In this chapter, the basic operation of the MOSFET will be briefly described, as well as
the reasons for the increase in power density. The operating mechanism of the TFET will then be
described, along with the implications on power consumption. A survey of the literature
concerning TFET theory, simulation, and experiments will be included, which will highlight
problems and potential solutions towards the integration of TFETs into microelectronics. Finally,
the layout of this dissertation will be presented.

1.2 – Basic MOSFET operation and the power crisis
A schematic and corresponding band diagram of a simple n-channel MOSFET are shown
in Figure 1-1.[9] The device is composed of heavily-doped n+ source and drain regions, separated
by a more lightly-doped p-type channel. A gate electrode is aligned over the channel, separated
from the semiconductor by a dielectric layer. When a voltage is applied across the source and
drain (VDS), without any bias applied to the gate (VGS) the potential barrier between the source and
channel prevents electrons from flowing to the drain and there is no drain-to-source current (IDS).
As VGS is increased, the p-type channel is first depleted of holes, and then inverted with a thin
layer of electrons at the channel/dielectric surface. As the inversion layer forms the sourcechannel potential barrier is lowered, electrons can flow through the channel to the drain, and IDS
increases. A plot of IDS vs. VGS of a modern MOSFET[10] is shown in Figure 1-2. For large VDS,
the ideal drain-source current relationship to the gate bias is:
,

(1-1)
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where W is the channel width, L is the channel length, µn is the electron mobility, Cox is the
capacitance of the gate dielectric, and VT is the threshold voltage.[9] The threshold voltage is
defined as the gate voltage applied at the onset of channel inversion, when the density of
electrons in the channel equals the original density of holes. Essentially, VT is the point at which
the device is turned on. However as seen in Figure 1-2, there is still current below the threshold
voltage. This subthreshold current is due to the thermal emission of electrons in the drain over the
channel potential barrier. As such this current is exponentially dependent on the temperature as
well as the barrier height, and therefore VGS. When VDS is a few times larger than the thermal
voltage (kT/q, k = Boltzmann‘s constant), the subthreshold current can be expressed as:
,

(1-2)

under ideal conditions, where m = (1 + Cdm/Cox), with Cdm being the depletion layer
capacitance.[9] The MOSFET subthreshold current is often characterized by the inverse
subthreshold slope (or subthreshold swing), S, of the IDS – VGS curve in mV/decade, given by:
(1-3)

S is therefore minimized by decreasing tox to increase Cox, causing the second term in the brackets
of Equation 1-3 to go to 0. Therefore, the minimum achievable S is 60 mV/dec. at room
temperature under ideal conditions, independent of MOSFET parameters.
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As mentioned previously, as MOSFET dimensions have scaled down, the power density,
particularly passive power, has risen dramatically.[3, 4] The increase in active power is a result of
the retarded scaling of the supply voltage (VDD). In classic device scaling theory, as the transistor
dimensions are decreased VDD is reduced as well. The reduction in VDD maintains constant electric
fields across the device and constant current (normalized by W).[11] In reality, however, VDD has
not scaled at the same rate as the channel length, mostly due to a desire to maintain supply
voltage compatibility between technology generations. Thus, as VDD stays constant while the
device dimensions shrink, the electric fields and current increase, leading to a rise in the active
power. While decreasing VDD to keep pace with channel length scaling would alleviate this
problem, there are two further limits to VDD reduction: the SS and VT. As described above, the
lowest possible S for a MOSFET is 60 mV/dec. Therefore, in order to maintain a ratio between
the on and off-currents (Ion/Ioff) of 106, a minimum VGS of 360 mV must be supplied. This sets the
fundamental lower limit of VDD for a MOSFET. Furthermore, as VDD is reduced VT must follow so
the MOSFET can still be turned on. However, as seen from Equation 1-2, Ioff ~ exp(-qVT/mkT), so
as VT is reduced the off current increases exponentially. This in turn raises the passive power
exponentially as well, to the point that the passive power is now nearly equal to the active
power.[3]
Consequently, reducing VDD to lower active power will necessitate a reduction of VT,
which raises the passive power. Unfortunately, the exponential dependence between Ioff and VT is
inherent to the MOSFET design. Even if lower Ioff could be achieved, the minimum VDD is still
limited by the intrinsic 60 mV/dec. S of the MOSFET. As a result, there exists a strong need for a
device with low Ioff and S lower than 60 mV/dec, while still maintaining the high Ion necessary to
drive functional integrated circuits.
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1.3 – Tunnel FET operation and benefits
The TFET is a potential solution to the power crisis faced by MOSFETs. By operating
under a fundamentally different mechanism than the MOSFET, an S lower than 60 mV/dec. is
possible, while also maintaining low Ioff. The basic structure of a TFET is illustrated in Figure
1-3. The TFET consists of a p+ source, n+ drain, and an intrinsic channel. Like the MOSFET, the
gate is aligned over the channel and is used to accumulate electrons. In the MOSFET, the gate
controls the height of the potential barrier between the source and the channel, and electrons are
thermally emitted over the barrier. In contrast, in the TFET, electrons tunnel through the sourcechannel barrier and the gate controls the width of the barrier. When VDS is applied to the TFET
and VGS = 0, the device is essentially a reverse-biased p-i-n diode. The source-channel barrier is
too high for electron emission over the barrier, and it is too wide for electrons to tunnel through
the barrier. Thus, the TFET is off. As VGS is increased, an n+ layer accumulates in the channel at
the channel/dielectric interface, and the source-channel barrier narrows. When the barrier is thin
enough, electrons tunnel from the p+ source valence band to the n+ channel conduction band, and
IDS increases significantly.
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Figure 1-3 – (a) Schematic of a TFET. (b) Corresponding simple band diagram at the
semiconductor surface. The gate controls the width of the source-channel barrier, enabling
tunneling current when the channel is accumulated to n+.

In the on-state, the TFET is essentially a reverse-biased p+-n+ tunnel diode. The band-toband tunneling current can be calculated by integrating the product of the tunneling probability
and charge flux on the p+ and n+ sides.[12] The tunneling probability can be calculated by
approximating the tunneling barrier as a triangular barrier with a height of the bandgap, EG, and a
slope of qξ, where ξ is the electric field across the junction. By applying the Wentzel-KramersBrillouin (WKB) approximation to the case of a particle impinging on such a triangular barrier,
the tunneling probability is calculated as:
,

(1-4)
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where m* is the carrier effective mass and ħ is the reduced Planck constant.[12] From Equation 14 it is evident that the effective mass, bandgap, and electric field control the band-to-band
tunneling current. While the effective mass and bandgap are determined by the semiconductor
material, the electric field can be directly controlled by VGS, and so the gate can be used to
modulate the tunneling current.
As seen from Equation 1-3, the MOSFET S is governed by kT/q due to the thermal
energy Fermi distribution of electrons in the source.[9, 12] In the MOSFET, electrons with high
energy in the tail of the distribution can travel over the barrier even when the device is off. In
contrast, in the TFET electrons can only flow from the source to the channel when the tunneling
‗window‘ is opened. This window essentially filters out the electrons in the Fermi tail, permitting
an S lower than 60 mV/dec. because it is not a function of kT/q.

1.4 – Tunnel FET history
Esaki first demonstrated band-to-band tunneling in 1957 using a degenerately-doped
germanium (Ge) p+-n+ diode.[13] In addition to the large reverse-biased tunneling current, he also
observed tunneling in the forward bias direction. Because of the degenerate doping, the Fermi
level was pushed well out of the valence and conduction bands on the p and n sides, respectively,
and a small tunneling window was opened under low forward bias. As the bias increased the
window was closed, and eventually the diode turned on. The forward biased tunneling led to a
peak and valley in the current, and a region of negative differential resistance (NDR). In 1965,
Hofstein and Warfield demonstrated a gated p-n tunnel diode, where the gate controlled the
tunneling current.[14] They appear to be the first group to consider a transistor that operates by
gate-controlled tunneling. However, they concluded that their device offered no benefits over a
MOSFET. This was followed by the proposal of Quinn et al. in 1977 to create TFET by replacing
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the MOSFET n+ source with a p+ source, forming a p+-p--n+ lateral doping profile that operated by
tunneling between the p+ source and a channel inversion layer.[15] However, they were only
interested in using the structure to study the transport properties of the channel inversion layer,
not in creating a logic device. In 1987, Banerjee et al. created a TFET with a similar structure to
Quinn‘s, and demonstrated gate-controlled reverse-biased band-to-band tunneling.[16] They
noted that the TFET had a MOSFET-like output behavior except for a non-linear
transconductance, and suggested that their device could be used in specialized analog circuits. In
1992, Baba proposed a TFET with a lateral p+-i-n+ doping profile with a gate aligned to the ichannel, which was dubbed the surface tunnel transistor (STT).[17] He proposed the STT as a
possible replacement for short channel MOSFETs, arguing that since a 10 nm wide junction
would promote tunneling the STT channel length was easily scaled to this dimension. In 1994,
along with Uemura, Baba demonstrated NDR in a mesa-STT,[18] which spawned a flurry of
activity on STTs with the goal of creating gated NDR for new circuit applications, while
simultaneously forming a transistor that could be scaled to very short channel lengths.[19-23] In
2000, Hansch et al. fabricated a vertical TFET to once again create a gated NDR, but observed
that their structure offered an off-current that was a factor of 10 lower than then-current
MOSFETs.[24] In 2004, the potential for S below 60 mV/dec in a TFET was first recognized, and
the door was opened for the TFET as a low-power replacement for the MOSFET.[5-7]

1.5 – Electrostatics and materials choices
Despite the purported benefits to power consumption that the TFET offers over the
MOSFET, these benefits have yet to be realized experimentally. The first report of an S below 60
mV/dec. (40 mV/dec.) was demonstrated using a carbon nanotube (CNT) TFET[7]. Since then a
handful of experimental TFETs with an S < 60 mV/dec. have been reported, constructed from
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CNTs,[25] Si,[26-30] and combinations of Si and Ge materials[31, 32]. However, in these cases
the small S occurs only at very low normalized currents (IDS/W) in the pA/µm range. Furthermore,
as VGS is increased S degrades, such that the average S between Ion and Ioff is larger than 60
mV/dec., no better than a MOSFET. In addition, measured Ion values of the above TFETs are
orders of magnitude lower than modern MOSFETs, which operate at approximately 1000
µA/µm.[8, 33] Such low Ion values would seriously limit performance if these devices were
integrated into circuits. For the TFET to become a useful MOSFET replacement in highperformance circuits, an S below 60 mV/dec. must be demonstrated over the entire range between
a large Ion competitive with modern MOSFETs, and an Ioff at least 5-6 decades lower.
In order to meet the S < 60 mV/dec. condition, the gate of the TFET must have excellent
control over the tunneling junction. [34-36] In particular, the gate bias should directly modulate
the band lineup of the source-channel p-n junction, and the gate should be precisely aligned to the
tunnel junction. For high on-currents to be reached, the spatial extent of the tunnel barrier should
be as narrow as possible. This is accomplished by using an abrupt doping profile and also by
increasing the electrostatic coupling of the gate to the channel, which is represented by the
screening length λ.[37, 38] As λ is reduced, gate control improves. For a planar geometry with a
single gate, λ is given by:
,

(1-5)

where εch and εox are the channel and oxide relative dielectric permittivities, and tch and tox are the
channel and oxide thicknesses.[39] Thus a direct route towards increasing the gate-channel
coupling is to decrease the oxide thickness or channel thickness of a given device. In fact,
simulations and measurements of TFETs with varying oxide thickness have shown that Ion
increases and S decreases as tox is reduced.[40, 41] However, another means of reducing λ is to
change the gate and channel geometry. A double-gate structure, with gates on both the top and
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bottom of the channel, reduces λ by a factor of 2 over the single-gate, while a gate that wraps
entirely around the channel decreases λ by a factor of 4 over the single-gate.[8] A wrap-around
gate is most easily implemented by using a nanowire channel, where the screening length is then
given by:
,

(1-6)

where dNW is the nanowire diameter.[37, 42] From Equation 1-6 it is also evident that λ can be
decreased by reducing the nanowire diameter.
Luisier and Klimeck have performed simulations of indium arsenide (InAs) p+-i-n+
TFETs with a planar geometry and a single gate and double gate, and a nanowire geometry with a
gate all-around (GAA) the channel.[36] Cross-sections of their simulated devices are shown in
Figure 1-4a-c. The simulated ID-VGS curves for each of the three structures are shown in Figure
1-4d, with a channel thickness of 6 nm and a length of 20 nm. As seen in the plot, S improves as
more gates are added, with the GAA nanowire structure presenting the only S below 60 mV/dec.
of 28 mV/dec. Luisier and Klimeck also showed that as the channel thickness was decreased, S
was also lowered. The single and double-gate geometry both showed S below 60 mV/dec. as the
channel thickness was reduced. However, a 2 nm diameter GAA nanowire TFET provided the
best S of 15 mV/dec. Likewise, simulations of Ge TFETs comparing planar to nanowire
geometries show a decrease in the average S from single gate, to double gate, to GAA nanowire
structures,[43] as do models of the same TFET structures constructed from Si[40]. Comparisons
between simulated device characteristics of planar Si single gate TFETs and a one-dimensional
CNT TFET again show reduced S are achieved in the CNT TFET over several decades of IDS.[38]
Furthermore, models and simulations of GAA nanowire TFETs constructed from Si[37, 40],
indium phosphide (InP)[44],indium antimonide (InSb) and InAs[36, 45], have all indicated that S
decreases as the nanowire diameter is reduced. In all of the referenced works, the lowest
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subthreshold swings are achieved by using a GAA nanowire TFET with a small diameter.
However, while for a given channel thickness the GAA nanowire geometry is predicted to give
the highest tunneling current, Ion may be limited by the small channel area necessary to realize the
improved electrostatic coupling. Thus it is critical that these devices are studied experimentally to
ascertain their potential benefits and limitations.

(d)

Figure 1-4 – Cross-sections of simulated InAs TFETs. (a) Single-gate (SG), planar geometry. (b)
Double-gate (DG), planar geometry. (c) Gate all-around (GAA), nanowire geometry. (d)
Simulated ID vs. VGS characteristics of InGas TFETs with the three geometries in a)-c) at VDS =
0.2 V. Figures are reproduced from Luisier and Klimeck.[36]

In order to be competitive with MOSFETs, TFETs must reach an Ion that is comparable to
that of modern MOSFETs, ~ 1000 µA/µm at VDS = 1 V, but at lower supply voltages such that
power-saving benefits are realized.[33] A method for improving Ion can be seen by examining
Equation 1-4. Strictly speaking, to increase the tunneling current the tunneling probability must
be as high as possible. In addition to increasing the electric field, T can also be increased by
lowering m* or reducing EG. This suggests that the best TFET material from a tunneling
standpoint may be a narrow-bandgap III-V semiconductor. In addition, semiconductors with a
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direct bandgap are preferred. Indirect bandgap semiconductors, such as silicon (Si), must
conserve momentum when electrons tunnel from the valence to conduction band.[12] This
requires the assistance of phonons, which decreases the tunneling probability and is not accounted
for in Equation 1-4. Mookerjea and Datta have compared double-gate TFETs made of Si, Ge and
InAs by simulation, and found that as the material bandgap was reduced Ion improved.[46]
Similar simulations of TFETs constructed from lower band-gap materials have likewise shown
marked improvements in Ion over wider bandgap materials like Si, with on currents in the range of
100 µA/µm at supply voltages below 1 V.[36, 45, 47] Ion can be further increased by use of a
heterojunction at the source-channel barrier. By choosing materials such that a staggered or
broken heterojunction is formed, the tunneling probability is increased because the tunneling
barrier is extremely thin. Simulations of aluminum gallium antimonide (AlGaSb)-InAs and
aluminum gallium arsenide antimonide (AlGaAsSb)-indium gallium arsenide (InGaAs)
heterojunction TFETs have shown that MOSFET-like on-current is possible while maintaining a
small S and low supply voltage.[48-50]
Despite the promising theoretical work, experimental results of nanowire and III-V
TFETs are limited. Si nanowire TFETs were first demonstrated using ~ 40 nm diameter
nanowires grown by the vapor-liquid-solid (VLS) technique and doped in situ to form the axial
p+-i-n+ doping profile.[41, 51] A minimum S of 120 mV/dec. was reported for these devices, with
a maximum Ion of ~ 0.3 µA/µm. TFETs were also fabricated from undoped VLS-grown Ge
nanowires with a diameter of 36 nm, where the source and drain were later doped by ion
implantation.[52] These TFETs achieved a higher Ion of ~ 5 µA/µm, but a degraded S of 370
mV/dec. More recently TFETs made from etched vertical Si nanowires with diameters as small as
30 nm, doped by ion implantation, were reported.[30] S as low as 30 mV/dec. were measured,
however Ion was limited to at best ~ 10 nA/µm.
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The performance of these devices, with regards to S, is strongly tied to a few key
parameters. In order to achieve effective coupling between the gate and the channel, the oxide
thickness should be as thin as possible. Moselund et al. observed a distinct reduction in S as the
effect gate oxide thickness was reduced, obtaining their best results (S = 120 mV/dec.) with a 5
nm thick HfO2 dielectric.[41] However Nah et al. used an even thinner 2.4 nm HfAlOx gate
dielectric and obtained a 3 times larger S,[52] while Gandhi et al. achieved the lowest S of 30
mV/dec. using the thickest effective gate oxide (4.5 nm SiO2)[30]. These results suggest that S is
in fact strongly controlled by the abruptness of the source-channel tunnel junction. In all cases,
the exact doping concentrations and junction profiles of these nanowire TFETs were unknown.
The junction abruptness of the in situ doped nanowires used by Bjork et al., and Moselund et al.,
was not measured.[41, 51] It is expected that the junction length may be at best on the order of
the nanowire diameter (~ 50 nm), due to the dopant incorporation mechanism via the gold
catalyst during VLS growth.[53] Will both Nah et al. and Gandhi et al. used ion implantation to
achieve a more abrupt p+-i-n+ axial doping profile, Nah et al. used a longer activation anneal. This
may have led to increased dopant diffusion and a larger S (370 mV/dec.) than for Gandhi et al. (S
= 30 mV/dec.), whose shorter anneal times would have resulted in a more abrupt junction. While
source-channel junction abruptness is critical to TFET operation, it has not been measured in any
of these nanowire devices.
Experimentally, three TFETs constructed from III-V semiconductors have been reported
to date.[54-56] Two of these devices were vertical mesa structures, constructed from
In0.53Ga0.47As lattice matched to an InP substrate,[54] and a combination of In0.53Ga0.47As and
In0.7Ga0.3As[55]. These devices showed the highest reported experimental TFET Ion to date,
greater than 20 µA/µm. However neither demonstrated an S below 60 mV/dec., the best device
recording S = 93 mV/dec.[55] Both devices have heavily-doped source and drain regions and
very abrupt source-channel junctions formed by growing a vertical n+-i-p+ InGaAs structure by
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molecular beam epitaxy (MBE), which permits efficient tunneling. However, both are essentially
planar, single gate TFETs, and could benefit by increasing the gate-channel coupling. Indeed,
Zhao et al. measured an S ~ 40% lower than Mookerjea et al. chiefly by using a thinner gate
dielectric. Further improvement could be realized by transitioning to a nanowire geometry. So far
there is only one experimental report of a III-V nanowire TFET, constructed from a Au-nucleated
metal-organic vapor phase epitaxy (MOVPE) grown InAs/GaSb heterostructure nanowire.[56]
However, poor doping and junction grading plagues the device with very low Ion and large S.
Consequently there is a great desire to fabricate III-V nanowire TFETs from high-quality doped
junctions to enable studies of the impact of electrostatics on TFETs constructed from materials
with high tunneling rates.

