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Single-crystalline Ge nanowires have been synthesized on Au-coated

Si substrates through a thermal evaporation, condensation method

and vapor–liquid–solid mechanism. The [111] growth direction of the

Ge nanowires was analyzed using HRTEM and fast Fourier

transform diffraction patterns. Global back-gated Ge nanowire

field-effect transistors (FETs) on the Si3N4 dielectrics were fabri-

cated and studied, showing p-type behavior and a field effect hole

mobility of 44.3 cm2 V�1 s�1. The Ge channel length could be well

controlled through the annealing process. After a rapid thermal

annealing (RTA) process, Ni2Ge/Ge/Ni2Ge nano-heterostructures

were formed. The electrical transport properties were effectively

improved by the heterojunction rather than the metal contact. The

epitaxial relationship between Ge and orthorhombic Ni2Ge was Ge

[110]//Ni2Ge[110] and Ge(-11-1)//Ni2Ge(1-1-2). From electrical

transport properties, the measured resistivity of the Ge nanowires

was much lower than intrinsic bulk Ge material. A room tempera-

ture photoluminescence spectrum of the Ge nanowires possessed

a broad blue emission with a peak at 462 nm in wavelength, which

was attributed to the oxide-related defect states. Due to the exis-

tence of the defects, a Ge nanowire FET was able to detect visible

light and serve as a nanowire photodetector.
Introduction

Following Moore’s law, the gate length of an FET transistor in an

integrated circuit keeps downscaling. The controllable synthesis of

nanostructures is regarded as a potential solution to break through

the bottleneck of photolithography. Owning to quantum size effects

and surface effects due to the structural uniqueness and the ultrahigh

surface-to-volume ratio of nanostructures, nanowires have attracted

considerable attention and been applied in a wide range of nano-

devices, including FETs,1 logic gates,2 chemical sensors,3 solar cells4,5

and photodetectors6,7 etc. Among semiconductor nanowires, group
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IV materials such as Si and Ge are used as potential materials that

can be integrated with conventional Si-based technology. Compared

with Si, carrier mobility and exciton Bohr radius are higher in Ge,8

contributing to prominent physical properties such as the quantum

confinement effect. Therefore, Ge nanowires were considered

a promising transistor channel material. However, due to Fermi level

pinning between metal and semiconductor, a Schottky barrier exists

at the contact and induces large contact resistance.9 The Schottky

contact would limit the performance of the nanowire device. To solve

this problem, considerable work has demonstrated that the formation

of silicide/Si heterostructures could effectively avoid the Fermi level

pinning effect.10–13 Therefore, the heterojunction of germanide and

Ge might suggest an effective method to improve the electrical

transport properties. Compared with silicide/Si heterostructures, little

research has been performed on germanide/Ge heterostructures.14,15

In addition, in situ transmission electron microscopy (TEM)16–26 was

utilized to study the kinetics of the reaction and the growth mecha-

nism of the nano-heterostructures of single crystal Ni2Ge/Ge in a Ge

nanowire is proposed. The Schottky barrier height of the Ni2Ge/Ge

interface is about 0.2 eV, which is so small that the interface has the

potential of being an ohmic contact.

In this work, single-crystalline Ge nanowires were synthesized.

Furthermore, germanide/Ge/germanide heterostructures were

formed through solid state reaction between Ni contacts and Ge

nanowires. The Ge channel length can be well controlled through

multiple annealing processes. The epitaxial relationship between Ge

and orthorhombic Ni2Ge was analyzed. Additionally, the electrical

transport and optical properties of the Ge nanowires and Ni2Ge/Ge/

Ni2Ge nano-heterostructures were also measured and discussed.
Experimental methods

