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T
he solid-state reaction between a
semiconductor nanowire and metal
contacts has been long believed to

produce a nanowire heterostructure with
sharp and clean interfaces between the
semiconductor and the formed com-
pound.1�8 Recently, various metal�group
IV semiconductor (Si, Ge) nanowire systems
have been extensively studied for exploring
novel Si (Ge) nanowire heterostructures,
such as NiSi,1,3 Co2Si/CoSi,

4 PtSi,5 Cu3Ge,
6

MnSi,7 and Ni2Ge.
8 Although the world's

first transistor was made with Ge, Si re-
placed Ge shortly afterward and become
themainstreammaterial in today's integrated
circuit technology due to the nearly perfect
interfacebetweenSi and SiO2 (either native or
thermal oxide).9 It is also observed that the
SiO2 shell has a substantial confinement effect
on the nickel silicide growth alongwith phase
transformation in a Si nanowire.10 Ge, as an-
other group IV semiconductor material, has
become an intriguing complement to Si due
to its high electron and hole mobilities to
improve complementarymetal-oxide-semicon-
ductor (CMOS) performances for further device
miniaturization.11,12However, forGenanowires
it hasbeenagreat challenge toproduce similar
heterostructures owing to the lack of high-
quality GeOx. As expected, the segregation of
germanide nanoparticles was observed in the
formation of germanide/Ge/germanide nano-
wire heterostructure during annealing.8 There-
fore, it is crucial to study theoxide confinement
effect during the formation of nanowire het-
erostructures, especially for semiconductors
without a stable native oxide, such as Ge.
In this article, we report an innovative

approach to achieve high-performance Ge

nanowire transistors by using Al2O3 to pas-
sivate the Ge surface and confine the nano-
wire during the formation of the NixGe/Ge/
NixGe nanowire heterostructure. With a cap-
ping of Al2O3 during the rapid thermal
annealing (RTA) process, the reaction pro-
duct NixGe maintains a perfect epitaxial
relationship with Ge, providing an atom-
ically sharp interface as well as an ideal
contact to Ge. Finally, our field-effect tran-
sistors (FETs) built on this NixGe/Ge/NixGe
heterostructure show a superior transistor
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ABSTRACT Over the past several years, the formation of nanowire heterostructures via a solid-

state reaction between a semiconductor nanowire and metal contact pads has attracted great

interest. This is owing to its ready application in nanowire field-effect transistors (FETs) with a well-

controlled channel length using a facile rapid thermal annealing process. We report the effect of

oxide confinement on the formation of Ge nanowire heterostructures via a controlled reaction

between a vapor�liquid�solid-grown, single-crystalline Ge nanowire and Ni pads. In contrast to

the previous formation of Ni2Ge/Ge/Ni2Ge nanowire heterostructures, a segment of high-quality

epitaxial NiGe was formed between Ni2Ge and Ge with the confinement of Al2O3 during annealing.

Significantly, back-gate FETs based on this Ni2Ge/NiGe/Ge/NiGe/Ni2Ge heterostructure demonstrated

a high-performance p-type transistor behavior, showing a large on/off ratio of more than 105 and a

high normalized transconductance of 2.4 μS/μm. The field-effect hole mobility was extracted to be

210 cm2/(V s). Temperature-dependent I�Vmeasurements further confirmed that NiGe has an ideal

ohmic contact to p-type Ge with a small Schottky barrier height of 0.11 eV. Moreover, the hysteresis

during gate bias sweeping was significantly reduced after Al2O3 passivation, and our Ω-gate Ge

nanowire FETs using Al2O3 as the top-gate dielectric showed an enhanced subthreshold swing and

transconductance. Therefore, we conclude that the Al2O3 layer can effectively passivate the Ge

surface and also serve as a good gate dielectric in Ge top-gate FETs. Our innovative approach provides

another freedom to control the growth of nanowire heterostructure and to further achieve high-

performance nanowire transistors.

KEYWORDS: germanium nanowire heterostructure . oxide confinement . nickel
germanide . atomically sharp interface . field-effect transistor
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performance compared to that from unreacted Ge
nanowires.