1.6 – Outline of dissertation
In this dissertation, nanowire TFETs will be examined. In particular, the fabrication steps
necessary for constructing individual nanowire TFETs will be developed and characterized, and
I-V measurements will be used to examine completed TFETs. Chapters 2 and 3 will focus on Si
nanowires grown by the vapor-liquid-solid (VLS) method. Si nanowires were chosen due to their
similarities to conventional Si CMOS devices and compatibility with existing processing
technologies. In addition, VLS-grown nanowires can be grown with diameters below 10 nm,
representing a straightforward path towards device dimensions where enhanced gate-control is
expected to result in S below 60 mV/dec. There also exists a strong body of Si nanowire work to
build upon, while at the same time studies of Si nanowires focused on TFET fabrication are
applicable and important to further understanding of other nanowire devices, such as MOSFETs
and diodes, as well. Chapter 4 will focus on the fabrication and integration of InGaAs nanowires
into the nanowire TFET structure developed in Chapter 3.
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In Chapter 2, dopant incorporation in VLS-grown Si nanowires is studied, with the aim of
creating an axial dopant profile that is amenable to gate-controlled tunneling. Individual p+ and n+
nanowires are investigated by I-V measurements, which show that n-type dopant incorporation is
more efficient than p-type. In addition, the p-type nanowires are covered by a heavily-doped
surface layer. Based on these results, p+-n+ nanowire junctions are grown with the p-segment first.
They are examined both by electrical measurements and scanning probe microscopy, revealing
that a non-abrupt axial p-n junction is formed. Following thermal oxidation for the purpose of
forming a gate dielectric, the doping profile is revealed to be p-n-n+, suggesting an enhanced
diffusion of dopants in the nanowire. The n-n+ junction is also abrupt, and it can be
electrostatically-doped to a p+-n+ tunnel junction. n+-p+ Si nanowire junctions (p-segment grown
last) are also examined by I-V measurements. As expected, a p-type surface layer covers the asgrown junction. However following thermal oxidation the doped surface layer is removed, and
the axial doping profile of the core of the nanowire is very similar to the p-n-n+ profile of the
oxidized p+-n+ Si nanowire junction.
Based on the results of Chapter 2, Si nanowire TFETs are fabricated from oxidized p-n-n+
nanowires in Chapter 3. A lateral, top-gated test structure is developed that makes use of a high-k
gate dielectric to allow the gate to overlap and modulate the p-Schottky contact. Band-to-band
tunneling is observed, and increases as the gate bias is decreased. However S is limited by the
thick gate dielectric as well as the doping of the source-channel junction. Temperature-dependent
I-V measurements reveal that the tunneling current is composed of both direct band-to-band and
trap-assisted tunneling. The results indicate that in situ doping may limit VLS nanowire TFET
performance, and also suggest that surfaces may play an important role in nanowire TFETs.
In Chapter 4, a transition is made away from VLS-grown Si nanowires to In0.53Ga0.47As
nanowires fabricated via a top-down process. Nanowires are etched from an MBE-grown InGaAs
substrate, released from the substrate, and assembled into a lateral test structure similar to that
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developed in Chapter 3. Unlike the VLS method, this process permits nanowires with abrupt,
heavily doped junctions to be fabricated. I-V measurements are performed on p+-n+ tunnel diodes,
and indicate that the surface of the etched nanowire is a significant contributor to the device
properties. p+-i-n+ nanowire diodes are also assembled and measured, which are even more
susceptible to surface leakage. Thermal annealing is shown to improve the surface significantly,
and yields excellent nanowire diodes. TFETs are fabricated from p+-i-n+ nanowire diodes, and
while surface effects are still significant, gate-induced NDR is observed under forward bias.
While not ideal, these devices demonstrate a path towards high-yield fabrication of sub-50 nm
diameter III-V nanowire TFETs.
Finally, Chapter 5 will provide a summary of the dissertation work and will highlight
future experiments and research directions.
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Chapter 2
Axially Doped Silicon Nanowire p-n Junctions Grown by the Vapor Liquid
Solid Method

2.1 – Introduction
As described in Chapter 1, there is great interest in constructing TFETs from nanowires
to take advantage of improved electrostatic control exerted by the gate. In addition,
semiconducting nanowires fabricated by bottom-up techniques have attracted considerable
attention as a means of overcoming the difficulties of fabricating narrow device channels by topdown processing. Si nanowires synthesized by the vapor-liquid-solid (VLS) technique are
particularly attractive as they are capable of reaching diameters below 10 nm,[1] can be doped in
situ during growth,[2] and are easily integrated and compatible with existing Si devices and
processing technologies. Many conventional semiconductor devices have already been
demonstrated using in situ axially-doped VLS Si nanowires, such as field effect transistors
(FETs),[3, 4] p-n diodes and photovoltaic devices[5-9]. However in order to realize the largescale incorporation of Si nanowire device into integrated circuits, the ability to accurately control
dopant concentrations and locations is paramount. Furthermore to enable band-to-band tunneling
in a TFET, an abrupt junction between the heavily-doped source and channel is necessary.[10] In
this chapter the doping of VLS Si nanowires and junction abruptness of in situ axially-doped p-n
junctions will be investigated.
Ideally, dopant incorporation during VLS should occur only through the liquid catalyst
particle, and thus axial doping can be achieved simply by modulating the dopant gas source
during nanowire growth. However if dopant incorporation occurs through the sidewalls of the
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nanowire, or if a doped shell is deposited by vapor-solid (VS) growth over the VLS-grown core,
axial modulation-doped junctions cannot be realized.[11-13] Studies of p-type Si nanowires
doped by flowing diborane (B2H6) during VLS growth have shown that the nanowires have a
heavily B-doped amorphous Si shell surrounding a moderately B-doped crystalline Si core.[1416] Because the radial VS growth of the shell occurs simultaneously with axial VLS growth, the
shell is thickest at the base of the nanowire, resulting in a tapered nanowire. The B-doped shell
also leads to a measured B concentration gradient from base to tip along the nanowire. [11, 15,
16] Due to the formation of a heavily B-doped shell during p-type nanowire growth, axial
modulation-doped nanowires where a p-type segment is grown last exhibit a p-type layer
covering the entire nanowire, effectively short-circuiting the doped junction.12, 23
Similarly, n-type Si nanowires doped by flowing phosphine (PH3) during VLS growth
have shown an axial variation of P concentration exists.[17, 18] These n-type nanowires were
also observed to have a radial doping concentration profile with a heavily P-doped surface
surrounding a moderately doped core.[19, 20] However no tapering was observed, and there was
no evidence of an amorphous Si shell surrounding the crystalline core.[18-20] Additionally, axial
modulation-doped nanowires with an n-segment grown last do not display evidence of an n-type
conformal shell, further indicating that a P-doped shell is not formed during n-type Si nanowire
synthesis.[3-6, 8, 12, 13, 21, 22]
If growth of a doped shell can be avoided, published theoretical work to date predicts that
axial p-n junctions formed during VLS growth would have a length on the order of the nanowire
diameter, as the first dopant must precipitate out of the catalyst while the second is
simultaneously incorporated.[23] To date, dopant profiling has been performed on p-i-n, n-i-n,
and p-i axially-doped Si nanowires by selective etching,[9] selective plating,[24] electrostatic
force microscopy (EFM),[8, 12] scanning gate microscopy (SGM),[8, 21] electron
holography,[22] and micro-Raman spectroscopy[11]. Of the pure p-n junctions that have been
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doped in situ there is only one report of dopant profiling, measured by EFM and SGM.[5] While
both EFM and SGM are effective scanning probe microscopy (SPM) techniques for measuring
the surface potential of a nanowire, the measurements must be performed with the device under
bias. Therefore the measured signals are not representative of the as-grown junction, and a
junction length cannot be measured. Both selective plating and etching work well for
distinguishing n, p and i-regions, but fail to give a measure of the relative doping level. Similarly,
electron holography and micro-Raman spectroscopy are restricted by very high dopant
concentration detection limits (> 1018), and the latter has the added disadvantage of only being
sensitive to p-type dopants. Consequently, there exists a strong need for a technique that is
capable of accurately probing dopant levels and types along the length of semiconductor
nanostructures.
In this chapter, the doping profile of in situ axially-doped p-n Si nanowire junctions is
investigated. First, the doping profile of single p and n-type nanowires doped using
trimethylboron (TMB) and PH3, respectively, is examined by current-voltage (I-V)
measurements. B-doped p-type nanowires show evidence of an axial dopant concentration
variation, an indication of formation of a p+ shell. P-doped n-type nanowires on the other hand are
much more heavily-doped than the p-type, and only show signs of a slight axial dopant
concentration gradient. Thermal oxidation is shown to remove the p+ shell from B-doped
nanowires, while causing P diffusion towards the core of n-type nanowires. Based on these results
axially-doped p-n Si nanowires are synthesized, with the p-segment grown first to avoid shortcircuiting the junction. The axial doping profile of the nanowire junctions is revealed by scanning
capacitance microscopy (SCM), demonstrating a larger than expected junction length between the
p and n segments for an as-grown nanowire. SCM is also used to probe the axial doping profile of
oxidized p-n Si nanowire junctions, and exposes a long p-n-n+ junction. Back-gated, multiple
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contact I-V measurements performed on as-grown and oxidized p-n junctions confirm the doping
profiles observed by SCM.
The Si nanowires examined in this chapter were synthesized by Sharis Minassian and Dr.
Sarah Eichfeld, under the direction of Prof. Joan Redwing of the Department of Materials Science
and Engineering. Transmission electron microscopy (TEM) was performed by Dr. Nicholas
Dellas of Prof. Suzanne Mohney‘s group in the Department of Materials Science and
Engineering. SCM measurements were performed by Leon Moszkowicz and Phil Kaszuba of
IBM Microelectronics in Essex Junction, VT. Huichu Liu, of Prof. Theresa Mayer‘s group in the
Department of Electrical Engineering, assisted with I-V measurements.

2.2 – p and n-type Si nanowire synthesis and oxidation
Doped Si nanowires were synthesized by the gold (Au)-catalyzed VLS method in a hotwall low pressure chemical vapor deposition (LPCVD) reactor at a substrate temperature of
500 C using silane (SiH4) as the Si source gas. The Au catalyst nanoparticles were formed by
heating a 3 nm thick layer of Au that was sputter deposited on an oxide-coated Si substrate, which
gave as-grown nanowires with diameters between 50 and 100 nm. Growth times were controlled
to yield nanowires with lengths of ~12 µm. Doping was accomplished using trimethylboron
(TMB)[14] and phosphine (PH3)[2] as the boron (B) and phosphorous (P) sources, respectively.
For p-type Si nanowires TMB was co-flowed in the reactor with SiH4 at a ratio of 1:50, resulting
in a nanowire resistivity of ~6x10-2

-cm as measured previously.[2] Similarly, n-type Si

nanowires were doped by introducing PH3 mixed with SiH4 at a ratio of 1:500, giving a measured
resistivity of ~4x10-3

-cm.[2] TEM analysis (Figure 2-1a, b) reveals that both p and n-type

nanowires have a monocrystalline Si core surrounded by a thin amorphous native SiO2 shell. This
is in contrast to p-type nanowires heavily doped by B2H6, which have a thick amorphous Si shell
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that results from VS deposition and are heavily tapered.[14] Both the p and n-type nanowires in
this study are only slightly tapered, with a ~4 nm diameter reduction from the base to the tip. This
is consistent with the amount of tapering observed on un-doped Si nanowires grown under the
same conditions (not shown). This suggests that nanowire growth occurs predominantly in the
axial direction by the VLS mechanism, and that the addition of TMB and PH3 does not lead to
enhanced VS deposition. The observed minor tapering may be due to very slow VS deposition or
to loss of Au in the catalyst during VLS growth.

(a)

(b)

5 nm

5 nm

Figure 2-1 - TEM micrographs of: (a) an as-grown p-type Si nanowire and (b) an as-grown n-type
Si nanowire. Both have a single-crystal Si core surrounded by a 1-2 nm thick SiO2 shell.

In the fabrication of Si nanowire field-effect transistors (FETs) the native oxide is often
removed and replaced with a thermal SiO2 shell to improve the Si/SiO2 interface and to serve as
the gate dielectric.[25, 26] The thermal oxidation step may modify the radial and axial doping
profiles of Si nanowires, as the surface layer of Si will be consumed and the dopants will diffuse
at high temperatures.[11, 16, 27] In this work, thermally-oxidized nanowires were formed by first
removing the native SiO2 shell using a dilute hydrofluoric (HF) acid etch, followed by a selective
wet etch to remove the Au catalyst nanoparticles from the tips of the wires. The Si nanowires then
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underwent a standard RCA cleaning procedure immediately prior to thermal oxidation at 800˚C
in dry O2 for 15 minutes. Full details of the oxidation procedure are available the Appendix (A.1)
Following oxidation, the nanowires were imaged by TEM (Figure 2-2a, b) and found to have a
SiO2 shell of uniform thickness between 3 and 5 nm, depending on the initial nanowire
diameter.[26] TEM analysis also revealed that the Si core was still single crystal.

(a)

(b)

4 nm

5 nm

Figure 2-2 – TEM micrographs of (a) a p-type Si nanowire and (b) an n-type Si nanowire
following thermal oxidation. The single-crystal Si core is surrounded by a 4 nm thick SiO2 shell.

2.3– Electrical Characterization of p-type Si nanowires
Following synthesis, individual p-type Si nanowires were assembled into a back-gated
test structure with multiple electrical contacts along the length of the nanowire (Figure 1e, f). The
nanowires were removed from the growth substrate by ultrasonic agitation and suspended in
isopropyl alcohol. This suspension was dispersed on a heavily-doped n-type Si substrate coated
with 120 nm of silicon nitride (Si3N4) which served as the back-gate and gate dielectric,
respectively. Single wires were positioned on the substrate at predetermined locations between
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large-area metal electrodes by electric-field assisted assembly.[28] The electrical contacts to the
nanowires were defined using electron-beam (e-beam) lithography. Following exposure and
development of the e-beam resist, the SiO2 shell in the contact areas was removed using a dilute
buffered oxide etch (BOE). Ti/Ni (120/120 nm) metal electrodes were formed by thermal
evaporation and lift-off. The complete fabrication procedures are described in the Appendix (A.2
– A.8).

(a)

4

(b)

4

3

2

1

3

2

2.3 µm

2.8 µm

2.3 µm

1

Si3N4

200 nm

200 nm

Figure 2-3 – (a) Diagram of the multiple-contact nanowire test structure. A 3-terminal FET is
formed by any two contacts to the nanowire and the back-gate. (b) FESEM image of an as-grown
Si nanowire assembled in the multiple-probe test structure. The contacts are numbered
sequentially along the nanowire from left to right. For this device the Au catalyst is visible on the
nanowire tip at left.