Single-crystalline Ge nanowires were synthesized in a horizontal tube

furnace through thermal evaporation, as shown in Fig. 1. A quartz

tube with a diameter of 2 in was mounted in the furnace. An alumina

crucible containing Ge powder was placed in the high temperature

(950 �C) zone. A 4 cm2 Si(100) wafer coating with 3 nm Au film was

placed in the low temperature (550 �C) zone. The chamber was

evacuated to 10�2 Torr then the pressure was adjusted through the

control of the butterfly valve linked to the pump and the pressure

maintained at 15 Torr, withAr andH2maintained at 30 and 10 sccm,

respectively. The temperature was held for 1 h after reaching the set

value. To investigate the electron transport properties, Ge nanowires
CrystEngComm, 2012, 14, 53–58 | 53
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Fig. 1 HRTEM image of a single-crystalline Ge nanowire.
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were suspended in ethanol and positioned on a Si3N4/Si substrate.

The Si3N4 layer, with thickness of 300 nm, was grown through low

temperature chemical vapor deposition and served as a dielectric

layer. A heavily doped Si substrate was used as a back gate. Ni pad

definition was carried out through e-beam lithography, metal depo-

sition and lift-off. After rapid thermal annealing at 350 �C, a germa-

nide/Ge heterojunction was formed. The morphology and structure

of the nanowires were investigated using a JEOL 6700 scanning

electron microscope (SEM) and a JEOL 2100F high resolution

transmission electronmicroscope (HRTEM). The electrical transport

properties and photoluminescence (PL) spectra were measured using

an Agilent B1500A and a HORIBA iHR320 imaging spectrometer,

respectively. A laser of 10mWat a wavelength of 532 nmwas used as

the light source for photosensing property investigations. All

measurements were performed at room temperature in ambient

conditions.
Fig. 2 (a) Current–voltage curves measured before and after RTA treatmen

process. (b) SEM image of a germanide/Ge/germanide heterostructure nanow

54 | CrystEngComm, 2012, 14, 53–58
Results and discussion

Heterostructure formation and germanide characterization

Ni served as the electrical contact and the pad was defined

through e-beam lithography. Before nickel deposition, the

sample was dipped into BOE for 30 s to fully eliminate oxide at

a defined region. The contact was accomplished after Ni

deposition and lift-off. The black line in Fig. 2(a) shows the

electrical characteristics of the device. After RTA at 350 �C for

5 min, the electrical transport curve (red line) implied that the

Schottky barrier was effectively decreased with an order of

magnitude decrease in resistance. The workfunction of Ni2Ge is

4.86 eV, which is 0.2 eV lower than the valence band of Ge.15

The small barrier conformed to the ohmic current–voltage

curve measured after annealing treatment. With different

contrast under SEM observation, as shown in Fig. 2(b), it was

clear that the Ni contact reacted with the Ge nanowires and

a germanide/Ge/germanide nano-heterostructure could be

clearly observed.

To investigate the structures of germanide and Ge, the device

was fabricated on the TEM specimen with a square window

covered with a glassy, 60 nm thick Si3N4 film. After annealing

treatment, the Ni contact reacted with the Ge nanowires and

germanide/Ge/germanide heterostructures formed. Due to

volume expansion, germanide distorted the morphology. In

Fig. 3(a), a sharp interface between germanide and Ge is

observed. Orthorhombic Ni2Ge and diamond cubic Ge were

analyzed using HRTEM imaging and fast Fourier transform

(FFT) in Fig. 3(b), respectively. The Ni2Ge was identified to be

orthorhombic with lattice constants of a ¼ 0.511 nm, b ¼ 0.383

nm, c ¼ 0.726 nm and Ge was identified to be of diamond cubic

crystal structure grown along the [111] direction. The epitaxial

relationship between Ge and Ni2Ge was Ge[110]//Ni2Ge[110]

and Ge(�11�1)//Ni2Ge(1�1�2). The lattice mismatch between

Ge(�11�1) and Ni2Ge(1�1�2) is about 25%. In Fig. 3(c),

a dislocation is observed at the heterojunction with a Burgers

vector of [1�11]. It was speculated that the dislocations formed

in order to relax the strain induced by large lattice mismatch.
t, respectively. Conductivity was effectively enhanced after the annealing