RESULTS AND DISCUSSION

Figure 1a shows the scanning electron microscopy
(SEM) image of an as-fabricated Ge nanowire device
showing uniform contrast. Prior to RTA, 20 nm thick
Al2O3 was deposited on top by atomic layer deposition
(ALD) at 250 �C (Figure 1b). It was noticed that the
diameter of the Ge nanowire was increased after the
Al2O3 deposition since ALD provided a conformal
coverage. After extensive experiments, this Al2O3 layer
was found to efficiently prevent the Ge nanowire from
breaking up during the annealing process and, in the
meanwhile, to effectively passivate the Ge nanowire
surface to minimize dangling bonds,13,14 and finally to
serve as an excellent gate dielectric for top-gate nano-
wire transistors.
After the Al2O3 deposition, the sample was then

annealed with RTA in N2 ambient to allow for the
thermal intrusion of Ni into the Ge nanowire and
subsequently form the NixGe/Ge heterostructures
along the nanowire. Clear diffusion of Ni into the Ge
nanowire was observed in both SEM and transmission
electronmicroscopy (TEM), and the formed germanide
was analyzed in high-resolution TEM (HRTEM), as ex-
plained later. Figure 1c shows the SEM image of the
NixGe/Ge/NixGe heterostructures after RTA at 450 �C
for 20 s. Clear contrast was observed between the Ge
nanowire and the formed nickel germanide nanowire,
which is attributed to the conductivity difference of the
two. The remaining Ge nanowire region was easily
controlled down to several hundred nanometers, and

it can be further reduced to sub-50 nm.7,8 Figure 1d
schematically illustrates the formation of NixGe/Ge/
NixGe nanowire heterostructure with the Al2O3 con-
finement. The red line indicates the position where the
device was cut with a focused ion beam (FIB) to study
the cross-sectional structure, as explained in Figure 2.
Proper control of annealing time can convert thewhole
Ge nanowire to a fully germanide nanowire (Figure 1e).
Furthermore, atomic force microscopy (AFM) scanning
showed uniform contrast without segregation of na-
noparticles on the surface along the NixGe/Ge hetero-
structure nanowire after annealing (Figure 1f), as
further supported by TEM later.
Figure 2a shows the low-magnification cross-sec-

tional TEM image of the NixGe/Ge nanowire hetero-
structure that was cut with FIB from the nanowire FET
device, as shown in Figure 1c. The NixGe/Ge/NixGe
nanowire device capped with 20 nm Al2O3 was fabri-
cated on a SiO2/Si wafer. When preparing the cross-
section of NixGe for TEM analysis using FIB, we chose
the position as close as to the NixGe/Ge interface. It is
noted that in the cross-sectional view, therewere some
nanoparticles segregated on the SiO2 surface from the
bottomof the formed nickel germanide, whichwas not
confined by the Al2O3 capping layer. This result also
explains the fact that we did not observe nanoparticles
on the Al2O3-capped surface from the AFM scanning.
Figure 2b shows the lattice-resolved HRTEM image of
the interface between the formed NixGe nanowire and
the segregated NixGe nanoparticle, which were both
identified to be NiGe from the fast Fourier transform
(FFT, shown in the inset of Figure 2b) pattern. NiGe has
an orthorhombic lattice structure with lattice constants

Figure 1. Formation of NixGe/Ge/NixGe heterostructure. (a) SEM image of the as-fabricated Ge nanowire device with EBL-
definedNi electrodes. (b) SEM image of the Ge nanowire device after a conformal capping of 20 nm thick Al2O3. (c) SEM image
of theNixGe/Ge/NixGeheterostructure after RTA at 450 �C for 20 s inwhich the length of theGe regionwas easily controlled to
be several hundred nanometers. The arrows indicate the growth tip of the NixGe nanowire. (d) Schematic illustration showing
the formation of NixGe/Ge/NixGe nanowire heterostructure with the Al2O3 confinement. The red line indicates the position
chosen for FIB to study the cross-sectional structure in Figure 2. (e) SEM image of a fully germanided Ge nanowire. (f) AFM
image of a Ge nanowire device after annealing, showing no apparent segregated nanoparticles on the surface along the
nanowire.
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a = 0.538 nm, b = 0.342 nm, and c = 0.581 nm (space
group 62). The energy-dispersive spectrometer (EDS)
line-scan results in Figures 2c and d also proved that
theNi/Ge concentration ratio is about 1:1 in the formed
nickel germanide as well as in the segregated nano-
particles (the EDS line profile is not shown).
To study the epitaxial relationships between NixGe