The back-gate multiple-contact test structure was used to examine variations in doping
density along the length of individual Si nanowires. By using any two contacts on the top of the
nanowire and the back gate a 3-terminal nanowire FET was formed, where the two contacts were
the source (S) and drain (D). Measurements of the drain-source current density (JDS) vs. the gate
voltage (VGS) at a constant drain-source voltage (VDS) of 1 V returned a qualitative measurement
of the nanowire doping density. For example, in p-type Si nanowires positively-charged holes are
the majority carriers. Thus, when positive gate biases are applied, holes are depleted from the
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bottom surface of the nanowire closest to the Si3N4/nanowire interface. The ability of the gate to
deplete the nanowire is a function of the nanowire dopant concentration. Lightly doped nanowire
segments with few holes are easily depleted by positive gate biases, such that the majority of the
nanowire cross section is devoid of holes, raising the resistance of the nanowire and lowering the
current. At the same time, current flow is also controlled by the Schottky barriers between the
metal contacts and the ends of the nanowire.[29] As the surface potential of the nanowire is
lowered by the positive gate bias, the Schottky barriers widen and decrease current injection into
the nanowire.[10, 30] The nanowires can be turned on by applying negative gate biases to
accumulate holes at the bottom surface of the nanowire, which also raises the surface potential
and therefore narrows the Schottky barriers, increasing current injection into the nanowire.
Conversely, heavily doped nanowire segments with many holes are difficult to deplete and
continue to conduct regardless of the applied gate bias. The Schottky barriers formed to the ends
of a heavily doped nanowire are likewise nearly always narrow, allowing efficient current
injection into the nanowire regardless of the gate bias. The same principles hold true for n-type
nanowires, although the majority carrier electrons are depleted by negative gate biases, and the
Schottky barriers are widened. By examining the maximum (Jmax) and minimum currents (Jmin),
as well as the rate at which the gate depletes or accumulates the nanowire (ΔVGS/Δlog(JDS)), the
relative doping level of individual Si nanowire segments can be distinguished.
Figure 2-4a shows JDS vs. VGS of an as-grown (non-oxidized) B-doped Si nanowire at
three different segments along the length of the nanowire. The current was normalized by
calculating JDS in µA/µm by dividing IDS by the nanowire diameter. It was assumed that since the
back-gate is planar, and does wrap around the nanowire, the width of the nanowire channel
influenced by the back-gate was approximately equal to the nanowire diameter. Field-emission
scanning electron microscopy (FESEM) analysis of as-grown nanowire devices revealed the Au
catalyst (Figure 2-3b), showing the orientation of the nanowire base and tip with respect to the
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contacts. At the tip of the as-grown B-doped Si nanowire (contacts 1 and 2), a Jmax of ~ 0.5
µA/µm was observed when the segment was accumulated at VGS = -30 V. As VGS was increased
towards 30 V, the segment was depleted, the Schottky barriers widened, and the device shut off at
~ 10 V to a Jmin of ~ 2.5x10-4 µA/µm. This behavior is consistent with that of a p-type
semiconducting nanowire with majority carrier holes. The observed hysteresis due to charge
injection from the nanowire into neutral traps in gate dielectric stack, both the native SiO2 shell
and the 120 nm thick Si3N4, makes extraction of the on and off voltages difficult.[31] For
consistency, Jmax and Jmin were determined from the lower Ion and higher Ioff between the two
sweeps. To determine control of the gate over depletion, ΔVGS/Δlog(JDS) was calculated from the
steepest part of the JDS vs. VGS curve between 13 and 16 V, yielding a value of -1.9 V/dec. In the
middle of the nanowire between contacts 2-3, Jmax was ~ 0.3 µA/µm at VGS = -30 V, which was
lower than for the tip segment due to the increased spacing between contacts 2-3. However the
current only decreased to a Jmin of ~ 2.0x10-3 µA/µm, an order of magnitude larger than Jmin of the
tip segment. Likewise, ΔVGS/Δlog(JDS) increased to -7.5 V/dec., demonstrating that a larger
voltage was required to modulate the current. This indicates that the B concentration of the
nanowire segment between contacts 2-3 is higher than that between contacts 1-2. At the base of
the nanowire between contacts 3-4, Jmax was again ~ 0.5 µA/µm at -30 V, but Jmin was only ~
3.2x10-2 µA/µm at VGS = 30 V. ΔVGS/Δlog(JDS) = -24 V/dec., which is larger than the other two
segments of the nanowire. This indicates an axial B concentration gradient of light to heavy
doping from tip to base, and is suggestive of a heavily-doped p+ surface layer surrounding a
moderately-doped p-type core.[15] At the tip of the nanowire the surface layer is very thin, and
both the surface and core of the nanowire are depleted by the back gate. As the p+ surface layer
thickness increases towards the base of the nanowire it becomes harder to deplete, and thus Jmin
and ΔVGS/Δlog(JDS) increase from the tip to the base.
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Figure 2-4 – (a) Current density (JDS) vs. gate voltage (VGS) for an as-grown p-type Si nanowire
between contacts 1-2 at the tip (black), 2-3 in the middle (red), and 3-4 at the base (green). The
as-grown p-type nanowire is fully depleted at the tip, but only partially depleted at the base. (b)
|JDS| vs. VGS for an oxidized p-type Si nanowire between contacts 1-2 (black), 2-3 (red), and 3-4
(green). All segments of the oxidized p-type nanowire are fully depleted.

Next, JDS vs. VGS measurements were performed on oxidized p-type nanowires in the
multiple-contact back-gated structure. Results of a 70 nm diameter nanowire are shown in Figure
2-4b. It should be noted that because the Au tip was removed prior to thermal oxidation, the base
and tip of the nanowire could not be distinguished from FESEM analysis. However, electrically
there was little difference between the nanowire segments. All segments of the nanowire had a
Jmax of ~ 0.4 µA/µm at VGS = - 30 V, and were depleted to a Jmin of ~ 6x10-5 µA/µm. Moreover,
ΔVGS/Δlog(JDS) did not vary systematically along the length of the nanowire, changing from -0.72
V/dec. between contacts 1-2, to -1.46 V/dec. between 2-3, and to -0.96 V/dec. between 3-4.
Unlike the as-grown p-type nanowire, there is no evidence of axial dopant grading observed on
the oxidized p-type nanowire, and all segments can be fully depleted by the gate. This indicates
that the p+ surface layer is removed during oxidation, leaving behind a moderately-doped p-type
core. This is consistent with known oxidation mechanisms of Si, where B residing in the Si
surface consumed during oxidation is expelled out of the oxide.[27] Thus, thermal oxidation is an
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effective means of removing the p+-doped shell, leaving behind a moderately-doped core that will
subsequently be referred to as p-doped.

2.4– Electrical Characterization of n-type Si nanowires
As-grown n-type Si nanowires were also assembled into the multiple-contact back-gated
test structure illustrated in Figure 2-3 after synthesis, and were studied by I-V measurements. JDS
vs. VGS measurements of an as-grown, P-doped Si nanowire with a diameter of 65 nm are shown
in Figure 2-5a, with the tip located on the left of the nanowire. At the tip of the nanowire between
contacts 1-2, a Jmax of ~ 178 µA/µm was observed when the segment was accumulated at VGS =
30 V. A Jmin of ~ 136 µA/µm was observed at VGS = -30 V, yielding a ΔVGS/Δlog(JDS) of 513
V/dec. This shows a depletion of electrons by negative gate bias, consistent with n-type
semiconductor behavior. However, the large value of ΔVGS/Δlog(JDS) indicates that electrons are
only slightly depleted by the gate, and thus the nanowires are very heavily-doped n-type. Both
Jmax and Jmin increased to 215 µA/µm and 174 µA/µm at the middle of the nanowire (contacts 23), and to 232 µA/µm and 192 µA/µm at the base of the nanowire (contacts 3-4). Likewise,
ΔVGS/Δlog(JDS) also increased to 653 V/dec. and 730 V/dec. at the middle and base of the
nanowire, respectively. These systematic changes are again indicative of an axial P dopant
concentration gradient. While this n-type axial dopant concentration gradient suggests an n+
surface layer exists,[17, 18] no n+ shell has been reported to cover axially-doped nanowire
junctions where an n-type segment was grown last[3-6, 8, 12, 13, 21, 22].

36

(a)

(b)

300

2-3

200

1-2

100
-30

-20

-10

0
VGS (V)

10

20

30

|JDS| ( A/ m)

|JDS| ( A/ m)

3-4

110
100
90
80
70

1-2

3-4

60
50
40
30
-30

2-3

-20

-10

0

10

20

30

VGS (V)

Figure 2-5 – (a) |JDS| vs. VGS for an as-grown n-type Si nanowire in the multiple-contact test
structure between contacts 1-2 at the tip (black), 2-3 in the middle (red), and 3-4 at the base
(green). All segments of the as-grown n-type nanowire are only partially depleted, but there is a
systematic shift in the current density and depletion from tip to base. (b) |JDS| vs. VGS for an
oxidized p-type Si nanowire between contacts 1-2 (black), 2-3 (red), and 3-4 (green). All
segments of the oxidized n-type nanowire are only partially depleted, but there is no systematic
shift from end to end.

Compared to the as-grown p-type nanowire, no segment of the as-grown n-type nanowire
is fully depleted. In fact the minimum ΔVGS/Δlog(JDS) at the tip of the n-type nanowire (513
V/dec.) is much greater than the maximum at the base of the p-type nanowire (-24 V/dec.). Along
with the increased current densities of the n-type nanowire over the p-type, this shows that the P
doping concentration of n-type nanowires is relatively heavier than the B doping concentration of
p-type. However as segments of both the as-grown p-type and n-type nanowires are not fully
depleted by the back gate, these will subsequently be referred to as p+-doped and n+-doped
nanowires.
JDS vs. VGS measurements were also performed on oxidized n-type nanowires, and are
shown in Figure 2-5b for a 70 nm diameter nanowire. As with the oxidized p-type nanowire, no
systematic shifts along the length of the oxidized n-type nanowire were observed. Jmax and Jmin
changed from 98 µA/µm and 84 between contacts 1-2, to 38 µA/µm and 34 µA/µm between
contacts 2-3, and 58 µA/µm and 52 µA/µm between contacts 3-4. Unlike the oxidized p-type
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nanowire, the oxidized n-type nanowire was still heavily-doped as it was not easily depleted by
the back gate. ΔVGS/Δlog(JDS) of the individual segments varied from 896 V/dec. to 1265 V/dec,
which was greater than the largest value of the as-grown n-type segment modulation of only 730
V/dec. This result is contradictory to that of n+ Si nanowires where the surface was removed by
etching, which were shown to have a moderately-doped core surrounded by a heavily-doped
shell.[19, 20] The results presented here then suggest that P atoms are diffused towards the core
of the nanowire during thermal oxidation, again consistent with known oxidation mechanisms of
bulk Si.[27] As the oxidized n-type nanowires are only slightly modulated by the back gate, these
will still be referred to as n+-doped nanowires.

2.5– Synthesis and dopant profiling of p+-n+ Si nanowire junctions
Given the results of the preceding sections, as well as published reports, that indicate
formation of a p+ shell during B doping of VLS Si nanowires, combined with successful
demonstrations of axial modulation-doped Si nanowires where an n-segment is grown last,[3-6, 8,
21, 22] in situ axially-doped p+-n+ Si nanowire junctions were synthesized by growing the p+
segment first. In an attempt to create the most abrupt junction possible, the flow of TMB was
stopped following growth of a 7 µm long p+ segment and PH3 was immediately introduced to
grow a 5 µm long n+ segment. The dopant gas to SiH4 flow ratios were the same as those used to
grow the individual p+ and n+ Si nanowires described in section 2.2. While the dopant gases were
abruptly switched, published theoretical work to date leads to the expectation of a transition
region length on the order of the nanowire diameter.[23] When the dopant gas is switched from
TMB to PH3, residual B in the Au catalyst precipitates out into the nanowire while P is
incorporated in the catalyst, leading to a junction length between 60 nm to 100 nm for these
nanowires.
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To measure the junction abruptness, the as-grown Si nanowire p+-n+ junctions were
examined by scanning capacitance microscopy (SCM).[32] A metalized atomic force microscope
(AFM) tip, the SiO2 shell, and the Si nanowire core form a MOS capacitor, and the resulting
change in capacitance, dC, with sample bias, dV, provides a measure of the doping density in the
wire segment underneath the tip. In practice, an AC bias voltage is applied to the sample and
dC/dV is measured directly. A moderately doped region can be easily depleted and accumulated
by the tip bias, and thus the amplitude of dC/dV will be large. In contrast, heavily doped regions
are not easily depleted by the applied bias, and thus the amplitude of dC/dV will be very small.
At the metallurgical junction dC/dV = 0. Although the amplitude of dC/dV is directly related to
the Si nanowire doping density, the exact relationship depends on many factors, including the tip
radius and the oxide thickness.[32] Thus, dC/dV is a measure of the relative doping density along
the nanowire and an actual density cannot be extracted. The doping type of a given segment is
derived from the slope (positive or negative) of the C-V curve with respect to the applied bias.
Because dC/dV is a result of carrier accumulation and depletion, the depth of the sample that is
probed by SCM is a function of the doping density and can vary from single to hundreds of
nanometers for heavily and lightly doped segments, respectively.
The SCM measurement was performed by shorting together the ends of a single Si
nanowire p+-n+ junction, electrically contacted by patterned metal electrodes fabricated following
the procedures in the Appendix (A.2-A.7), and applying a small signal AC voltage to the
nanowire while a metallized AFM tip was scanned across the wire. The SCM profile plotted in
Figure 2-6 reveals that dC/dV is near zero on the ends of the nanowire, indicative of very high
dopant concentrations. The magnitude of dC/dV is slightly larger on the p+ segment (far left side)
than on the n+ segment (far right side), showing that the B concentration is lighter than the P
concentration, consistent with the I-V measurements of as-grown p+ and n+ Si nanowires in
sections 2.3 and 2.4. From the p+ to n+-side dC/dV is increasingly negative, which is the depletion
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region. Between the depletion region and n+ segment dC/dV is decreasingly negative from the 0.4
µm to 0.9 µm mark, indicating a graded n- to n+ region ~ 500 nm long. Although the junction was
grown to be as abrupt as possible, there is a separation of ~ 800 nm between the p+ and n+
segments. The graded n-region is likely due to the aforementioned precipitation of residual B in
the Au catalyst. As P incorporation is more efficient than B during VLS, the B compensates the P,
forming the n- region. Because the depth probed by SCM is dependent on dopant concentration,
only the topmost layer of the n+ and p+ segments is examined. Thus the observed profile could be
limited to the near surface region of the Si nanowire. Given that the p+ and n+ segments are likely
heavily surface doped and the core more moderately-doped, the junction is expected to be
narrowest at the surface due to the reduced depletion region length.
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Figure 2-6 – (a) SCM image of an as-grown p+-n+ Si nanowire junction. The far left side is p-type
(bright), and the right side is n-type (dark). (b) Averaged linescan of the SCM image in (a). The
ends of the nanowire are doped p+ and n+, and there is a ~ 0.5 µm long graded region to the right
of the depletion region from n- to n+. The depletion region is labeled as ―DR‖.

Following a similar procedure, a p+-n+ Si nanowire was oxidized under the same
conditions as described for p and n-type Si nanowires in section 2.2, integrated into a two-contact
test structure and examined by SCM. The SCM profile plotted in Figure 2-7 reveals that the
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magnitude of dC/dV is slightly larger on the p segment (far left side) than on the n+ segment (far
right side), showing that the p-type doping concentration is lighter than the n-type concentration.
This result is consistent with the I-V measurements of oxidized p and n-type nanowires in
sections 2.3 and 2.4, where the p+ shell was removed during thermal oxidation leaving the p core,
while the n-type nanowires remained n+ after oxidation. dC/dV becomes increasingly positive in
the p region from the 1 µm to 2.7 µm mark, indicating a dopant grading from p to p- approaching
the depletion region. The depletion region extends from the 2.7 µm to the 3.5 µm mark, as
evidenced by the increasingly negative dC/dV values. Unlike the as-grown p+-n+ junction, the n
region of the oxidized nanowire is not graded, but does contain a ~ 1.2 µm long moderately
doped n segment between the depletion region and the n+ end from the 3.5 µm to the 4.7 µm
mark. Notably, there is also a sharp transition from the n to the n+ segment near the 4.7 µm mark.
Again, SCM only probes the doping concentration in the topmost layer of the n+ segment, and so
the abrupt n-n+ junction could be limited to the near surface region of the Si nanowires. The
effective junction length between the p and n+ ends of the oxidized Si nanowire is nearly 4 µm,
compared to the 0.5 µm separation of the as-grown junction. It should be noted that the dC/dV
magnitude in the SCM profiles of the as-grown and oxidized junctions (Figure 2-6b and Figure
2-7b) is relative to each scan, and thus exact dopant concentrations cannot be compared between
the two. The equilibrium diffusivities of both B and P in crystalline Si at the oxidation conditions
of 800°C and 15 min. are insufficient to explain the observed junction lengthening.[27] Large
increases in diffusivity have been reported for low temperature diffusion of Si with high defect
densities, high P surface concentration, and large surface-to-volume ratio, suggesting that one or
more of these mechanisms may be responsible for the observed profile.[19, 27] Given the
observed doping profile of the oxidized Si nanowire p-n junctions, these nanowires will
subsequently be referred to as p-n-n+ Si nanowires.
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Figure 2-7 – (a) SCM image of an oxidized p-n Si nanowire junction. The far left side is p-type
(bright), and the right side is n-type (dark). (b) Averaged linescan of the SCM image in (a). p-type
segment is on the far left and the n-type segment is on the far right. The ends of the nanowire are
doped p and n+. The p-segment is graded from p to p-, and there is a ~1µm long n segment before
an abrupt transition to the n+ end.

2.6– Electrical characterization of Si nanowire p-n junctions
To examine the effects of the doping profile on the electrical properties, and to confirm
the SCM results, as-grown and oxidized Si nanowire p+-n+ junctions were assembled into the
back-gated test structure (as illustrated in Figure 2-3) and I-V measurements were performed.
Figure 2-8a shows measurements of JDS vs. VGS between contacts on the ends of a 70 nm diameter
as-grown nanowire junction. Between contacts 1-2 JDS decreased with positive VGS, consistent
with hole depletion as observed for the as-grown p+ nanowires in section 2.3. This segment can
be fully depleted because contact 2 is close to the end of the p segment, where the p+ shell is the
thinnest and consequently the dopant concentration is the lightest. At the opposite end of the
nanowire between contacts 3-4 JDS decreased slightly with negative VGS, consistent with the
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electron depletion observed for as-grown n+ nanowires in section 2.4. These results are in
agreement with the SCM results of Figure 2-6, with a p-type segment on one end of the nanowire
and an n-type on the opposite end.
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Figure 2-8 – (a) |JDS| vs. VGS measured across the p-type base (red) and n-type tip (blue) of an asgrown p+-n+ Si nanowire junction. (b) Simplified band diagrams of the as-grown p+-n+ Si
nanowire junction at VGS = 0 V, 30 V and -30 V. (c) |JDS| vs. VGS measured across the p-n junction
of an as-grown Si nanowire at VDS = 1 V (black) and -1 V (red). The lightly-doped n- region can
be both inverted and accumulated by the back gate. (d) |JDS| vs. VDS measured across the p-n
junction in (c).
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Next, I-V measurements were performed across an as-grown Si nanowire junction.
Simplified band diagrams of the surface of the nanowire junction are shown in Figure 2-8b,
drawn according to the SCM result. While the n+ and p+ ends of the nanowire are unaffected by
changes in VGS, the graded n- to n+ region can be both accumulated to n+ and inverted to p+.
Likewise, the end of the p-type segment closest to the junction with the thin p+ shell can be
depleted and accumulated. JDS vs. VGS measurements are shown in Figure 2-8c for VDS = 1 V and
-1 V. The junction was biased such that positive VDS corresponded to a forward biased p-n
junction. Unlike the p and n-type segments, the current across the junction was modulated by
both negative and positive VGS. When VGS = -30 V the surface of the graded n- to n+ region was
inverted to p+, and the p-type segment was fully accumulated to p+ at the surface of the nanowire
(Figure 2-8b). This resulted in a p-n junction closer to the n+ end of the nanowire, and more
abrupt than that measured by SCM when no gate bias was applied. The JDS vs. VDS curve, shown
in Figure 4d, showed that the junction was rectifying with a forward-biased JDS of 0.6 µA/µm at 2
V and a reverse-biased JDS of 7x10-4 µA/µm at -2 V. The reverse-biased current is likely due to
defect mediated tunneling through traps in the bandgap at the narrow junction.[33] As VGS was
increased to 0 V the graded n- to n+ region was no longer inverted, and the p-type segment was
not accumulated. The resulting graded p+-n+ junction was still rectifying, but the forward biased
JDS decreased to only 5x10-4 µA/µm at 2 V as the resistance of the junction increased. The reverse
biased JDS also decreased to 2x10-6 µA/µm at -2 V as the junction was widened, decreasing trapassisted tunneling. When VGS was further increased to 30 V the surface of the n- to n+ region was
accumulated and the p-type segment was partially depleted, forming a p-n junction near the p+
end of the nanowire. The forward biased current increased to 1x10-3 µA/µm at 2 V, higher than
when VGS = 0 V and the junction was graded, but still lower than when VGS = -30 V and the ptype segment was accumulated. The reverse biased current also increased to 2x10-4 µA/µm at -2
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V, again due to trap-assisted tunneling through the narrowed junction. Thus the variation of the
current across the p-n junction by VGS is due to modulation of the graded junction region of the
nanowire.
To further characterize the oxidized nanowire junction and to confirm the SCM result,
back-gated I-V measurements were performed on oxidized p-n-n+ Si nanowires. JDS vs. VGS
measurements (Figure 2-9a) of an oxidized nanowire with a diameter of 80 nm showed that
between contacts 1-2 JDS decreased with positive VGS, consistent with hole depletion as observed
for oxidized p-type nanowires in section 2.3. As observed earlier the p+ shell was removed from
p-type nanowires during oxidation, so the p-segment between contacts 1-2 is moderately-doped
and fully depletes. Consequently, both contacts 1 and 2 are Schottky contacts. At the opposite end
of the nanowire between contacts 3-4 JDS decreased slightly with negative VGS, consistent with the
electron depletion observed for oxidized n+ nanowires in section 2.4. These results are again
consistent with the SCM results of section 2.5, and similar to the as-grown junction I-V
measurements show p-type and n-type segments on opposite ends of the nanowire.
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Figure 2-9 – (a) |JDS| vs. VGS measured across the p-type base (red) and n-type tip (blue) of an
oxidized p-n-n+ Si nanowire junction. (b) Simplified band diagrams of the p-n-n+ oxidized Si
nanowire junction at VGS = 0 V, 30 V and -30 V. The n-segment is accumulated when VGS = 30 V
and inverted when VGS = -30 V, while the p-segment is depleted and accumulated. (c) |JDS| vs. VGS
measured across the p-n junction of an oxidized Si nanowire at VDS = 1 V (black) and -1 V (red).
When the p-segment is depleted no current flows through the nanowire. (d) |JDS| vs. VDS measured
across the p-n junction in (c). When the n-segment is inverted band-to-band tunneling current
flows through the reverse-biased electrostatically-doped p+-n+ junction.