ire.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 (a) Low magnification TEM image showing the sharp interface of the germanide/Ge heterojunction. (b) HRTEM image of a Ni2Ge/Ge het-

erojunction. The insets show the FFT patterns of Ni2Ge and Ge, respectively. (c) HRTEM image of a Ni2Ge/Ge heterojunction. The arrows indicate the

dislocations induced by large lattice mismatch.
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Multiple RTA and measurement

To understand the annealing process, multiple RTA was per-

formed on the device to control the channel length and inves-

tigate the relationship between electrical transport properties

and annealing treatment. After multiple RTA treatments, the
Fig. 4 (a) SEM images after multiple annealing treatments. After 4 annealin

voltage curves measured after each annealing treatment. (c) Plot of resistance a

partially formed germanide.

This journal is ª The Royal Society of Chemistry 2012
channel length shrank from 4.46 mm to 3.42 mm, as shown in

Fig. 4(a). The RTA furnace ramped to 350 �C at a rate of 30 �C
s�1 and keeps for 3 min at every step. In addition, the growth

process of the germanide was also observed through in situ

TEM observation (ESI Movie 1†). When the germanide/Ge

heterojunction had formed, ohmic contact behavior was
g steps, the channel length shrank from 4.46 mm to 3.42 mm. (b) Current–

s a function of channel length. The inset shows a schematic illustration of

CrystEngComm, 2012, 14, 53–58 | 55
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observed (Fig. 4(b)). The calculated resistance of the nanowires

after each annealing treatment as a function of channel length

is shown in Fig. 4(c). The 2nd, 3rd and 4th data exhibited

a linear relationship and fit in with R ¼ rL/A, where R, r, L

and A represent resistance, resistivity, channel length and cross-

section area of the nanowires, respectively. From the extrapo-

lation of this linear relation, 18.86 MU could be obtained at

a channel length of 4.46 mm with ohmic contact. The resistance

measured at a channel length of 4.46 mm was 73.75 MU, which

was four times larger than the extrapolated data, whereas 672

MU was measured before annealing treatment. Compared with

the data before RTA treatment, the resistance was decreased

about an order after the 1st RTA. We speculate that only part

of the cross-section formed germanide after the 1st annealing

treatment. Due to the limited carrier injection area, the contact

resistance was not completely reduced by the annealing
Fig. 5 Electrical characteristics of a Ni2Ge/Ge/Ni2Ge nanowire FET. (a)

Id–Vd curves of a back-gate nanowire transistor. (b) Id–Vg double sweep

exhibiting a hysteresis loop. (c) Id–Vg curves of a back-gate nanowire

transistor.

56 | CrystEngComm, 2012, 14, 53–58
treatment. After further annealing, the electron transport

properties could be enhanced through the larger carrier injec-

tion area.27

Furthermore, resistivity extracted from the linear relation is 0.579

U cm, which is nearly two orders lower than the intrinsic value for the

commercial bulk wafer (47 U cm). The reduction of resistivity could

be attributed to the native oxide layers on the Ge nanowires since

there was no intentional doping of the nanowires. There were surface

states existing at the interface between the oxide layers and Ge

nanowires.28,29 The electrons in the Ge nanowires would be captured

by surface states, inducing surface hole accumulation. Thus the

conductivity of the nanowires follows in direct proportion to the

concentration of the nanowires as in eqn (1):30

snw ¼ (n0 + 4ns/d)qmh (1)