and Ge, the Al2O3-coated Ni�Ge nanowire devices
were prepared, and the TEM grids were then annealed
both in situ and ex-situ (in RTA). Figure 3a shows the
low-magnification TEM image of the Ni�Ge nanowire
device capped with 10 nmAl2O3 after annealing at 450
�C for 30 s. The enlarged TEM image in Figure 3b shows
that there are two interfaces in the NixGe/Ge nanowire
heterostructure. Figure 3c shows the EDS line-scan
profile from the nanowire heterostructure. The line
profile indicates two germanide phases in the formed
NixGe region, which corresponds to the two interfaces
observed in the NixGe/Ge heterostructure. The Ni/Ge
ratio is about 1:1 in the small germanide region close to
the NixGe/Ge interface, suggesting the formation of
NiGe. This result is consistent with the line-scan profile
in Figure 2c and d. The length of the NiGe region can
range from tens of nanometers to hundreds of nano-
meters in our experiments. On the other hand, the Ni/
Ge ratio is about 2:1 in the other germanide region
close to the Ni pad on the left, implying that the phase

is Ni2Ge. It is alsoworth noting that the almost constant
concentration of Ge along the heterostructure sug-
gests Ni is the dominant diffusion species in this
system.15 Figure 3d shows the lattice-resolved HRTEM
image of the NixGe/Ge heterostructure, clearly exhibit-
ing two interfaces. The FFT patterns at the Ni2Ge, NiGe,
and Ge regions are shown in Figures 3e�g, which help
further confirm the germanide phases. The crystal-
lographic epitaxial relationships between the Ge/NiGe
interface were determined to be Ge[011]//NiGe[010]
and Ge(111)//NiGe(001), while those for the Ni2Ge/
NiGe interface were Ni2Ge [100]//NiGe[010] and Ni2Ge-
(011)//NiGe(001). In contrast, the epitaxial relationships
in our previously reported Ni2Ge/Ge/Ni2Ge nanowire
heterostructure formed without oxide confinement
during annealing were found to be Ge[011]//Ni2Ge-
[011] and Ge(111)//Ni2Ge(100).

8 Therefore, the Al2O3

capping layer in the present study plays an important
role in confining the growth of germanides and also
promoting the formation of NiGe to maintain the
epitaxial relationships between Ni2Ge and Ge. Various
Al2O3 thicknesses ranging from 5 to 20 nm were also
studied to investigate the lower limit of the confining
oxide thickness. (See the Supporting Information.) For
both Ge nanowire heterostructures, it is worth noting
that the nanowire growth direction (along the Ge [111]
direction) is not perpendicular to the epitaxial planes

Figure 2. Cross-sectional TEM study of a Ni�Ge nanowire device on a SiO2/Si substrate cut with FIB. (a) Low-magnification
cross-sectional TEM image of the NiGe region. The 20 nm thick Al2O3 provides a conformal capping on the device surface, and
there are germanide nanoparticles segregated underneath the nanowire, the region that is not covered by Al2O3. (b) Lattice-
resolved HRTEM image of the interface between the formed NiGe nanowire (NW) and the segregated NiGe nanoparticle (NP),
as indicatedby thewhite rectangle in (a). The inset shows the corresponding FFT pattern. The labeled lattice spacings for NiGe
ared(011) = 0.295nmandd(200) = 0.269nm. (c andd) EDS line-scanprofiles ofGe andNi across the region indicatedby thewhite
line in (a), showing a Ni/Ge ratio of about 1:1.
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(parallel to the Ge (111) plane). This unique “twisted”
growth mode is substantially different from that in
typical epitaxial growth of thin films, and further
microscopic studies are required to understand the
growth kinetics. (See Supporting Information.)
Similar to the previous work on the Ni2Ge/Ge/Ni2Ge