Finally, to study the effects of the diffused doping profile on the electrical properties of
the oxidized p-n-n+ Si nanowire junction, JDS was measured across junctions in the back-gated
test structure as a function of both VGS and VDS (Figure 2-9c, d). Simplified band diagrams of the
surface of the oxidized nanowire junction are shown in Figure 2-8b, again drawn according to the
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SCM result. As with the as-grown nanowire, the n+ end of the oxidized nanowire is unaffected by
VGS. However the moderately-doped p end of the oxidized nanowire can be accumulated and
depleted by VGS, while the moderately doped n-region can be inverted to p+ and accumulated to
n+. JDS vs. VGS measurements are shown in Figure 2-9c for VDS = 1 V and -1 V. The junction was
biased such that positive VDS corresponded to a forward biased p-n junction. Unlike the as-grown
nanowire, JDS across the junction under both forward and reverse bias was highest when VGS = 30 V, and no current flowed when VGS = 30 V.
When VGS = -30 V the surface of the p segment was fully accumulated to p+, while the
surface of the middle n-region was inverted to p+ (Figure 2-9b). Thus an abrupt, electrostaticallydoped p+-n+ junction was formed at the abrupt, chemically-doped n-n+ junction. The JDS vs. VDS
curve (Figure 2-9d) showed that unlike the as-grown nanowire junction, the oxidized junction
was not rectifying when VGS = -30 V. Band-to-band tunneling is permitted through the abrupt,
electrostatically-doped p+-n+ junction, resulting in a reverse biased JDS at VGS = -30 V and VDS = 2 V of 0.8 µA/µm, less than 2 orders of magnitude lower than the forward biased JDS at VDS = 2 V
of 35 µA/µm. Moreover, the reverse-biased JDS of the oxidized junction is more than 3 orders of
magnitude larger than for the as-grown junction (7x10-4 µA/µm). This is due to the more abrupt
junction in the oxidized nanowire, which enhances band-to-band tunneling.[33]
As VGS was increased the n-region inversion decreased, widening the abrupt p+-n+
junction and decreasing the reverse-biased tunneling current (Figure 2-9c). When VGS = 0 V there
was no longer an abrupt p+-n+ junction, and consequently there was no reverse-biased tunneling
current (Figure 2-9d). As seen in Figure 2-9c, the forward-biased junction current (VDS = 1V) also
decreased as VGS was increased. However unlike the as-grown junction, there was no current
through the oxidized junction when VGS was increased to 30 V. This is due to the decreased
doping of the oxidized p-type segment, and the resulting Schottky contact to this end of the
nanowire. As VGS was increased the p-type segment was depleted, widening the Schottky barrier
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and shutting the device off completely by VGS = 10 V. Thus the variation of the current across the
oxidized nanowire junction by VGS is due to modulation of the Schottky barrier at the p-end, as
well as inversion of the n-region which forms an abrupt p+-n+ junction that permits band-to-band
tunneling current.

2.7- Summary
In summary, the doping profile of in situ axially-doped p+-n+ Si nanowire junctions was
studied. Significant axial dopant concentration variation was observed on TMB-doped p-type
nanowires by gate-dependent multiple-contact I-V measurements, suggesting that a heavily-doped
p+ shell covers a moderately-doped p-type core. Thermal oxidation was shown to remove the p+
shell, leaving behind the moderately-doped p-type core. As-grown PH3-doped n-type nanowires
on the other hand were observed to have a very slight axial dopant concentration gradient,
suggesting that they are not covered by a significant doped shell. Following oxidation the n-type
nanowires were still heavily-doped, indicating that P is diffused into the nanowire core. Axial p+n+ Si nanowire junctions were synthesized by growing the p+ segment first and abruptly switching
the dopant gas to grow the n+ segment, to avoid coating the n+ segment with a p+ shell. The axial
doping profile was examined by scanning capacitance microscopy, which showed the p-n
junction had a larger than expected junction length of ~ 800 nm. Following thermal oxidation
SCM analysis revealed a p-n-n+ axial doping profile with a junction length of nearly 4 µm,
indicating enhanced dopant diffusion in the nanowire during thermal oxidation. The n-n+ junction
was also observed to be quite abrupt. I-V measurements confirmed that axial p-n junctions were
formed in the nanowire, and also validated the SCM results of both as-grown and oxidized
nanowires. As a consequence of the oxidized p-n-n+ profile, band-to-band tunneling can be
induced by electrostatically-doping the abrupt n-n+ junction to p+-n+. This demonstration of gate-

48
controlled tunneling shows that the oxidized Si nanowire p-n-n+ junctions have a profile that is
suitable for constructing a nanowire TFET, which will be explored further in Chapter 3.

2.8 - Bibliography
[1]

Y. Wu, Y. Cui, L. Huynh, C. J. Barrelet, D. C. Bell, and C. M. Lieber, "Controlled Growth
and Structures of Molecular-Scale Silicon Nanowires," Nano Letters, vol. 4, pp. 433-436,
2004.

[2]

Y. Wang, K.-K. Lew, T.-t. Ho, L. Pan, S. W. Novak, E. C. Dickey, J. M. Redwing, and T.
S. Mayer, "Use of Phosphine as an n-Type Dopant Source for Vapor−Liquid−Solid Growth
of Silicon Nanowires," Nano Letters, vol. 5, pp. 2139-2143, 2005.

[3]

T.-t. Ho, Y. Wang, S. Eichfeld, K.-K. Lew, B. Liu, S. E. Mohney, J. M. Redwing, and T. S.
Mayer, "In Situ Axially Doped n-Channel Silicon Nanowire Field-Effect Transistors,"
Nano Letters, vol. 8, pp. 4359-4364, 2008.

[4]

M. T. Bjork, J. Knoch, H. Schmid, H. Riel, and W. Riess, "Silicon nanowire tunneling
field-effect transistors," Applied Physics Letters, vol. 92, p. 193504, 2008.

[5]

M. S. Gudiksen, L. J. Lauhon, J. Wang, D. C. Smith, and C. M. Lieber, "Growth of
nanowire superlattice structures for nanoscale photonics and electronics," Nature, vol. 415,
pp. 617-620, 2002.

[6]

Y. Rangineni, C. Qil, G. Goncher, R. Solanki, and K. Langworthy, "Current rectification in
a single silicon nanowire p-n junction," Journal of Nanoscience and Nanotechnology, vol.
8, pp. 2419-2421, 2008.

[7]

G. Goncher, R. Solanki, J. R. Carruthers, J. Conley, Jr., and Y. Ono, "P-N Junctions in
Silicon Nanowires," Journal of Electronic Materials, vol. 35, pp. 1509-1512, 2006.

49
[8]

C. Yang, C. J. Barrelet, F. Capasso, and C. M. Lieber, "Single p-Type/Intrinsic/n-Type
Silicon Nanowires as Nanoscale Avalanche Photodetectors," Nano Letters, vol. 6, pp.
2929-2934, 2006.

[9]

T. J. Kempa, B. Tian, D. Rip Kim, J. Hu, X. Zheng, and C. M. Lieber, "Single and Tandem
Axial p-i-n Nanowire Photovoltaic Devices," Nano Letters, vol. 8, pp. 3456-3460, 2008.

[10] J. Appenzeller, J. Knoch, M. T. Bjork, H. Riel, H. Schmid, and W. Riess, "Toward
Nanowire Electronics," IEEE Transactions on Electron Devices, vol. 55, pp. 2827-2845,
2008.
[11] G. Imamura, T. Kawashima, M. Fujii, C. Nishimura, T. Saitoh, and S. Hayashi, "Raman
Characterization of Active B-Concentration Profiles in Individual p-Type/Intrinsic and
Intrinsic/p-Type Si Nanowires," The Journal of Physical Chemistry C, vol. 113, pp. 1090110906, 2009.
[12] C.-J. Kim, D. Lee, H.-S. Lee, G. Lee, G.-S. Kim, and M.-H. Jo, "Vertically aligned Si
intrananowire p-n diodes by large-area epitaxial growth," Applied Physics Letters, vol. 94,
p. 173105, 2009.
[13] G. Imamura, T. Kawashima, M. Fujii, C. Nishimura, T. Saitoh, and S. Hayashi,
"Distribution of Active Impurities in Single Silicon Nanowires," Nano Letters, vol. 8, pp.
2620-2624, 2008.
[14] K.-K. Lew, L. Pan, T. E. Bogart, S. M. Dilts, E. C. Dickey, J. M. Redwing, Y. Wang, M.
Cabassi, T. S. Mayer, and S. W. Novak, "Structural and electrical properties of
trimethylboron-doped silicon nanowires," Applied Physics Letters, vol. 85, pp. 3101-3103,
2004.
[15] R. A. Schlitz, D. E. Perea, J. L. Lensch-Falk, E. R. Hemesath, and L. J. Lauhon,
"Correlating dopant distributions and electrical properties of boron-doped silicon
nanowires," Applied Physics Letters, vol. 95, p. 162101, 2009.

50
[16] T. Kawashima, G. Imamura, T. Saitoh, K. Komori, M. Fujii, and S. Hayashi, "Raman
Scattering Studies of Electrically Active Impurities in in Situ B-Doped Silicon Nanowires:
Effects of Annealing and Oxidation," The Journal of Physical Chemistry C, vol. 111, pp.
15160-15165, 2007.
[17] E. Koren, Y. Rosenwaks, J. E. Allen, E. R. Hemesath, and L. J. Lauhon, "Nonuniform
doping distribution along silicon nanowires measured by Kelvin probe force microscopy
and scanning photocurrent microscopy," Applied Physics Letters, vol. 95, p. 092105, 2009.
[18] J. E. Allen, D. E. Perea, E. R. Hemesath, and L. J. Lauhon, "Nonuniform Nanowire Doping
Profiles Revealed by Quantitative Scanning Photocurrent Microscopy," Advanced
Materials, vol. 21, pp. 3067-3072, 2009.
[19] E. Koren, N. Berkovitch, and Y. Rosenwaks, "Measurement of Active Dopant Distribution
and Diffusion in Individual Silicon Nanowires," Nano Letters, vol. 10, pp. 1163-1167,
2010.
[20] J. E. Allen, E. R. Hemesath, and L. J. Lauhon, "Scanning Photocurrent Microscopy
Analysis of Si Nanowire Field-Effect Transistors Fabricated by Surface Etching of the
Channel," Nano Letters, vol. 9, pp. 1903-1908, 2009.
[21] C. Yang, Z. Zhong, and C. M. Lieber, "Encoding Electronic Properties by Synthesis of
Axial Modulation-Doped Silicon Nanowires," Science, vol. 310, pp. 1304-1307, 2005.
[22] M. I. den Hertog, H. Schmid, D. Cooper, J.-L. Rouviere, M. T. Bjork, H. Riel, P. Rivallin,
S. Karg, and W. Riess, "Mapping Active Dopants in Single Silicon Nanowires Using OffAxis Electron Holography," Nano Letters, vol. 9, pp. 3837-3843, 2009.
[23] N. Li, T. Y. Tan, and U. Gösele, "Transition region width of nanowire hetero- and pnjunctions grown using vapor–liquid–solid processes," Applied Physics A: Materials Science
& Processing, vol. 90, pp. 591-596, 2008.

51
[24] C. M. Eichfeld, C. Wood, B. Liu, S. M. Eichfeld, J. M. Redwing, and S. E. Mohney,
"Selective Plating for Junction Delineation in Silicon Nanowires," Nano Letters, vol. 7, pp.
2642-2644, 2007.
[25] K.-i. Seo, S. Sharma, A. A. Yasseri, D. R. Stewart, and T. I. Kamins, "Surface Charge
Density of Unpassivated and Passivated Metal-Catalyzed Silicon Nanowires,"
Electrochemical and Solid-State Letters, vol. 9, pp. G69-G72, 2006.
[26] B. Liu, Y. Wang, T.-t. Ho, K.-K. Lew, S. M. Eichfeld, J. M. Redwing, T. S. Mayer, and S.
E. Mohney, "Oxidation of silicon nanowires for top-gated field effect transistors," Journal
of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, vol. 26, pp. 370-374,
2008.
[27] R. Doering and Y. Nishi, Handbook of Semiconductor Manufacturing Technology. Boca
Raton, FL: CRC Press, 2008.
[28] P. A. Smith, C. D. Nordquist, T. N. Jackson, T. S. Mayer, B. R. Martin, J. Mbindyo, and T.
E. Mallouk, "Electric-field assisted assembly and alignment of metallic nanowires,"
Applied Physics Letters, vol. 77, pp. 1399-1401, 2000.
[29] S. E. Mohney, Y. Wang, M. A. Cabassi, K. K. Lew, S. Dey, J. M. Redwing, and T. S.
Mayer, "Measuring the specific contact resistance of contacts to semiconductor nanowires,"
Solid-State Electronics, vol. 49, pp. 227-232, 2005.
[30] J. Appenzeller, J. Knoch, V. Derycke, R. Martel, S. Wind, and P. Avouris, "FieldModulated Carrier Transport in Carbon Nanotube Transistors," Physical Review Letters,
vol. 89, p. 126801, 2002.
[31] D. K. Schroder, Semiconductor material and device characterization. Hoboken, NJ: John
Wiley and Sons, 2006.
[32] C. C. Williams, "Two-Dimensional Dopant Profiling By Scanning Capacitance
Microscopy," Annual Review of Materials Science, vol. 29, pp. 471-504, 1999.

52
[33] S. M. Sze, Physics of semiconductor devices: Wiley, 1981.

53

Chapter 3
Fabrication and Characterization of Axially-Doped Silicon Nanowire Tunnel
Field Effect Transistors

3.1 - Introduction
As described in Chapter 1, tunnel field-effect transistors (TFETs) have emerged as an
attractive low-power MOSFET replacement candidate.[1-5] A key metric of FET performance is
the inverse subthreshold slope (S), a measure of the gate‘s control over current injection into the
channel. Because MOSFETs rely on gate-controlled thermal injection of carriers into the channel,
they are restricted to a minimum S of 60 mV/dec. at room temperature, limiting the amount that
the supply voltage can be reduced to lower power consumption. However, TFETs have been
shown to be able to break the 60 mV/dec limit[2, 3] because the gate controls tunneling through a
barrier rather than emission over it, which filters out the high and low energy tails of the FermiDirac distribution, permitting supply voltage scaling and power reduction.
Nanowire-based TFETs are predicted to provide improved device performance over their
planar counterparts. Because nanowire devices have a circular geometry and a confined-volume
body, a gate that wraps around the nanowire will provide excellent electrostatic control over the
channel.[6-8] This improved channel control is expected to reduce the S dramatically.[6, 9]
Moreover, confinement effects such as the volume inversion of carriers[10] or the reduction of
transverse momentum conservation requirements[11] may further enhance tunneling probabilities
in nanowire systems. However, experimental nanowire TFETs have not yet realized these
improvements.[12-15] Recently Gandhi et al. measured S below 60 mV/dec. in reactive ion
etched Si nanowires, but were still limited by low on-currents in the 10 nA/µm range. Nanowires
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grown by the VLS method have the capability to reach diameters below 10 nm,[16] and also
permit doped junctions and heterojunctions to be formed in situ[17-19], allowing for the synthesis
of complex device structures expected to enhance tunneling current.[20, 21] Despite all of the
theoretical benefits that a nanowire channel could provide to a TFET, most studies do not predict
the effects that a confined geometry will have on the tunneling process itself, such as the impact
of surface scattering or carrier confinement on the tunneling action[22]. Therefore, it is critical
that the device characteristics of nanowire TFETs be correlated to their material properties so that
areas of improvement can be identified.
In this chapter, nanowire TFETs based on oxidized axially doped Si nanowires grown by
the VLS method are demonstrated. The p-n-n+ doping profile, revealed in Chapter 2, with an
abrupt n-n+ junction will be used with the p and n+ segments serving as the source and drain,
respectively, and the n region as the channel. By inverting the channel with the gate, an abrupt
electrostatically-doped p+-n+ tunnel junction can be formed. Gate-dependent measurements of the
nanowire TFETs show that a reverse-biased tunneling current is induced in the nanowires at
sufficiently negative gate biases. The temperature dependence of the tunneling current indicates
that it is made up of both a direct band-to-band tunneling and a trap-assisted tunneling current
component.
The Si nanowires used in this chapter were synthesized by Sharis Minassian of Prof. Joan
Redwing‘s research group in the Department of Materials Science and Engineering.

3.2 – Si nanowire TFET structure and fabrication
In Chapter 2 it was observed that oxidized Si nanowire p-n junctions have a p-n-n+ axial
doping profile that is suitable for gate controlled tunneling. In particular, there is an abrupt
junction between the n and n+ regions, and the n region can be accumulated and inverted by a
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gate. A simplified energy band diagram of an electrically gated p-n-n+ Si nanowire, based on the
SCM doping profile in section 2.5, is shown in Figure 3-1. From the back-gated multiple probe IV measurements in Chapter 2, it is known that the moderately doped p and n segments can be
inverted or depleted by an applied gate bias, but the n+ segment is unaffected. If a positive gate
voltage, VGS, is applied to the p-n-n+ Si nanowire, the p segment will be depleted, the n segment
will be accumulated, and the n+ segment will remain n+ (Figure 3-1b). However, when a negative
VGS is applied the p segment will be accumulated to p+, the n region will be inverted to p+, and the
n+ region will again remain n+ (Figure 3-1c). This results in an abrupt electrostatically doped p+-n+
junction at the chemically doped n-n+ junction, permitting band-to-band tunneling current when
this junction is reverse biased. Thus, the n region can act as the channel of the Si nanowire TFET
– when it is inverted by the gate reverse-biased tunneling current can flow, but otherwise there is
no reverse-biased current through the device. Because SCM only probes the doping
concentration in the topmost layer of the n+ segment, the abrupt n-n+ junction observed in section
2.5 could be limited to the near surface region of the Si nanowires. However, the gate of the
TFET will invert a thin layer at the surface of the n region, forming an abrupt p+-n+ junction
around the periphery of the wire at the Si/SiO2 interface. Hence for a gated device, the doping
profile at the surface is most important.
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Figure 3-1 - Energy band diagram at the Si/SiO2 interface immediately below the gate along the
length of the Si nanowire at: (a) VGS = 0 V, (b) a positive VGS, and (c) a large negative VGS. The
source and drain contacts at the end of the nanowire are labeled in the diagram as ‗S‘ and ‗D‘,
respectively. When VGS = 0 V, the device behaves like a p-n junction. A positive VGS accumulates
the n segment, depletes the p segment, and widens the p-Schottky barrier. A negative VGS inverts
the n segment, accumulates the p segment, and narrows the p-Schottky barrier, creating an abrupt
electrostatically doped p+-n+ junction.

Si nanowire TFETs were fabricated from the oxidized p-n-n+ nanowire junctions studied
in Chapter 2. A schematic of a nanowire TFET is shown in Figure 3-2a. In addition to creating
the p-n-n+ doping profile, thermal oxidation also created a SiO2 shell to serve as part of the TFET
gate dielectric. Synthesis and oxidation of the nanowires is described in section 2.2, and the
oxidation procedure is further detailed in the Appendix (A.1). The oxidation conditions formed a
SiO2 shell of uniform thickness ranging from 3 to 5 nm depending on nanowire diameter.
Following oxidation the wires were removed from the growth substrate by ultrasonic agitation
and suspended in isopropyl alcohol. This suspension was dispersed on a silicon nitride (Si3N4)coated (120 nm) Si substrate and single wires were positioned at predetermined locations between
large-area metal electrodes by electric-field assisted assembly.[23] A detailed procedure is
available in the Appendix (A.2-A.4). Source (S) and drain (D) contacts were defined at the ends
of the Si nanowires using electron-beam (e-beam) lithography. Following exposure and
development of the e-beam resist, the SiO2 shell in the contact areas was removed using a dilute
buffered oxide etch (BOE) and Ti/Ni (120/120 nm) metal electrodes were formed by thermal
evaporation and lift-off of the e-beam resist.
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Atomic layer deposition (ALD) was used to coat a 20 nm thick conformal HfO2 layer
over the entire device to serve as part of the gate dielectric and also to isolate the S/D contacts.
Finally, a top-gate that overlapped the channel and the S/D contacts was patterned by e-beam
lithography and 120 nm of Al was deposited using thermal evaporation (See the Appendix, A.9,
for fabrication details). The overlapping Al top gate is necessary because of the Schottky barrier
at the source contact to the p segment, which limits current flow through the nanowire device.[24]
The Schottky barrier can be narrowed by applying a negative VGS to electrostatically dope the Si
wire segment at the drain contact from p to p+, improving current injection through the source.[6,
25] Due to uncertainty in the orientation of the p and n segments following assembly the gate
overlaps both the source and the drain contacts, as the latter is not significantly modulated by the
gate field. An FESEM image of a completed Si nanowire TFET is shown in Figure 3-2b.

(a)

Drain
Al top gate

SiO2
HfO2

Source

(b)

1µm

Source
n+

n
p

Drain
Al top gate

Figure 3-2 - (a) Cross-sectional schematic of the Si nanowire TFET device structure. The gate
dielectric is composed of a thin SiO2 shell surrounding the Si nanowire and 20 nm thick HfO2
layer that covers the entire nanowire as well as the source and drain contacts. The Al gate
overlaps the contacts to improve current injection into the p segment. (b) Tilted-view FESEM
image of a fabricated Si nanowire TFET.
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3.3 – Si Nanowire TFET Room Temperature I-V measurements
Current-voltage (I-V) measurements were performed on Si nanowire TFETs in vacuum at
room temperature. In all cases the source was grounded and voltage was applied to the drain, such
that a negative drain-to-source voltage, VDS, corresponds to a forward-biased p-n junction. The
IDS-VDS characteristics of a single 90 nm diameter Si nanowire device collected at VGS between −2
and 2 V (Figure 3-3) show that the p-n-n+ junction is rectifying, with very little or no measurable
reverse bias current and varying forward bias current, IDS. As mentioned previously the Schottky
contact to the p segment can be modified via electrostatic doping with the gate. When the barrier
is sufficiently wide (VGS ≥ 0 V, Figure 3-1a, b), the IDS-VDS characteristics are due to a p-n+
junction diode and Schottky diode connected back-to-back in series. When a negative VDS is
applied, the p-n+ junction is forward biased and the p-Schottky diode is reverse biased, limiting
the current through the p-n+ junction. As VGS increases from 0 to 2 V, the resistance of the p
nanowire segment increases and the Schottky barrier widens, reducing the forward-biased IDS
through the nanowire. When a negative VGS is applied (VGS < 0, Figure 3-1c), the p segment
accumulates holes, the Schottky drain contact is converted into an ohmic tunneling contact, and
the forward-biased IDS rises. At this condition VDS drops mostly across the p-n+ junction, and thus
it is most appropriate to extract the p-n+ junction diode properties when VGS = −2 V. The
extracted ideality factor is n = 1.6 and the reverse biased current is only weakly dependent on
voltage. This indicates that carrier recombination and generation contributes to but is not the
dominant source of current in these VLS-grown p-n-n+ junctions.[26]
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Figure 3-3 - |IDS| vs. -VDS at VGS from 2 to −12 V for a single 90 nm diameter Si nanowire TFET.
Note that –VDS is plotted so that positive values correspond to a forward bias on the p-n-n+
junction. As VGS becomes increasingly negative the reverse-biased tunneling current increases.
VGS also controls the forward-biased current primarily through modification of the p-Schottky
barrier at the source contact.

The IDS-VDS characteristics plotted in Figure 3-3 also show that a large reverse current
arises and increases as VGS decreases from −4 to −12 V. This can be attributed to band-to-band
tunneling current in the p+-n+ junction that is formed by inverting the n segment and accumulating
the p segment of the p-n-n+ Si nanowire (VGS < 0, Figure 3-1c). The IDS-VDS plot indicates that the
p+-n+ junction current is resistance limited in both the forward and the reverse bias regimes. This
resistance is a combination of the nanowire series resistance and the contact resistances. When
VDS is negative the Schottky contact formed between the metal and the p+ Si nanowire segment at
a constant value of VGS is reverse biased, giving a higher contact resistance than for positive VDS.
This results in a lower maximum forward diode current than reverse diode current for the same
VDS (magnitude) and VGS.
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Interband tunnel junctions typically have a peak and valley region with an area of
negative differential resistance (NDR) under small forward biases, which is a consequence of
electrons tunneling from the n+ conduction band to the p+ valence band over a narrow energy
band.[27] Although these gated p+-n+ Si nanowire junctions exhibit an elevated forward-bias
current at low VDS, there is no sign of a current valley or NDR. This may indicate that the doping
in the n+ segment or the electrostatically doped p+ segment is not degenerate enough to push the
Fermi level well into the respective bands. Additionally, there may be tunneling current through
trap states in the bandgap that is on the order of or greater than the direct band-to-band tunneling
current, masking the current valley and NDR. [28]
Figure 3-4 shows the VGS dependence of the reverse-biased tunneling current at values of
VDS between 0.1 and 2 V. There is minimal gate leakage current at all values of VDS, which shows
that the measured IDS is dominated by current flowing through the Si nanowire p+-n+ junction
diode. There is noticeable hysteresis in IDS with gate bias sweep direction, suggesting that there is
a high density of neutral oxide traps in the SiO2 and HfO2 gate dielectrics, a known concern of
high-k dielectrics.[29] The tunneling current turns on with an S of approximately 370 mV/decade,
well above the theoretical MOSFET limit of 60 mV/decade. However, the 20 nm HfO2 gate
dielectric is relatively thick, and a reduction in the gate dielectric thickness will improve the
subthreshold slope.[6, 9]
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Figure 3-4 - |IDS| vs. VGS at VDS = 0.1 V (black), 0.5 V (red), 1 V (green), and 2 V (blue). The
arrows indicate the bias sweep direction. IG is also shown, which is much lower than IDS.

3.4 – Si Nanowire TFET Temperature-Dependent I-V Measurements
To confirm that the observed reverse-biased IDS for VGS ≤ −4 V is due to band-to-band
tunneling, temperature-dependent IDS-VDS measurements were performed from 375 to 4.2K
(Figure 3-5a) at a constant value of VGS = −10V. Below the diode turn-on voltage the forwardbiased current decreases exponentially with temperature, following the p-n junction diode current
IDS ~ exp(-VDS/nkT).[26] The reverse-biased current also decreases with temperature, although not
as dramatically as the forward-biased current, and there is still significant current at 4.2K. The
Arrhenius plot in Figure 3-5b shows that the reverse current decreases exponentially with
temperature between 375 and 150K. Below 150K, the current becomes less temperature
dependent, and between 75 and 4.2K the current is nearly constant. While true direct tunneling
current is temperature independent,[26] direct band-to-band tunneling in indirect bandgap
semiconductors such as Si has a slight temperature dependence because of: (1) the increase in the
bandgap energy with decreasing temperature, and (2) the necessary involvement of phonons to
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satisfy momentum conservation requirements as electrons transfer from the valence to the
conduction band.[30-33] The exponential temperature dependence at high temperatures suggests
that the reverse-biased diode current in these Si nanowire TFETs is composed of a direct
tunneling current component and a trap-assisted tunneling (TAT) current component.[34]
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Figure 3-5 - (a) IDS vs. -VDS at a constant VGS of −10 V as a function of temperature from 375K to
4.2K in steps of 25K. (b) The corresponding Arrhenius plot at VDS of 2.0 V (black squares), 1.5 V
(red circles), 1.0 V (green triangles) and 0.5 V (blue inverted triangles). The current decreases
exponentially with temperature at the highest temperatures, but decreases little at the lowest
temperatures.
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The mechanism responsible for the TAT current component is illustrated in Figure 3-6.
Electrons from the valence band in the electrostatically doped p+ Si nanowire segment tunnel
partway through the bandgap into traps. The electrons are then thermally emitted out of the traps
into the conduction band of the n+ segment. In this high electric field tunneling regime, the
activation energy determined from the slope of the Arrhenius plot at high temperatures decreases
with increasing VDS and VGS (Figure 3-7), which is consistent with field-enhanced (Poole-Frenkel)
thermal emission of electrons from the traps.[26] Thus the extracted trap barrier height, ΦB, in
Figure 3-7 is only an effective barrier height. Because accurate values of the electric field in the
gated junction region of these Si nanowire TFETs are difficult to determine for all bias
conditions, the actual trap energy could not be extracted from the measured field-dependent
activation energies. Nevertheless, there are several likely causes of the TAT observed in these
devices. First, it has been shown that there is a significant concentration of Au in the Si nanowires
due to the VLS growth being Au mediated,[35, 36] and Au is a well known mid-bandgap trap in
Si. Second, because transport occurs in the electrostatically doped p+ inversion layer near the
surface, it is also possible that interface states at the multi-faceted Si nanowire surface could
contribute to the TAT current.[37]
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Figure 3-6 – Diagram showing the trap-assisted tunneling mechanism. Carriers tunnel from the p+
valence band into a trap and are then thermally emitted into the conduction band.
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Figure 3-7 –Plot of the extracted effective trap barrier (ΦB (eff)) as a function of VGS at a constant
VDS = 0.5 V for three different Si nanowire TFETs – black, red, and green, respectively.

3.5 - Summary
In summary, oxidized VLS-grown Si nanowires with a p-n-n+ axial doping profile were
fabricated into nanowire TFETs. By using a top gate that overlaps both the source and drain the
n-channel could be accumulated and inverted, and the p-Schottky barrier at the source contact
could be widened and narrowed. When the n-channel was inverted an abrupt electrostatically
doped p+-n+ tunnel junction was formed at the chemically-doped n-n+ junction. This permitted a
large reverse-biased tunneling current to flow through the Si nanowire. Temperature dependent
IDS-VDS measurements confirmed that the tunneling current was due to both direct band-to-band
tunneling and trap-assisted tunneling. There are a number of avenues available for improvement
in device performance. The gate dielectric is quite thick, even for the high-k HfO2, and reducing
it will improve the top gate control over the channel and thereby S and the on-current. If surface
states at the Si/SiO2 interface are responsible for the large TAT contribution, post-oxidation
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annealing could be performed to decrease the interface state density. However, restrictions on the
source and drain doping density, junction abruptness, and Au incorporation may be inherent to in
situ doping and the VLS method. Nevertheless, this demonstrates that the lateral nanowire
platform provides an important test structure for studying the impact of such non-idealities on
TFET operation in a confined-volume geometry.
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Chapter 4
Etched InGaAs Nanowire Diodes and TFETs

4.1– Introduction
As demonstrated in Chapter 3, nanowire tunnel field effect transistors (TFETs) can be
fabricated from ―bottom-up‖ nanowires grown by the vapor-liquid-solid (VLS) method.
However, in situ doping of these nanowires limits the maximum dopant density and junction
abruptness. As described in Chapter 1, abrupt, heavily-doped junctions are critical for efficient
tunneling and a TFET implementation.[1] Therefore, in order to accurately study the effects of
the nanowire geometry on TFET operation, a nanowire with a well-controlled doping profile is
needed.
There are a number of examples of vertical TFETs, where controlled layer deposition was
used to create the abrupt, heavily-doped junctions.[2-5] The vertical devices made from InGaAs
are especially interesting, as InGaAs has a relatively narrow bandgap of ~ 0.75 eV and a light
effective mass, giving an increased tunneling probability over Si and Ge.[4-6] These large-area
TFETs have demonstrated high on currents of 20-50 µA/µm. However the subthreshold swings
(S) were limited to between 90 and 220 mV/dec, due in part to the use of high-k gate dielectrics
between 5 nm and 10 nm thick. While both of these designs take advantage of molecular beam
epitaxy (MBE) to for abrupt, heavily-doped junctions, both are fabricated by forming a sloped
mesa sidewall to expose the channel by orientation-dependent wet chemical etching. This process
is not easily transferable to a nanowire structure, where the channel width or diameter may
ultimately be in the 10 nm range.
The lateral nanowire TFET structure used in Chapter 3 follows a much simpler process
flow. By taking advantage of high-resolution lateral e-beam lithography and conventional thin-
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film deposition, many contacts and gates can be made to the nanowire, limited only by the ebeam resolution and nanowire length. In this chapter, nanowires fabricated using MBE-grown
InGaAs device layers were assembled into a lateral test structure. The abrupt p+-n+ and p+-i-n+
InGaAs layers were deposited by MBE, and then reactive ion etched into vertical nanowires. The
nanowires were then removed from the substrate and assembled into the lateral device structure,
where contacts and gates were patterned by e-beam lithography. In this way, the benefits of
vertical layer deposition by MBE were combined with the high-resolution and process flexibility
of lateral e-beam patterning.
I-V measurements were performed on the p+-n+ and p+-i-n+ diodes, demonstrating
successful integration. However, these measurements revealed that surface conduction plays a
large role in structures with large surface area. Thermal annealing was used to reduce the surface
leakage current, which then enabled fabrication of a gated p+-i-n+ TFET. Subsequent I-V
measurements revealed gate-controlled Esaki tunneling when the junction was forward biased,
which is a clear sign of band-to-band tunneling.
The InGaAs layer structures were grown by IQE, Inc. of Bethlehem, PA. The patterning
and etching of the MBE wafer to form the nanowires, as well as SEM imaging of the etched
nanowires, was performed by Ning Cao at the National Nanotechnology Infrastructure Network
(NNIN) facility at the University of California, Santa Barbara. Huichu Liu of Prof. Theresa
Mayer‘s research group in the Department of Electrical Engineering assisted with the nanowire
release etch, FESEM imaging, and variable-temperature I-V measurements.