nanowire heterostructure,8 the Ni2Ge/NiGe/Ge/NiGe/
Ni2Ge nanowire heterostructure with atomically sharp
interfaces can be used to explore the promising appli-
cations in nanoscale devices, such as nanowire
FETs.1,2,5,6,8 To study the electrical transport property
of the Ni2Ge/NiGe/Ge/NiGe/Ni2Ge nanowire hetero-
stucture, back-gated FETs were fabricated on the
SiO2/Si substrate using the degenerately doped Si as
the back-gate, which provided an efficient and con-
venient approach to evaluate the device performance,
such as the on/off ratio and carrier mobilities. In order
to study the effect of Al2O3 capping and RTA, Ids�Vg
curves were recorded before Al2O3 deposition, after
Al2O3 deposition at 250 �C, and after RTA at 450 �C, as
shown in Figure 4a. Typically as-fabricated devices
show a p-type transistor behavior with an on/off ratio
in the range 10�102 before Al2O3 deposition. The typical
on current is about10�100nAat adrainbiasofVds=0.1V.
TheNi contact to theGenanowire is improvedafter Al2O3

deposition, and theon/off ratio is enhanced to above103.
Further RTA at 450 �C for 20 s can significantly raise the
on/off ratio up to >105 owing to the formation of single-
crystalline NiGe in which a perfect contact to the Ge
channel is developed with reduced contact resistance.
Also, the subthreshold swing is calculated to decrease

from 4.49 V/dec to 1.74 V/dec after RTA at 450 �C for our
back-gate Ge nanowire FETs. To extract the field-effect
hole mobilities before and after RTA, we first used the
cylinder-on-platemodel to estimate thegate capacitance
coupling between the Ge nanowire and the back-gate
oxide as16

Cox ¼ 2πεoxε0L

cosh�1 rþ tox
r

� �

where ε0 = 8.85 � 10�14 F/cm is the vacuum dielectric
constant, εox = 3.9 is the relative dielectric constant for
SiO2, and r = 35 nm is the radius of the Ge nanowire. The
Genanowire channel before and after RTAhas a lengthof
L = 1.9 μmand L = 0.67 μm, respectively; the thickness of
the back-gate dielectric is tox = 330 nm. Given the above
parameters, the estimated gate capacitance is Cox =
1.36 � 10�16 F and Cox = 4.79 � 10�17 F, before and
after RTA, respectively. The field-effect hole mobility can
be extracted from Ids�Vg curves using the transconduc-
tance (gm) at a fixed drain bias Vds:

μ ¼ gmL
2

VdsCox

Using the maximum transconductance extracted from
Ids�Vg curves, the hole mobility is calculated to be 210
and 94.2 cm2/V s, before and after RTA, respectively. The
improvement in the holemobility is also attributed to the
improvement in source/drain contact after annealing.
Dual sweepings of gate bias in Ids�Vg curves were

performed to study the impact of the Al2O3 capping

Figure 3. Plane-view TEM images of Ni�Ge nanowire devices on a TEM grid with a 50 nm thick Si3N4 window. (a) Low-
magnification TEM image of a Ge nanowire reacted with 120 nm thick Ni pads upon 450 �C RTA for 30 s. (b) Enlarged TEM
image from thewhite rectangle in (a). These regions with different contrasts and compositions are labeled. (c) Corresponding
EDS line-scanprofiles ofGe andNi across the regionbetween two red lines in (b). (d) Lattice-resolved TEM imageof the formed
NixGe/Ge nanowire heterostructure from the white rectangle in (b). The labeled lattice spacings are d(001) = 0.5036 nm and
d(010) = 0.3948 nm for Ni2Ge; d(100) = 0.538 nm and d(001) = 0.5811 nm for NiGe; d(111) = 0.3265 nm and d(1�1�1) = 0.3265 nm for
Ge. (e�g) FFT patterns taken from the Ni2Ge, NiGe, and Ge regions in (d), respectively.
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layer on passivating the Ge nanowire surface. Figure 4b
shows the Ids�Vg curves recorded under various con-
ditions: before Al2O3 deposition (both in air and in
vacuum), after Al2O3 deposition at 250 �C, and after
RTA at 450 �C. The gate bias was swept from þ40 V to
�40 V then back to þ40 V in steps of 0.5 V at a fixed
drain bias of Vds = 0.1 V. The Ids�Vg curve measured in
air before annealing shows the biggest hysteresis,
which is mainly due to the absorption of molecules
from the ambient and the charge trapping on the Ge
surface.17,18 The measured reduced hysteresis in a
vacuum (less than 10�5 Torr), however, rules out the
contribution from the ambient. Furthermore, the hys-
teresis was significantly reduced after the Al2O3 de-
position, which unambiguously demonstrates the
passivation effect of the Al2O3 layer on the Ge nano-
wire surface.19 The small hysteresis present after Al2O3