4.2 – InGaAs nanowire p+-n+ diode fabrication and device assembly
To demonstrate the feasibility of fabricating and assembling nanowires etched from
epitaxial layer structures, InGaAs nanowire diodes were fabricated by etching the p+-n+ InGaAs
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layers from the top by inductively coupled plasma reactive ion etching (ICP-RIE). The starting
wafer was grown by MBE of In0.53Ga0.47As lattice-matched to a semi-insulating InP substrate.
The complete layer structure of the starting p+-n+ wafer is shown in Figure 4-1. Following MBE
growth, the wafer surface was cleaned by a 20 sec. etch in a 1:5 mixture of ammonium hydroxide
(NH4OH) and water to remove the native InGaAs oxide, followed by a 5 sec. etch in a 1:1:1000
mixture of NH4OH, hydrogen peroxide (H2O2) and water to remove ~ 10 Å of InGaAs. This was
followed by a dip in 1:5 NH4OH to remove any InGaAs oxide, an H2O rinse and N2 dry, leaving a
fresh InGaAs surface. A 200 nm thick SiO2 layer was deposited by plasma-enhanced chemicalvapor-deposition (PECVD) to serve as an etch mask. Laser interference lithography was then
used to pattern a 2D array of ~ 150 nm diameter dots with a pitch of ~ 230 nm. The dot pattern
was then transferred into the SiO2 etch mask by ICP-RIE using a fluorine-based chemistry
(Figure 4-2a). Finally, the InGaAs layers and top of the InP substrate were etched using a
chlorine-based ICP-RIE, resulting in an array of ~ 125 nm diameter InGaAs nanowires (Figure
4-2b). As seen in Figure 4-2c, the etch is not completely vertical, resulting in nanowires with a
tapered profile. However, this allows distinction between the p+ nanowire tip (narrow) and the n+
base (wide).
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(a)

50 nm p+ (C 1x1019) In0.53Ga0.47As

(b)

10 nm p++ (C 1x1020) In0.53Ga0.47As
3 nm un-doped In0.53Ga0.47As
10 nm n++ (Si 5x1019) In0.53Ga0.47As

300 nm n+ (Si 1x1019) In0.53Ga0.47As

Semi-insulating InP substrate

1 µm

(c)

InGaAs

InP

2 µm

Figure 4-1 – (a) InGaAs p+-n+ diode layer structure on an InP substrate. (b) Array of etched
InGaAs p+-n+ nanowires. c) Side profile of etched InGaAs p+-n+ nanowires on InP substrate.
Following the ICP-RIE etch the InGaAs nanowires were released from the InP substrate
by a selective wet etch of the InP substrate (Figure 4-2a). The substrate was immersed in a 1:1.44
mixture of hydrochloric acid (HCL) to ethanol for 5 seconds. The substrate was then rinsed with
ethanol for 2 min. to ensure that the etchant and any byproducts were completely removed. On
samples where a shorter rinse was performed, it was observed that many nanowires were severely
damaged more than a day after the release etch, indicating that they were slowly attacked by
residual etchant. Following the release etch, some nanowires were completely removed and fell
onto the InP substrate, while others were still standing vertically on narrowed InP pillars (Figure
4-2). As seen in Figure 4-2b, some InGaAs nanowires are connected in chains at the base, a result
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of the etch mask dot pitch being too small for the ICP-RIE. To break up the nanowire chains,
remove the released nanowires from the substrate, and break nanowires off from the InP
pedestals, the substrate was immersed in isopropyl alcohol (IPA) in a small vial and placed in an
ultrasonic bath for 1 minute, creating an InGaAs nanowire and IPA suspension.
(a)

p+

InGaAs
NWs

n+

InP Etch

InP

(b)

Nanowires on
InP pedestals

200 nm

Released InGaAs
nanowires

Figure 4-2 – (a) Schematic of InGaAs nanowire release by selective InP etch. (b) InGaAs
nanowires on InP substrate after release etch.
The nanowires were then positioned along the edge of bare interdigitated Ti/Au
electrodes on a Si3N4-coated Si wafer via electric field assisted assembly.[7] The assembly
electrodes were patterned by e-beam lithography and liftoff to ensure well defined electrode
edges and alignment markers for subsequent lithography steps. As seen in Figure 4-3, the
nanowires preferentially aligned perpendicular to the assembly electrodes with either the base or
tip of the nanowire overlapping the electrode by between 0 nm and 40 nm. Following assembly
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the wafer was spin- coated with a ~15 nm thick layer of OmniCoat (MicroChem, Newton, MA)
and a ~ 380 nm thick layer of ZEP520A e-beam resist. The use of OmniCoat was necessary to
promote adhesion of the ZEP520A to the Ti/Au assembly electrodes. The large area probe pads
and anode/cathode contacts to the nanowires were defined in the ZEP520A by e-beam exposure
at a dose of 240 µC/cm2 and subsequent development in n-amyl acetate for 3 minutes followed by
a 1 minute rinse in a mixture of MIBK and IPA at a volumetric ratio of 8:1. After development, a
20 second O2 descum was performed at 100W to remove the OmniCoat from the developed areas
of the ZEP520A.
The native oxide layer on the surface of the InGaAs nanowires was removed from the
exposed contact areas by a 30 second wet etch in a mixture of buffered oxide etch (BOE 10:1)
and H2O at a volumetric ratio of 1:4. The sample was then immediately rinsed in H2O for 30
seconds, dried by blowing with N2 and loaded into a thermal evaporator for metal deposition.
This sequence was performed as rapidly as possible to limit regrowth of the native oxide layer
before metal deposition. A contact metal layer of 150 nm of Ti was deposited, followed by a 20
nm thick Pd capping layer. The ZEP520A was then lifted-off by immersing the sample in n-ndimethylacetimide (DMAC) heated to 100˚C on a hot plate for ~30 minutes. A completed
InGaAs nanowire tunnel diode device is shown in Figure 4-4.
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Ti/Au assembly
electrode
Assembled InGaAs
nanowires

300 nm

Figure 4-3 – FESEM image of InGaAs nanowire diodes assembled to the edge of a Ti/Au
electrode.
Assembly Electrode

Ti/Pd Cathode

Anode

Base (n+)

InGaAs NW

Tip (p+)

40 nm

Figure 4-4 - Completed InGaAs nanowire tunnel diode contacted on the n+ base (left) and p+ tip
(right) by Ti/Pd anode and cathode.

77
Due to the 40 nm uncertainty in the lateral position of the nanowire, the variability in
nanowire orientation of base and tip, the ~35 nm alignment accuracy of the e-beam contact
patterning with respect to the assembly electrodes, and the need to contact no more than 60 nm of
the tip of the nanowire, great care was taken in designing the anode and cathode pattern. The gap
spacing was designed to be between 200 and 240 nm, varying throughout the die, to allow for
sufficient overlap of the tip and base without shorting the electrodes together. Additionally, the
alignment of the contacts to the assembly electrode edge was varied systematically by +/- 80 nm
to account for variations in nanowire and e-beam alignment accuracy. The result is that while
many nanowires are contacted only on the p+ and n+ ends (Figure 4-4), some have two contacts to
the 320 nm long n+ base (Figure 4-5a), and others are contacted only on one end (Figure 4-5b). In
Section 4.3, the nanowires with isolated contacts to the p+ and n+ ends will be referred to as p+-n+
diodes, while those with contacts to the n+ base will be referred to as n+ devices.

(b)

(a)

n+

100 nm

n+

p+

100 nm

Figure 4-5 – Misaligned InGaAs nanowire diodes and contacts. (a) Both of the contacts are to the
n+ segment only. (b) The nanowire does not bridge the contacts – only the tip is contacted.
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4.3 – I-V Measurements of p+-n+ InGaAs Nanowires
Because it was not possible to image the nanowires with an optical microscope, every
device location was tested electrically. As each die contained 1200 device sites, a completely
automated wafer measurement program was written to measure and sort each location. A semiautomated probe station (Cascade Microtech Summit 12000) was used to automatically step from
site-to-site, while a Labview program swept the voltage from -0.5 to 0.5V at each site and
measured the resulting current. The data was then sorted by maximum current, allowing devices
to quickly be identified as open circuits with no nanowire (current less than ~ 1nA), short circuits
caused by metal overlap (current greater than 100µA), or locations containing nanowires
(currents between ~100nA and 50µA). Following the automated probing, likely nanowire device
locations were examined by FESEM to confirm that single nanowires were present. In addition,
FESEM was used to determine whether the nanowires were p+-n+ diodes or n+ devices, based on
the registration of the contacts with respect to the nanowire ends.
Following the identification of nanowire device sites, more detailed I-V measurements
were performed. Because of the potential for high current densities through the InGaAs
nanowires at high biases, care was taken to avoid damaging the devices during I-V measurements.
It was observed that when currents approached 100 µA many devices were destroyed, either due
to the nanowire breaking (Figure 4-6a, b) or to the contact metal melting and flowing across the
nanowire, shorting the device (Figure 4-6c, d). To avoid this situation, Va was first swept from 0
to 0.5 V, and then from 0 to -0.5 V. If the current range was acceptable, the bias range was then
increased to +/- 1 V and finally +/- 1.2 V.
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(a)

(b)

100 nm

100 nm

(c)

(d)

100 nm

100 nm

Figure 4-6 – (a) InGaAs nanowire device before and (b) after Va > 1.5 V was applied, showing
nanowire destruction. (c) InGaAs nanowire device before and (d) after Va > 1.8 V was applied,
showing metal contact damage and metal diffusion across the nanowire, creating a short.
Initially, n+ devices (Figure 4-7a) were characterized to confirm that contacts were made
to the nanowires. Additionally, this allowed a comparison to be made between n+ devices and
likely p+-n+ diodes to determine when the p+ and n+ ends were successfully contacted and
isolated. I-V curves of an n+ nanowire segment measured at varying temperatures from 293K
down to 77K is shown in Figure 4-7b, with the bias applied to the contact on the right. The
current is nearly symmetric in the forward and reverse bias directions, with maximum current
densities of 670 kA/cm2 and 250 kA/cm2 at Va = 1 V and -1 V, respectively. Furthermore, the
current decreases slightly with temperature to 370 kA/cm2 and 140 kA/cm2 at 1V and -1 V,
respectively, at 77K. While the slight anti-symmetry of the current between positive and negative
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bias indicates that the metal contacts are not purely ohmic, the decrease in current from 293K to
77K of less than a decade implies that carriers are primarily tunneling through the contacts.[8]
While there are a number of reports of purely ohmic tunneling contacts formed between
Ti and n+ InGaAs,[9-13] in most cases special care is taken to ensure that the InGaAs surface is
free from native oxide to minimize Fermi level pinning, often by performing an in situ clean
before metal deposition[13]. For the InGaAs nanowire devices presented in this chapter, the only
surface treatment performed after ICP-RIE etching was the wet etch to remove the native oxide,
which was performed ex situ of the evaporator. This could result in the growth of a thin oxide on
the InGaAs surface before contact metal deposition, which may increase the contact resistance by
changing the Fermi level pinning.[10, 13] Even if the native oxide was completely removed, the
nanowire is not a planar crystal surface, but rather circular with many surfaces of varying state
densities exposed, which may increase Fermi level pinning. The ICP-RIE may also damage the
nanowire surface, increasing the surface state density.[14] Given all of these considerations, it is
reasonable to assume that the Ti/Pd nanowire contacts are not purely ohmic and contribute to the
series resistance of the nanowire devices. In the future, to realize high-performance InGaAs
nanowire devices, the contacts will need to be optimized through careful surface preparation,
metal choices, and potentially thermal annealing.
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Figure 4-7 – (a) FESEM image and (b) current density (J) vs. voltage measurements of the n+
segment of an InGaAs nanowire at temperatures from 293K down to 77K in steps of 25K.
After establishing that electrical contact was successfully made to the n+ nanowire
devices, I-V measurements were performed on single nanowire p+-n+ diodes, as identified by
FESEM analysis (Figure 4-8a). Va was applied to the anode and the cathode was grounded, with
the anode and cathode determined via FESEM. As shown in Figure 4-8b, unlike the n+ devices,
the p+-n+ junctions were rectifying. However, at room temperature, the forward biased current
density of 89.0 kA/cm2 at 1 V is just an order of magnitude larger than the reverse biased current
density of 8.4 kA/cm2 at -1 V. This was not unexpected because p+-n+ Esaki diodes have a large
reverse-biased tunneling current.[15] However, Esaki diodes also have a current peak and valley,
or region of negative differential resistance (NDR), at very low forward bias. For these devices,
there was still significant current observed below the expected diode turn-on voltage of ~ 0.6
V,[4, 16] and no NDR region was observed when the p+-n+ nanowire diode was forward biased.
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Figure 4-8 – (a) FESEM image of an InGaAs p+-n+ nanowire diode contacted on the p+ and n+
ends. The p+-n+ junction is marked according to measurements from the end of the nanowire. (b)
Current density (J) vs. voltage (Va) curves of the same diode at 293K (black), 175K (red) and 77K
(blue).
To examine the diodes further, I-V measurements were performed at reduced
temperatures of 175K and 77K. As shown in Figure 4-8b, above ~ 0.7 V the contact resistance
and diode series resistance limit the diode current, and J decreases with temperature by less than a
decade from 160 kA/cm2 to 55 kA/cm2. This temperature dependence is similar to the observed
decrease for the n+ devices, which were also limited by contact and series resistance. However,
unlike the n+ devices, the forward biased current of the p+-n+ diode below ~ 0.5 V, as well as the
reverse biased current, decreased by an order of magnitude or more from 293K to 77K. For
example at Va = 0.25 V, the current density decreases from 1.1 kA/cm2 at 293K to 13 A/cm2 at
77K. In addition, as the forward bias current decreased, a small portion of the ideal diode curve
was revealed at ~ 0.6 V. The strong temperature dependence of the reverse bias and low forward
bias current indicates that it is not direct band-to-band tunneling, which is temperature
independent, but instead may be trap-assisted tunneling.[17-21] At forward biases below the
diode turn-on, this is referred to as the excess current and is responsible for the non-zero valley
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current present in all Esaki diodes. Increased excess current has been observed in tunnel diodes
with high defect densities due to electron radiation,[21-23] as well as gold doping[17]. Despite
the reduction of excess current at 77K, there is still no evidence of NDR in the I-V curve. As
observed by Sah,[17] Chynoweth,[18] and Pierce,[21] when the density of traps available for
tunneling is high enough, the excess current may be greater than the direct band-to-band
tunneling current, even at low temperatures, obscuring the NDR region. Therefore the I-V
characteristics of the p+-n+ InGaAs nanowire diodes suggest that the devices are dominated by
excess currents that prevent the NDR from being observed.
While the measured results suggest that there is a high density of defects present in the
p+-n+ nanowire diodes, it should be noted that the starting nanowire material was grown by MBE
and is expected to be free from significant defects. In fact, larger Esaki diodes made from the
same starting p+-n+ InGaAs wafer have been shown to have peak-to-valley current ratios of 3.4 at
room temperature, indicating the defect density is relatively low as there is a low valley
current.[24] In the reported study, individual diodes were defined by wet etching the InGaAs into
pillars with a minimum diameter of ~ 400 nm. On the other hand, the nanowire p+-n+ diodes in
this chapter have a smaller diameter of ~ 120 nm and are defined by ICP-RIE. Therefore, the
nanowires have a larger perimeter to area ratio, and potentially more surface damage because of
dry etching, than the larger wet etched pillar diodes. Because the core of the nanowire and pillar
diodes should be nearly identical, the lack of NDR in the nanowire diodes suggests that surface
leakage is the main source of the increased excess current. While Björk et al. have demonstrated
NDR in VLS-grown Si-InAs nanowire heterojunction Esaki diodes with a diameter of 120 nm,
they also find that the majority of their nanowires do not show NDR due to high excess
currents.[25] The results presented here suggest that as nanowire diameters are reduced, the
surface plays an ever increasing role in device operation.
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4.4 – InGaAs nanowire p+-i-n+ diode fabrication and device assembly
To begin fabrication of InGaAs nanowire TFETs, nanowire p+-i-n+ diodes were
fabricated using a similar to procedure to the one described in Section 4.2 for forming nanowire
p+-n+ diodes. The layer structure of the starting p+-i-n+ InGaAs wafer is shown in Figure 4-9a.
The p+ and n+ segments were designed to each be 160 nm long to avoid the difficulties associated
with contacting the 60 nm long p+ segment of the p+-n+ diodes. The mask fabrication and ICPRIE etching is the same as described in Section 4.2, but with an increased SiO2 thickness of 300
nm. This was necessary to ensure that the mask withstood the entire etch of the 620 nm thick
InGaAs layers. The etch mask dot pitch was also increased to 280 nm by adjusting the
interference lithography conditions to ensure that the nanowire bases would be separated after the
etch. This adjustment also reduced the etch mask dot diameters to ~ 80 nm. Etched InGaAs p+-in+ nanowires are shown on the InP substrate in Figure 4-9b. The InP substrate was etched by ~ 17
nm, allowing the nanowires to be released using the selective InP wet etch. The n+ nanowire base
is again wider than the p+ tip, allowing the nanowire ends to be distinguished after release from
the substrate.
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Figure 4-9 – (a) p+-i-n+ InGaAs layer structure. (b) Etched InGaAs nanowires, ≤ 80 nm in
diameter and 620 nm tall, on the InP substrate. The SiO2 etch mask is still present on the top of
the nanowires.

Following the ICP-RIE etch, the SiO2 mask was removed using BOE (10:1), and the
InGaAs nanowires were removed from the InP substrate by following the selective InP etch
described in Section 4.3. After the etch nearly all of the nanowires were completely removed and
fell on to the InP substrate (Figure 4-10). No nanowire chains were observed, due to the increased
mask dot pitch. The ICP-RIE did cause some damage to the p+ tip, which was quite severe on
some nanowires (Figure 4-10b) and not as dramatic on others (Figure 4-10a). FESEM-measured
nanowire diameters near the tip were between 37 nm and 70 nm. An InGaAs nanowire and IPA
suspension was created by immersing the substrate in IPA in a small vial and placing it into an
ultrasonic bath for 30 seconds.
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Figure 4-10 – InGaAs p+-i-n+ nanowires released from the InP substrate. (a) Nanowires with little
tip damage. (b) Nanowires with severe tip damage.
Once released into suspension, the nanowires were aligned to Ti/Au assembly electrodes
by the method described in Section 4.3. The nanowires typically overlapped the electrodes by 100
to 150 nm. However, because the p+ and n+ ends were each 250 nm long there was little risk of
the assembly electrode short-circuiting the junction. After assembly, the source and the drain
contacts were patterned by e-beam lithography using ZEP520A with a gap designed to be 360 nm
long. Once again, the placement of the contact windows with respect to the assembly electrode
was systematically varied to account for the shifts in nanowire to assembly electrode registration
and the e-beam alignment. The native oxide was removed from the contact areas by immersing
the sample in a mixture of HCl and water at a ratio of 1:50 for 15 seconds. HCl was chosen over
dilute BOE as it has been suggested to better passivate the InGaAs surface.[26] Ti/Pd (150 nm/20
nm) was evaporated and lifted-off to form the source/drain contacts. A completed device is
shown in Figure 4-11. After metal deposition and lift-off, the spacing between the edges of the
source and drain contacts was only 200 to 260 nm wide, not 360 nm as designed. However, the
gap was still wide enough for the 100 nm long i-region to be completely exposed.
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Figure 4-11 – Completed InGaAs nanowire p+-i-n+ diode device. The n+-i and i-p+ junctions are
marked according to the distance from the ends of the nanowire.

4.5 – I-V measurements of InGaAs nanowire p+-i-n+ diodes
Following device fabrication, room temperature I-V measurements were performed on
the InGaAs nanowire p+-i-n+ diodes at room temperature to study their electrical characteristics
and to assess the feasibility of fabricating TFETs. The sample was automatically probed using the
procedures described in Section 4.3, and devices with single nanowires across the source/drain
contacts were identified by FESEM. FESEM was also used to determine the alignment of the
nanowire to the contacts. Because the fabricated spacing between the edges of the source and
drain contacts was only 200 – 260 nm wide, it was possible for the nanowire to be aligned such
that the 100 nm long i-region was partially or fully covered by one of the Ti/Pd contacts (Figure
4-12a). Initially, I-V measurements were performed on p+-i-n+ diodes where both contacts were
on the n+ segment for comparison to the n+-contacted p+-n+ diodes from section 4.3. Again, Va
was applied to the contact over the p+ side of the nanowire, and the opposite contact was
grounded. As shown in Figure 4-12b, I-V measurements of the n+ segment of the p+-i-n+ diode
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were nearly symmetric between forward and reverse bias, with a current density of 1075 kA/cm2
at 1 V and 542 kA/cm2 at -1 V. This result was in good agreement with the measurements of the
n+ devices fabricated from p+-n+ diodes of section 4.3, which had maximum forward and reverse
bias current densities of 670 kA/cm2 and 250 kA/cm2. The similarities between the n+ devices
constructed from p+-i-n+ and p+-n+ diodes suggest that the native oxide was removed by HCl, and
that the longer ICP-RIE etch did not compromise the n+ segment.
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Figure 4-12 – (a) InGaAs p+-i-n+ nanowire with contacts to only the n+ segment. (b) J-V
measurement at room temperature across the n+ segment of the p+-i-n+ diode (blue), compared to
the n+ segment of the p+-n+ tunnel diode (red) from section 4.3, Figure 4-7b.
Next, I-V measurements were performed on devices with contacts on only the p+ and n+
end segments, where the i-region is completely exposed as shown in Figure 4-11. A plot of the
current density vs. voltage across the nanowire in Figure 4-11 is shown in Figure 4-13. VDS was
applied to the p+ side of the nanowire. Similar to the p+-n+ devices, this diode was not rectifying,
with nearly equal forward and reverse biased current densities of 132 kA/cm2 and 110 kA/cm2 at
Va = 1 V and -1 V, respectively. Such symmetric I-V curves were observed consistently for
nanowires with fully exposed i-regions, despite the fact that all devices were expected to be p+-in+ diodes and therefore show rectification.[8] While the exact cause of the symmetric I-V curve is
unknown, a likely source is increased surface leakage. Compared to the p+-n+ nanowires, the p+-i-
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n+ have a ~ 40% smaller diameter and therefore a large perimeter to area ratio, exacerbating any
surface effects. Elevated surface states on the ICP-RIE etched nanowire surface could lead to a
large surface leakage current, which could dominate the diode properties, thus making the I-V
curve symmetric.
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Figure 4-13 – JDS vs. VDS measurements of the InGaAs nanowire p+-i-n+ diode in Figure 4-11,
before (blue) and after (red) forming gas anneal.
Historically, the passivation of surface states on InGaAs and other III-V semiconductors
has been difficult, hampering the fabrication of FET devices.[27] Hydrogen annealing, often
performed using forming gas (nitrogen and hydrogen), is a well established method for reducing
the interface state density in Si/SiO2 systems.[28-30] More recently, the effects of forming gas
annealing on the interface state density of InGaAs metal-insulator-semiconductor (MIS)
capacitors has been studied.[31-33] These studies found that when InGaAs MIS capacitors, with
varying insulators and surface treatments, were annealed in forming gas the interface state density
was reduced. In an attempt to reduce the surface leakage current of the p+-i-n+ nanowires, fully
fabricated devices were annealed in forming gas in a rapid thermal anneal (RTA) furnace at
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350˚C for 60 minutes. Following the anneal I-V curves were recorded again for the devices. As
shown in Figure 4-13 the reverse current dropped dramatically after the forming gas anneal, from
110 kA/cm2 to 480 mA/cm2 at -1 V. When forward biased, the maximum J at 1 V dropped
slightly between the pre and post-annealed measurements, from 132 kA/cm2 to 56 kA/cm2. More
importantly, the J between 0 and 0.5 V dropped significantly, revealing a diode I-V curve on the
log-plot with an ideality factor n = 1.6. The drop in the reverse current and the ideality factor
below 2 indicate that the anneal was effective at lowering the surface leakage current and
revealing the rectifying diode I-V curve of the p+-i-n+ nanowire.[8] This annealed p+-i-n+ diode
offers a potential platform for an InGaAs nanowire TFET.

4.6–InGaAs nanowire TFETs
Following the discovery that the forming gas anneal reduces the surface leakage current,
InGaAs nanowire p+-i-n+ diodes were fabricated into TFETs using a structure similar to the one in
Chapter 3. Following the procedures outlined in section 4.4, the nanowires were assembled and
the Ti/Pd source/drain contacts were formed. A 10 nm thick layer of alumina (Al2O3) was
deposited over the nanowire by atomic layer deposition (ALD) to serve as the gate dielectric.
Immediately prior to loading the sample into the ALD chamber, the sample was immersed in a
mixture of HCl:H2O of 1:50 for 30 seconds to remove any native oxide from the InGaAs surface
and improve the InGaAs/Al2O3 interface. Following Al2O3 deposition the top gate was formed ebeam lithography and thermal evaporation and liftoff of a 125 nm thick Al film. As with the Si
nanowire TFET in Chapter 3, the gate was designed to overlap the metal source and drain
contacts of the InGaAs nanowire to account for shifts in nanowire-contact registration and ebeam alignment. Because the 10 nm ALD Al2O3 layer is deposited conformally over the entire
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sample, it also covers the Ti/Pd source/drain contacts and isolates them from the Al gate. A tiltedview FESEM micrograph of a completed InGaAs nanowire TFET is shown in Figure 4-14a.
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Figure 4-14 – (a) Tilted-view FESEM micrograph of an InGaAs p+-i-n+ nanowire TFET. The
nanowire is covered by the aluminum top-gate, which also overlaps the edges of the source/drain
contacts. (b) JDS-VDS measurements of the diode with no gate bias applied before (blue) and
after (red) forming gas anneal.
As a first step, JDS vs. VDS measurements were performed on individual nanowire TFETs
following the addition of the gate, with no bias applied to the gate. A representative plot is shown
in Figure 4-14b, both before and after the 60 min. forming gas anneal. Before the anneal, the I-V
curve was similar to the one recorded for the bare p+-i-n+ nanowire diode in Figure 4-13, with a
maximum forward bias current of 813 kA/cm2 at 1 V and a maximum reverse bias current of 21
kA/cm2 at -1 V. The diode properties of the p+-i-n+ TFET were slightly rectifying before the
anneal, but were still dominated by surface leakage current . Following the forming gas anneal,
the I-V curve of the nanowire TEFT improved slightly, but still had significantly higher reverse
leakage than the bare p+-i-n+ nanowire diode. The maximum forward current dropped slightly to
271 kA/cm2 at 1 V, while the maximum reverse current remained unchanged at 28 kA/cm2.
However, the JDS between ~ 0.5 V and -0.25 V showed a more significant decrease as the surface
leakage current was reduced, revealing a diode like characteristic.
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The difference in the effects of the forming gas anneal on the p+-i-n+ TFETs versus the
bare nanowire diode is likely explained by the presence of the Al2O3 layer protecting the entire
surface of the wire during the forming gas anneal. It has been reported that during forming gas
anneal, atomic hydrogen is more effective than molecular hydrogen at passivating defects.[27,
34] Metals such as Pd and Pt are efficient catalysts that can dissociate molecular hydrogen into
atomic hydrogen at low temperatures and have been show to enhance the effects of the hydrogen
passivation during forming gas anneals.[31, 32, 35] Therefore it is likely that the top Pd layer of
the source/drain contacts, exposed during the forming gas anneal of the bare nanowire diode,
generated atomic hydrogen that improved the InGaAs nanowire surface, reducing surface leakage
current dramatically. Conversely, the Pd layer was covered by the 10 nm thick Al2O3 layer of the
TFET nanowire during forming gas anneal, and thus passivation by the molecular hydrogen was
less effective, resulting in higher surface leakage currents. Given these results, an attempt was
made to form TFETs from nanowire p+-i-n+ diodes annealed before deposition of the gate stack.
Unfortunately, the devices that were confirmed to have improved diode properties post-anneal
were open-circuits following native oxide removal and Al2O3 deposition. This may be due to the
thick Ti layer of the source/drain contacts. Research on the thermal stability of Ti contacts to
InGaAs have shown that at temperatures as low as 300°C, In may out-diffuse from the InGaAs
into the Ti.[36, 37] This leaves behind vacancies in the InGaAs, which eventually may lead to
voids at the InGaAs/Ti interface. In segregation is also exacerbated by thicker Ti layers, which
provide a larger sink for diffusing In atoms. To prevent this degradation in future devices, it may
be necessary to use a Ti contact layer on the order of 10 nm thick, as opposed to the 150 nm thick
layer used in this chapter. Alternatively, a less reactive metal, such as molybdenum (Mo), could
be use for the source/drain contacts.[36]
Despite the elevated surface leakage current of the gated p+-i-n+ diode after the forming
gas anneal, gate-dependent I-V measurements were performed. Figure 4-15a plots JDS vs. VDS for
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VGS = -4 V, 0 V, 4 V and 6 V. The JDS is normalized by the channel width by assuming that the
top gate covers ~ 75% of the nanowire, and thus W = .75πd, where d is the measured nanowire
diameter. The maximum forward current at 1 V increased slightly from 41 µA/µm when VGS = -4
V to 63 µA/µm when VGS = 6 V. Likewise, the maximum reverse current at -1 V increased from
1.2 µA/µm to 11.2 µA/µm. This current increase was consistent across the entire bias range from
VDS = -1 V to 1 V, with the exception of voltages between 0 V and 0.1 V. As shown in Figure
4-15a, and more clearly in the linear plot in Figure 4-15b, when VGS = 4 V a peak occurred in the
I-V curve at VDS = 0.06 V. When VGS was increased to 6V, a clear peak is observed at 0.05 V,
followed by a valley at VDS = 0.07 V. This forward bias current peak and valley is the classic
Esaki diode signature, and a clear sign of band-to-band tunneling.[8, 15] While the peak to valley
current ratio of 1.04 is low due to the elevated surface leakage current, the location of the current
peak at VDS = 0.07 V is consistent with measurements of large-area InGaAs vertical mesa TFETs
with a similar energy band profile.[4, 38] This gate-controlled NDR characteristic confirms that
an InGaAs nanowire TFET was successfully formed.
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To assess the transistor performance of the InGaAs nanowire TFET, JDS vs. VGS
measurements were performed (Figure 4-16) at VDS = -100 mV, - 50 mV, -40 mV, 40 mV and 50
mV. The TFET had a inverse subthreshold slope S > 2000 mV/dec. and well above the MOSFET
limit of 60 mV/dec. In addition, the InGaAs nanowire TFET had a poor Ion/Ioff ratio of ~ 102. This
poor performance is due primarily to the elevated surface leakage current, which raises Ioff
substantially in this device. Furthermore, the high density of interface states degrades the gate‘s
control over inversion of the channel and therefore band-to-band tunneling, raising S
significantly. Again, while these InGaAs nanowire TFETs are not high performance transistors,
the existence of gate-controlled NDR shows that they are in fact tunneling FETs. Ultimately, their
performance is limited by the poorly passivated InGaAs surface, the thick Ti contacts which
prohibit further anneals, and the 10 nm thick Al2O3 gate dielectric.
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4.7– Summary
In this chapter, p+-n+ and p+-i-n+ InGaAs nanowires were fabricating by patterning and
etching MBE-grown InGaAs device layer structures. The etch resulted in vertical p+-n+ nanowires
370 nm long and ~ 120 nm in diameter, and p+-i-n+ nanowires 620 nm long and ~ 55 nm in
diameter. By creating nanowires from the top-down out of an MBE-grown structure, heavilydoped, abrupt nanowire junctions were formed. The nanowires were removed from the substrate
by a wet etch and assembled into gated and undated two-contact lateral test structures, similar to
the one developed in Chapter 3. This allowed narrowly-spaced contacts to be accurately aligned
to the doped nanowire ends using e-beam lithography.
I-V measurements of the p+-n+ InGaAs nanowire junctions revealed that the devices did
not display typical Esaki diode NDR characteristics. Low-temperature measurements reduced the
reverse-bias and low forward-bias current, indicating that the current was likely dominated by
leakage current along the surface of the InGaAs nanowire nanowires. This leakage current is
higher in the nanowire geometry than in large-area devices fabricated using the same epitaxial
layers because of the greater perimeter(surface)-to-area (bulk) ratio. Measurements of p+-i-n+
InGaAs nanowires likewise revealed that a surface leakage current was dominating the I-V
response, as diode characteristics were not observed. However, the surface leakage current was
significantly reduced by a forming gas anneal, revealing rectifying diode characteristics. The
effects of the anneal may have been enhanced by decomposition of the molecular hydrogen into
atomic hydrogen by the Pd contacts.
Following the successful demonstration of p+-i-n+ diodes, TFETs were fabricated by
depositing an Al2O3 gate dielectric by ALD and forming an overlapped Al top gate by e-beam
lithography and metal lift-off. The TFETs were measured both before and after a forming gas
anneal, which reduced the diode leakage current. However, the reduction in surface leakage
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current post-anneal was not as significant for the TFETs as for the un-gated diodes. This may
have been due to the Al2O3 dielectric layer covering the Pd source/drain contacts, limiting
hydrogen decomposition during the forming gas anneal. Nevertheless, when large positive gate
biases were applied, a peak and valley were observed in the forward-bias IDS-VDS curve. This
result is consistent with Esaki diode characteristics, and is a clear sign of band-to-band tunneling.
However, the performance of the InGaAs nanowire TFETs was ultimately limited by the elevated
surface leakage current, as well as the 10 nm thick gate dielectric.
Despite the poor TFET performance of the InGaAs nanowires, this chapter has
demonstrated a method of forming vertical nanowires by top-down methods with diameters as
small as ~ 37 nm, and assembling them into a flexible lateral test structure. This process
combines the advantages of top-down vertical layer deposition with lateral e-beam lithography,
and provides a straightforward path towards studying 1-D nanowire TFETs. To improve device
operation, surface leakage currents must be reduced, source/drain contacts must be optimized,
and the dielectric thickness must be reduced to improve gate control.
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Chapter 5
Summary and Future Work