passivation and after RTA, however, may arise from the
charge trapping on the Ge surface between the Ge
nanowire channel and the back-gate dielectric, the
region that is not covered by the Al2O3 capping layer.
Although we intended to grow undoped Ge nano-

wires, their performance as nanowire transistors usual-
ly shows a p-type behavior in nature, which is mainly

due to the surface state-induced Fermi level pinning
that results in hole accumulation.17,20 Temperature-
dependent I�V measurements were performed to
extract the Schottky barrier height of the formed NiGe
contact to the Ge nanowire. Figure 5a shows the two-
terminal I�V measurements at various temperatures
after RTA at 450 �C for 20 s, illustrating a back-to-back
Schottky diode behavior. Figure 5b shows the Arrehe-
nius plot for the Ni2Ge/NiGe/Ge/NiGe/Ni2Ge nanowire
heterostructure at various biases between 235 and
305 K.6,7 The linear fitting of ln(I/T2) versus 1/T gave a
Schottky barrier height of 0.11 eV. The consistent
behaviors under positive and negative biases demon-
strate symmetric source/drain contacts. Measurements
over several batches gave a barrier height in the range
0.11�0.13 eV. The corresponding band diagram shows
an ohmic contact to a p-type Ge nanowire and a
Schottky contact to an n-type Ge nanowire with a
barrier height about 0.55 eV.
The characteristics of the back-gate Ge nanowire

FETs were shown in Figure 6. Figure 6a shows the SEM
image of a back-gate FET with multiple Ni probes
fabricated on a SiO2/Si substrate. Clear diffusion of Ni
into the Ge nanowire was observed for each Ni

Figure 4. Electrical characterization on the effects of ALD-Al2O3 deposition and RTA. (a) Ids�Vg curves of a back-gate Ge
nanowire transistor recordedbeforeALD, after ALDat 250 �C, andafter RTAat 450 �C, all showingap-type transistor behavior. The
back-gate transistor after RTAat 450 �C for20 s showsanon/off ratioofmore than105 andanextractedfield-effect holemobility of
210 cm2/(V s). (b) Dual sweepings of the gate bias Vg betweenþ40 and�40 V showing different sizes of hysteresis under various
conditions. The arrows indicate the sweepingdirections. Thehysteresiswas significantly reducedafter theAl2O3passivation. Small
hysteresiswas still observedafter RTA,whichmaybeattributed to the charge trappingon theGe surfacebetween theGenanowire
channel and the back-gate dielectric, the region that is not covered by the Al2O3 capping layer.

Figure 5. Temperature-dependent characterization of the Ni2Ge/NiGe/Ge/NiGe/Ni2Ge nanowire heterostructure. (a) I�V
measurements of the Ni2Ge/NiGe/Ge/NiGe/Ni2Ge nanowire heterostructure at temperatures ranging from 240 to 300 K. The
inset shows the corresponding circuit symbol. (b) Arrehenius plot for the Ni2Ge/NiGe/Ge/NiGe/Ni2Ge nanowire hetero-
structure at various biases between 235 and 305 K. The extracted Schottky barrier height of NiGe to Ge is about 0.11 eV.
(c) Corresponding band structure diagram of the NiGe/Ge contact.
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electrode, and the process has a high yield after RTA
with an Al2O3 capping. Figure 6b shows the typical
Ids�Vg curves of a back-gate Ge nanowire FET, and the
inset gives a logarithmic plot of drain current Ids versus
gate voltage Vg relations at various drain voltages. The
maximum transconductance is obtained as about
0.168 μS at Vds = 0.1 V, which gives rise to a normalized
transconductance of 2.4 μS/μm, assuming the effective
channel length is equal to the nanowire diameter
(70 nm).5 The extracted hole mobility in our experi-
ments is typically in the range 150�210 cm2/(V s). An
apparent transition from electron conduction (Vg > 10
V) to hole conduction (Vg < 10 V) was observed. The
subthreshold swing is extracted to be 19.1 and 2.33 V/
dec for electron conduction and hole conduction,
respectively. The smaller conduction current and the
larger subthreshold swing for the electron-conduction
region is due to a larger Schottky barrier for electrons
(∼0.55 eV) compared with that for holes (∼0.11 eV).
Figure 6c and d show the Ids�Vds curves for the hole
conduction and electron conduction, respectively. The
different characteristics further support NiGe as an
ohmic contact to p-type Ge (linear Ids�Vds character-
istics at small Vds) and a Schottky contact to n-type Ge
(highly nonlinear Ids�Vds characteristics). Saturation