5.1 - Summary of dissertation
The fabrication of tunnel FETs from semiconducting nanowires was examined in this
dissertation. TFETs have emerged as a possible MOSFET replacement as they have the potential
for subthreshold swings (S) below 60 mV/dec., which would permit supply voltage scaling and
reduce power consumption.[1, 2] The nanowire geometry is of great interest for the TFET
because it improves the electrostatic coupling between the gate and the channel, leading to
reduced subthreshold swings over TFETs fabricated from a conventional planar geometry.[3, 4]
In order to achieve efficient tunneling, and thereby low S and high on-currents, the sourcechannel junction of any TFET must be very abrupt.[5]
In Chapter 2, the doping of Si nanowires fabricated by the bottom-up vapor-liquid-solid
(VLS) technique was investigated for use in TFETs. VLS-grown nanowires are of interest
because they can be doped in situ, and also can be grown with diameters below 10 nm. However,
the abruptness of in situ doped axial junctions is unknown. The doping of these nanowires is of
interest not only for the fabrication of TFETs, but for other nanowire devices such as diodes, solar
cells, and MOSFETs. Uniformly p+ and n+ doped Si nanowires were synthesized and integrated
into a back-gated, multiple contact test structure to probe the relative doping level along the
length of individual nanowires through I-V characterization. A substantial axial dopant
concentration gradient was observed in the p+ nanowires, suggesting vapor-solid (VS) deposition
of a thin, heavily-doped p+ shell during VLS nanowire growth. A slight axial dopant
concentration gradient was also observed for n+ nanowires. However, the entire length of the
wires were very heavily doped and not modulated effectively by the back-gate. Thermal oxidation
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was shown to remove the p+ shell, yielding a uniformly-doped, moderate p-type core. The n+
nanowires remained heavily-doped after oxidation, although there was no longer a dopant
concentration gradient, suggesting that the n+ shell was diffused into the nanowire core.
Based on these observations, p+-n+ Si nanowire axial junctions were synthesized by
growing the p+ segment first to avoid coating the junction with a p+ shell. Scanning capacitance
microscopy (SCM) was used to profile the junction doping, and revealed a non-abrupt junction
with a length of ~ 800 nm and a graded n- to n+ region. I-V measurements of the p+-n+ nanowire
junctions assembled into the multiple-contact back-gated test structure confirmed that a rectifying
junction was formed, and also validated the SCM measurement. Oxidized nanowire junctions
were then examined by SCM, and found to have a p-n-n+ profile, with a junction length of ~ 4 µm
between p and n+ ends and an abrupt n-n+ junction. Multiple contact I-V measurements again
confirmed the SCM result, and also showed that the n-region could be inverted by the back gate
to p+, forming an electrostatically doped, abrupt p+-n+ junction. When reverse biased, this junction
permitted band-to-band tunneling current.
Chapter 3 built on these results, by integrating oxidized Si nanowires with the p-n-n+
axial profile into a top-gated TFET structure. A 20 nm thick HfO2 gate dielectric was deposited
by ALD, followed by an Al top gate that overlapped the source and drain contacts. The overlap
was necessary to allow the gate to accumulate the p-segment and improve injection through the
source contact. In this structure, the n-segment acted as the TFET channel. The p-n-n+ junction
was reverse biased, so when VGS ≥ -2 V was applied to the gate no current flowed through the
nanowire and the TFET was turned off. However when VGS ≤ -4 V was applied the n-channel was
inverted to p+, forming an abrupt electrostatically doped p+-n+ junction around the periphery of
the nanowire. This allowed band-to-band tunneling current to flow, and turned the device on.
However the TFET had low on current, and a high S, due to the VLS-grown junction and the
thick gate dielectric. The tunneling current was further examined by temperature-dependent I-V
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measurements, which revealed that it consisted of two current components: 1) direct band-toband tunneling, and 2) trap-assisted tunneling (TAT). The TAT dominated at room temperature,
and may have been mediated by Au defects in the nanowire incorporated during VLS growth, or
by interface states at the Si/SiO2 surface. The surface states would have a large impact on the
nanowire TFET, due to the high perimeter/area ratio.
Finally, in Chapter 4 a change was made away from VLS-grown Si nanowire junctions.
Instead, axial p+-n+ and p+-i-n+ junction InGaAs nanowires were fabricated by etching molecular
beam epitaxy (MBE)-grown InGaAs wafers by inductively-coupled plasma reactive ion etch
(ICP-RIE). The MBE process provided heavily-doped, abrupt junctions, while the nanowire
etching allowed individual nanowires to be released and assembled into a lateral test structure. IV measurements revealed that after RIE and assembly, both the p+-n+ and the p+-i-n+ nanowires
exhibited elevated leakage current that dominated the expected diode characteristics. The leakage
current was likely along the surface, and is enhanced in the nanowires due to the high perimeter
to area ratio. However, thermal annealing in forming gas was shown to reduce the surface leakage
current, revealing rectifying I-V curves when the p+-i-n+ nanowires were measured post-anneal.
Subsequently, p+-i-n+ nanowires were assembled into a top-gated TFET structure. Following a
forming gas anneal, the surface leakage current was lowered, however not as significantly as for
the un-gated nanowires. Nevertheless, when large positive gate biases were applied, a current
peak and valley were observed under low forward bias. This Esaki diode characteristic was an
indicator of band-to-band tunneling and TFET operation. However, the TFET performance was
limited by the elevated surface leakage current and the 10 nm thick gate dielectric. Still, RIEetched InGaAs nanowire TFETs were successfully demonstrated in a platform that allows for
further optimization and performance enhancement.
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5.2 – Future work
Moving forward, improvements must be made to the InGaAs nanowire TFETs before
accurate studies of the effects of a nanowire geometry on tunneling can be performed. As
described in Chapter 4, the elevated surface leakage current is detrimental to TFET performance.
While forming gas annealing was shown to reduce this current, the mechanism is not well
understood. Further studies are necessary to determine whether this anneal leads to hydrogen
passivation of the InGaAs surface, or whether it is potentially removing etch residuals that lead to
a shunt current on the nanowire surface.[6-10] In addition, proper choice of contact metal will be
necessary to permit efficient current inject into the nanowire, as well as to find materials that will
withstand high current density operation and any necessary thermal processing.[11-15] In the
near term, replacing Ti with Mo would offer a similar contact resistance, but allow for greater
operating stability without forming Mo-InGaAs interfacial voids.[16] Ultimately, the gate
dielectric thickness must be reduced to enhance the gate control of the channel and reduce S.[5,
17] While ALD easily permits deposition of a thinner dielectric layer, the gate overlap to the
source/drain contacts should be eliminated to avoid leakage through the thin dielectric. To
remove the gate overlap, both the nanowire alignment and the e-beam lithography overlay
accuracy must be improved. Once TFET performance has been improved, the effects of the
nanowire diameter on tunneling should be investigated. This could be accomplished by using a
controlled wet etch to systematically reduce nanowire diameters, while simultaneously studying
the TFET characteristics for changes.[18] Ideally, this diameter reduction could be extended to
the 10 nm regime and below, where electrostatic control and carrier confinement are expected to
have a large role in TFET operation.[3, 19] Lastly, the nanowire assembly and test structure is
applicable to any semiconductor material, not just Si or InGaAs. In the future it may be
interesting to study heterojunction nanowire transistors, in particular devices with staggered or
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broken gaps which have a very narrow interband tunneling barrier, and thus can achieve a low S
simultaneously with a high Ion.[20, 21] Indium arsenide-aluminum gallium antimonide (InAsAlxGa1-xSb) and gallium antimonide-indium gallium arsenide (GaSb-InxGa1-xAs) have been
identified as potential broken-gap tunnel junctions, but appropriate nanowire fabrication
processes would need to be developed to permit TFET assembly.[22]
In addition to simple I-V measurements, inelastic electron tunneling spectroscopy (IETS)
could be used to examine scattering in nanowire TFETs. The theory behind IETS is most easily
demonstrated for an Esaki diode made from an indirect-bandgap semiconductor, such as Si.
Because the valence band maximum and conduction band minimum lie at different points in kspace, electrons tunneling between the n+-region conduction band and p+-region valence band
must change their momentum to satisfy momentum conservation requirements.[23] The
necessary momentum transfer can be accomplished when an electron inelastically scatters with a
phonon, illustrated in Figure 5-1a. An energetic electron can transfer energy and momentum to a
phonon during tunneling. The phonon modes of Si that can supply the necessary momentum are
the transverse acoustic (TA), longitudinal acoustic (LA), longitudinal optic (LO), and transverse
optic (TO) modes at the X-point.[23] Holonyak et al. were the first to observe phonon-assisted
tunneling in Si and Ge interband tunnel diodes.[24] By cooling the diodes to 4.2 K they were able
to observe cusps in the I-V curve at voltages corresponding to the energies of phonons at the Xpoint. For an applied bias Va less than the TA phonon energy, no electrons have enough energy to
inelastically scatter with phonons. At Va = ħωp (TA), electrons have just enough energy to scatter
with a phonon and tunnel into the valence band. This is the threshold voltage for TA-phonon
assisted tunneling. The same mechanism occurs at Va = ħωp (LA). This effectively opens up a
new tunneling ―channel‖ as electrons can scatter with the TA or LA phonons, increasing the
current at this threshold voltage.
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Chynoweth et al. were able to easily observe these threshold voltages in Si tunnel diodes
by using IETS.[25] The idea behind IETS is that the small increases in current at the threshold
energies of inelastic scattering events are easiest to observe as peaks in d2I/dV2 instead. Figure
5-1b shows a measured IETS spectrum of a commercial Si tunnel diode. Strong peaks are seen in
d2I/dV2 at biases corresponding to the TA and TO phonon energies of Si.
While inelastic tunneling is required for band-to-band tunneling to occur in indirect bandgap semiconductors, it can also occur during interband tunneling in direct-gap semiconductors. In
this case, most of the tunneling will be elastic, but IETS measurements can still reveal the
inelastic threshold energies.[26] Likewise, IETS should be susceptible to any inelastic scattering
event, including those due to surface states or remote dielectric phonons. As the diameters of
nanowire TFETs are reduced and the surface plays a larger role, these scattering events may
become more prevalent. While not often considered in TFET simulations, inelastic scattering
could be detrimental to TFET operation by opening up tunneling channels when the device
should be off.[27] IETS measurements would probe the scattering sources present in nanowire
TFETs, allowing them to be identified and mitigated.
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Figure 5-1 – (a) diagram of an electron tunneling from the n+ conduction band to the p+ valence
band of an Esaki diode under forward bias. When Va is equal to the phonon energy (ħωp) the
electron inelastically scatters with the phonon. (b) IETS scan of a commercial Si Esaki diode,
measured at 4.2 K. The TA and TO phonon modes are clearly visible.
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Appendix
Nanowire Device Fabrication Processes

A.1 – Si nanowire oxidation
1.

Remove native oxide from Si nanowires on growth substrate by etching in 50:1 mixture
of H2O to HF (49%) for 50 seconds.

2.

Remove Au catalyst by immersing nanowires in Transene Au Etch TFA for 3 hours.
Agitate once an hour.

3.

Rinse nanowires with H2O and blow dry with N2.

4.

Place nanowires in an acetone bath heated to~ 65˚C on a hotplate for 10 minutes.

5.

Move nanowires to an IPA bath heated to ~ 65˚C on a hotplate for 10 minutes.

6.

Rinse nanowires with H2O.

7.

Move nanowires to an SC1 bath (H2O:H2O2:NH4OH = 6:1.5:1) heated to ~ 70˚C on a
hotplate for 10 minutes.

8.

Rinse nanowires with H2O.

9.

Move nanowires to an SC2 bath (H2O:H2O2:HCL = 7:1.5:1) heated to ~ 70˚C on a
hotplate for 10 minutes.

10.

Rinse nanowires in H2O and blow dry with N2.

11.

Load nanowire substrate onto quartz boat and load into dry thermal oxidation furnace
held at 700˚C.

12.

Purge furnace with Ar while temperature is ramped up to 800˚C.
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13.

When temperature is stable, turn on dry O2 and O2 bubbled through trichloroethane
(TCA) and turn off Ar.

14.

Flow O2 for 15 minutes of oxidation, then turn off O2.

15.

Turn on Ar to purge furnace of residual TCA for 15 minutes.

16.

Unload nanowires from furnace and let cool for 1 hour.

A.2 - Nanowire assembly electrode fabrication
1.

Rinse an n++ Si wafer coated with ~120 nm of LPCVD Si3N4 with acetone and IPA.

2.

Bake on a hotplate at 115˚C for 3-5 minutes.

3.

Spin-coat with 100% hexamethyldisilazane (HMDS) adhesion promoter at 4000 rpm for
40 seconds.

4.

Bake on a hotplate at 115˚C for 60 seconds.

5.

Spin-coat with Olin BPRS100 photoresist at 4000 rpm for 40 seconds.

6.

Bake on a hotplate at 115˚C for 90 seconds.

1.

Expose assembly electrode pattern from photomask using Karl Suss MJB3 contact mask
aligner for .55 minutes using a 315nm Hg lamp at an intensity of .9 mW/cm2.

7.

Develop in PLSI 3:1 developer for 40-60 seconds (development monitored by optical
microscope inspection and stopped when features are cleared of resist). Rinse with H2O
and blow dry with N2.

8.

1 minute O2 plasma descum at 25W RIE power.

9.

Deposit 70 nm of Ag by thermal evaporation.

10.

Lift-off photoresist by soaking in acetone with light ultrasonic agitation as necessary. See
Figure A - 1 for assembly electrode pattern.
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Lithography alignment marks

Bias electrode busbar

Ground electrode busbar
Assembly probe pad

Figure A - 1 – Nanowire assembly electrode mask pattern.

A.3 - Nanowire assembly pit fabrication
See illustrated process flow in Figure A - 2.
2.

Rinse wafer with acetone and IPA.

3.

Bake on a hotplate at 115˚C for 3-5 minutes.

4.

Spin-coat with PMGI SF6 deep-UV photoresist at 4000 rpm for 40 seconds.

5.

Bake on a hotplate at 200˚C for 5 minutes.

6.

Spin-coat with Shipley 1811 photoresist at 4000 rpm for 40 seconds.

7.

Bake on a hotplate at 100˚C for 1 minute.

8.

Align pit pattern photomask to assembly electrodes and expose 1811 photoresist using
Karl Suss MJB3 contact aligner for .85 minutes using a 315nm Hg lamp at an intensity of
.9 mW/cm2.
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9.

Develop 1811 photoresist in a 5:1 mixture of H2O to MF351 developer for 45 seconds.
Rinse with H2O and blow dry with N2.

10.

1 minute O2 plasma descum at 25W RIE power.

11.

Expose PMGI photoresist by deep-UV for 500 seconds (rotate sample 180˚ halfway
through exposure).

12.

Develop PMGI photoresist in XP 101A developer for 1 minute. Rinse with H2O and blow
dry with N2.

13.

Remove 1811 photoresist by rinsing with acetone and IPA. Blow dry with N2.
Expose and
develop S1811

A’

A

S1811

S1811
PMGI
Ag

Si3N4

A’

A

n++ Si
Si3N4
Expose and
develop PMGI

Remove S1811

PMGI

Ag

Figure A - 2 - Cross-section (left) and top-view (right) schematics of the nanowire assembly pit
lithography process.
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A.4 - Nanowire assembly
See diagram of nanowire assembly process in Figure A - 3.
1.

Place nanowire growth substrate into 1.5 ml Eppendorf vial and fill with enough IPA to
cover the substrate.

2.

Remove nanowires from substrate into suspension in IPA by dipping vial for ~ 1 second,
two times, into an ultrasonic water bath. Remove substrate from vial.

3.

Apply an AC voltage of between 7-12 VRMS with a frequency of 100 KHz between the
assembly electrodes using a probe station.

4.

Dispense 4 µl of the nanowire suspension on top of the assembly electrodes.

5.

After the nanowire suspension dries, remove voltage probes and examine nanowire
assembly by optical microscope. If nanowire suspension is too dense (multiple nanowires
at each location), dilute suspension with IPA as necessary.

6.

To remove PMGI photoresist, expose by deep-UV for a total of 1000 seconds (expose for
250 seconds and rotate sample 90˚, three times).

7.

Develop PMGI photoresist in XP 101A developer for 1 minute. Rinse gently with H2O
and blow dry with N2.
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Si NW

IPA

Disperse NW
suspension on
biased electrodes

Remove
PMGI SF6

E

+Vac-

Figure A - 3 – Top-view (top) and cross-section (bottom) schematic of nanowire assembly into
PMGI pits, from left to right. After removal of the PMGI, only the nanowires in the pits
remain.

A.5 - Nanowire contact patterning
1.

Rinse wafer gently with acetone and IPA from the edge.

2.

Bake on a hotplate at 150˚C for 3-5 minutes.

3.

Spin-coat with 11% P(MMA MAA) in ethyl lactate copolymer e-beam resist at 5000 rpm
for 40 seconds.

4.

Bake on a hotplate at 150˚C for 90 seconds.

5.

Spin-coat with 3% PMMA 950K (molecular weight) in anisole e-beam resist at 5000 rpm
for 40 seconds.

6.

Bake on a hotplate at 180˚C for 90 seconds.
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7.

Deposit 10 nm thick Au film on top of resist by thermal evaporation (to bleed off charge
during e-beam exposure).

8.

Expose nanowire contact pattern at defined nanowire locations (pit locations) with an
electron dose of 700 µC/cm2 using a Leica EBPG5-HR.

9.

Develop in a MIBK and IPA mixed at a ration of 1:1 for 60 seconds.

10.

Rinse in IPA bath for 20 seconds. Blow dry with N2.

11.

15 second O2 plasma descum at 25W RIE power.

A.6 - Nanowire contact formation
See illustrated process flow in Figure A - 4.
1.

Following contact patterning, remove Ag assembly electrode from contact area by
dipping for 1 second in Transene Au Etch TFA and rinsing with H2O (blow dry). If Ag is
not fully cleared from contact areas, repeat the dip etch. Care should be taken to
minimize the etch undercutting the e-beam resist.

2.

Prepare evaporator for deposition of 120 nm (or a thickness greater than the nanowire
diameter) of Ti and 120 nm of Ni (alternative capping metals such as Pd may be used,
provided they are resistant to Au Etch TFA and are detectable by the e-beam if
subsequent patterning is to be performed).

3.

Remove SiO2 shell from contact areas by etching in a mixture of BOE (10:1) and H2O at
a volumetric ratio of 4:21. The etch rate of this solution was measured by optical
ellipsometry to be 2 Å/s on dry thermal SiO2 on a planar Si substrate. To ensure complete
removal of the SiO2 shell from the nanowire those with a native oxide (~2 nm thick) were
etched for 20 seconds, while those with a thermal oxide (3-5 nm thick) were etched for
30 seconds.
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4.

Rinse sample with H2O for 30 seconds, blow dry by N2, immediately load into the
thermal evaporator, and pump the chamber. This minimizes regrowth of any SiO2 shell.

5.

Deposit Ti/Ni (120 nm / 120 nm) contacts by thermal evaporation.

6.

Lift-off e-beam resist by soaking overnight in acetone. Rinse with acetone and IPA and
dry with N2. NMP-based resist strippers, such as 1165 Remover, should be avoided as
they have been found to attack and remove silver, and may re-deposit it on the nanowires.

7.

Remove remaining Ag assembly electrodes by dipping sample in Au Etch TFA for ~ 5
seconds and rinsing with H2O (blow dry).

Pattern nanowire
contacts by ebeam lithography

PMMA
CoPoly
Si3N4

Ag

SiO2
Si NW

Etch Ag from
contact area

n++ Si
Si3N4
Ti/Ni

Etch SiO2 from
contact area

Lift-off e-beam
resist

Evaporate
Ti/Ni

Etch remaining
Ag

Figure A - 4 – Cross-section schematic of Si nanowire contact formation process (from left to
right).
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A.7 - Probe pad fabrication
If large-area probe pads are not written by e-beam during nanowire contact patterning:
1.

Pattern probe pads using the BPRS100 recipe for nanowire assembly electrode
fabrication listed above, omitting the application of HMDS.

2.

Deposit 120 nm of Ti and 120 nm of Au (or any suitable capping metal) bye thermal
evaporation.

3.

Lift-off by soaking in acetone and rinsing with acetone and IPA (blow dry).

A.8 - Back-gate contact formation
See illustrated process flow in Figure A - 5.
1.

Rinse sample with acetone/IPA (blow dry).

2.

Bake on hotplate at 115˚C for 2-3 minutes.

3.

Spin-coat top-side (nanowire device-side) of sample with Shipley 1827 photoresist at
4000 rpm for 40 seconds to protect the devices from back-gate processing.

4.

Bake on hotplate at 115˚C for 3 minutes.

5.

Remove 120 nm thick Si3N4 layer from back-side of sample by RIE etch using CF4 and
O2 at 100W for 3 minutes.

6.

Prepare sputtering system (or thermal evaporator) for deposition of Ti / Au (20 nm / 60
nm).

7.

Remove native oxide from Si substrate by etching in BOE (10:1) for 2-3 minutes, or until
Si surface is hydrophobic.
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8.

Immediately load the sputtering system and evacuate the chamber to minimize regrowth
of any Si oxide.

9.

Deposit Ti / Au (20 nm / 60 nm) back-gate contact.

10.

Remove 1827 protective photoresist by soaking in acetone for ~ 5 minutes.

11.

Rinse with acetone and IPA and blow dry.

Spin-coat deviceside with S1827

S1827

Etch back-side
Si3N4 By RIE

Si3N4
nn++++SiSi
Si3N4

Deposit Ti/Au
back-gate contact

Remove S1827

Ti/Au

Figure A - 5 – Cross-section schematics of back-gate contact formation (from left to right).

A.9 - Top-gate fabrication
1.

Rinse with acetone and IPA and blow dry.

2.

Deposit 20 nm thick HfO2 gate dielectric over entire sample by atomic layer deposition
(ALD) at 110˚C using a Cambridge Savannah 200 ALD system.

3.

Spin-coat wafer with co-polymer/PMMA e-beam resist following the procedure used for
the nanowire electrical contacts.

4.

Top-gate and probe pad patterned by e-beam lithography only at known nanowire
locations.

5.

E-beam resist developed and descumed following the procedure used for the nanowire
electrical contacts.
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6.

Deposit 120 nm of Al by thermal evaporation.

7.

Lift-off e-beam resist by soaking overnight in acetone.

8.

Rinse with acetone and IPA and blow dry.
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