behavior in the Ids�Vds characteristics for the hole
conduction can be observed at large Vds. (See the
Supporting Information.)
As mentioned before, the Al2O3 capping layer can

also be used as a top-gate dielectric to build Ω-gate
transistors on the formed Ni2Ge/NiGe/Ge/NiGe/Ni2Ge
nanowire heterostructure. Figure 7a schematically il-
lustrates the device structure of a Ge nanowire FETwith
both back-gate and top-gate contacts. Figure 7b shows
the SEM image of a top-gate transistor, in which the
Ti/Au gate metal was deposited by e-beam evaporation.
In order to reduce the gate leakage current through the
overlap between the gate and the formed NixGe
region, another layer of Al2O3 was deposited with
ALD on top of the Al2O3-capped Ge nanowire device
before the gatemetal deposition. The total thickness of
the Al2O3 layer is 23 nm, and its relative dielectric
constant is extracted to be 7.5 from the calibrating
capacitance�voltage (C�V) measurements. Figure 7c
shows the Ids�Vg curves of a back-gate Ge nanowire
transistor, giving a subthreshold swing of 3.44 V/dec
and a maximum normalized transconductance of
1.39 μS/μm at Vds = 0.2 V. In comparison, Figure 7d
shows the Ids�Vg curves of the Ω-gate Ge nano-
wire transistor fabricated after passivation, showing a

Figure 6. Back-gate Ge nanowire FET characterization. (a) SEM image of a back-gate FET with multiple Ni probes. The arrows
highlight the growth tip of the Ni2Ge/NiGe nanowire. (b) Ids�Vg curves of the back-gate Ge nanowire transistor after RTA at
450 �C for 20 s, showing an electron-conductionpart (Vg > 10V) and a hole-conduction part (Vg < 10 V) at different gate biases.
(c) Ids�Vds curves of the hole-conduction part, showing an ohmic behavior. (d) Ids�Vds curves of the electron-conduction part,
showing a Schottky behavior.
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subthreshold swing of 650 mV/dec and a maximum
transconductance of 3.27 μS/μmat Vds = 0.2 V. Also, the
typical field-effect hole mobility in the top-gated tran-
sistors falls in the range 100�150 cm2/(V s). The
improvement in the subthreshold swing and transcon-
ductance can be attributed to the increment in gate
capacitance and the enhancement of gate control over
the nanowire channel in the top-gated device, while
the degradation of hole mobility is due to additional
scatterings from the top-gate dielectric/Ge nanowire
channel interface.21,22

CONCLUSIONS

In summary, a Ni2Ge/NiGe/Ge/NiGe/Ni2Ge nanowire
heterostructure with atomically sharp interfaces has
been formed by the thermal intrusion of Ni into a Ge
nanowire at 450 �C. A segment of NiGe was formed
between Ni2Ge and Ge with an Al2O3 capping during
annealing. The Al2O3 capping provided appreciable
confinement during the growth of germanide and

changes its composition to maintain the epitaxial
relationships. In addition, the Al2O3 layer also helped
to prevent nanowire breaking and passivate the Ge
nanowire surface. SEM and TEM studies showed awell-
controlled diffusion process, inwhich the remainingGe
region was easily controlled down to hundreds of
nanometers by RTA. Back-gate FETs were fabricated
using the formed Ni2Ge/NiGe heterostructure as
source/drain contacts to the Ge nanowire channel.
The electrical measurement showed a high-perfor-
mance p-type behavior with an on/off ratio of more
than 105, a maximum transconductance of 2.4 μS/μm,
and a field-effect hole mobility of 210 cm2/(V s). The
Schottky barrier height extracted from temperature-
dependent I�V measurements was about 0.11 eV,
which affirmed that NiGe was a good Ohmic contact
to p-type Ge nanowires. Moreover, our Ω-gate Ge
nanowire transistors using the Al2O3 layer as the gate
dielectric further improved the subthreshold swing
and transconductance.

EXPERIMENTAL METHODS

Device Fabrication. Single-crystalline Ge nanowires with Æ111æ
growth direction were synthesized vertically on a SiO2/Si(100)
wafer using a conventional vapor�liquid�solid (VLS) method,
as described elsewhere.23 Briefly, a 0.5 nm thick Au film, which
served as the catalytic layer, was thermally evaporated on the
SiO2/Si(100) substrate. Then the substrate was annealed at

270�320 �C with a pressure of 10 Torr in the ambient of GeH4

(12 sccm, 10% balanced in H2), which is the precursor gas for Ge
nanowire growth. The VLS-grown Ge nanowires are typically
70�80 nm in diameter with lengths over 10 μm. Ge nanowires
are not doped on purpose during growth, but unintentional
doping usually occurs.20,24 In order to enhance the quantum
confinements, Ge nanowires with smaller diameters down to
sub-10 nm can be synthesized by tuning the size of the

Figure 7. Comparison of back-gate and top-gate Ge nanowire FETs. (a) Schematic illustration of a Ge nanowire FET with both
back-gate contact and top-gate contacts. (b) SEM image of a top-gate FET device. (c) Ids�Vg curves of the back-gate Ge
nanowire transistor with a poor subthreshold swing of 3.44 V/dec. The inset shows the logarithm plot of Ids�Vg curves.
(d) Ids�Vg curves of the top-gate Ge nanowire transistor, showing an improved subthreshold swing of 650 mV/dec. The inset
shows the logarithm plot of Ids�Vg curves.
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catalyst.25 However, it is worth noting that the shrinking of the
Ge nanowire diameter is accompanied by the reduction of the
melting point of the Ge nanowires.26

To formmetal germanide/Ge nanowire heterostructures, Ge
nanowires were transferred onto a SiO2/Si substrate. The top
thermal SiO2 was about 330 nm thick. The Si substrate was
heavily doped with a resistivity of 1�5 mΩ-cm, which serves as
a back-gate for further device characterization. e-Beam litho-
graphy (EBL) was used to define Ni contacts to Ge nanowires.
Before e-beam evaporation of Ni (with a purity of 99.995% and
in a vacuum at a pressure lower than 10�6 Torr), the sample was
dipped into diluted hydrofluoric acid for 15 s to completely
remove native oxide in the contact region.

To prepare the TEM samples, VLS-grownGe nanowires were
dispersed on the TEMgridswith a square opening of a Si3N4 thin
film. The low-stress Si3N4 film was deposited by low-pressure
chemical vapor deposition. The thickness was about 50 nm to
ensure it is transparent to the electron beam without inter-
ference with images of the nanowires. Then the Ni contacts to
the Ge nanowires were defined by EBL followed by e-beam
evaporation. An Al2O3 film was deposited by ALD at 250 �C to
cap the device and confine the solid-state reaction of germani-
dation during annealing. The Al2O3-coated devices were then
annealed both in situ and ex-situ (in RTA). For in situ annealing,
the samples were heated inside a TEM with a heating holder
(Gatan 652 double tilt heating holder) under a RTAmode with a
pressure below 10�6 Torr.

Characterization Methods. The Ni�Ge nanowire devices were
characterized using SEM and AFM to check the surface
morphology before and after annealing. A field-emission
TEM (JEM-3000F, operated at 300 kV with a point-to-point
resolution of 0.17 nm) equipped with an EDS was used to
obtain the epitaxial relationships and determine the chemical
compositions of the nanowire heterostructure. Electrical
measurements were performed using a homemade probe
station connected to a Keithley 4200 semiconductor parameter
analyzer.
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