where n0, ns, d and mh represent intrinsic carrier concentration, surface

concentration induced by surface hole accumulation, diameter of

nanowires and hole mobility, respectively. Given the large surface to

volume ratio of the nanowires, the dimension should play an

important role in electrical transport properties. It is suggested that

the surface concentration induced by hole accumulation is attributed

to the improvement of conductivity, in other words, the reduction of

resistivity.
FET

To study the electrical transport properties of the Ni2Ge/Ge/Ni2Ge

heterostructures, global back-gate field-effect transistors were fabri-

cated on the Si3N4 dielectric, followed by rapid thermal annealing at

350 �C for 5 min. The output and transfer characteristics of the

Ni2Ge/Ge/Ni2Ge nanowires were measured. Fig. 5(a) shows the

characteristics of a p-channel transistor. Although the Ge nanowires

were not intentionally doped, the transistor exhibited p-type semi-

conducting behavior. A similar phenomenon was also discovered in

a Si nanowire.31The p-channel characteristics can be attributed to the

hole accumulation induced by surface states. The Id–Vg double sweep

curve exhibited a hysteresis loop which is related to surface states, as

shown in Fig. 5(b). The energy band structure at the surface of

a nanowire is related to the adjustment of gate voltage. When

a negative gate voltage is applied, the electron captured by the lower

surface state level will be neutralized by holes accumulated at the

surface of the nanowire. On the contrary, when a positive gate voltage

is applied, the lower surface state level will be charged by an electron.

However, the charge redistribution is a slow process which is limited

by a diffusion barrier or a tunneling barrier at the surface of the

nanowire. The existence of the hysteresis loop also proved the exis-

tence of the surface states which trapped charges and induced slow

charge redistribution. To estimate the field effect hole mobility,

characteristic measurements were carried out. In Fig. 5(c), the

capacitance was calculated and based on the cylinder-on-plate model.

In eqn (2):

Cnitride ¼ 2p3nitride 30L

cosh-1
� rþtnitride

r

� (2)

where 3nitride is the dielectric constant of Si3N4 (3nitride¼ 7.5), 30¼ 8.85

� 10�12 F m�1, L is the length of the Ge channel, r is the radius of the

nanowire, and tnitride is the thickness of the dielectric layer; the
This journal is ª The Royal Society of Chemistry 2012
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capacitance is about 0.48 fF forL¼ 2.55 mm, r¼ 86 nm and tnitride¼
300 nm, respectively. The field effect hole mobility can be calculated

using eqn (3):

m ¼ gmL
2

VdsCnitride

(3)

where m, Cnitride and gm are carrier mobility, nitride capacitance and

transconductance, respectively. Then gm ¼ 1.6� 10�8 was extracted

from the linear region of the Id–Vg curves at a bias voltage of 50 mV

and the carrier mobility was estimated to be about 44.3 cm2

V�1 s�1.

The cylinder-on-plate model assumed that the nanowire was

embedded in the dielectrics and possessed a circular cross-section. In

reality, the nanowire was deposited on the top of the dielectric layer.

Therefore, the nanowire was not completely wrapped by dielectric;

the value of capacitance obtained through the cylinder-on-plate

model was the upper limit in this case. On the other hand, the surface

states induced by the oxide will lower the total capacitance, thus the

mobility will be underestimated.32
Fig. 6 Optical properties of Ni2Ge/Ge/Ni2Ge heterostructure nano-

wires. (a) PL spectrum of the as-grown Ge nanowires. (b) Current–

voltage curves measured without a light source and under light illumi-

nation, respectively. (c) Photoresponse measurement of a Ni2Ge/Ge/

Ni2Ge nanodevice.

This journal is ª The Royal Society of Chemistry 2012
Optical properties

Fig. 6(a) shows the room temperature PL spectrum of the as-grown

Ge nanowires. The PL spectrumpossesses a broad blue emissionwith

a peak at 462 nm in wavelength, which was attributed to the oxide

related defect states.33–36Based on the results of the PLmeasurements,

a laser of 10 mW at a wavelength of 532 nm was used as the light

source to investigate the photosensing properties of Ni2Ge/Ge/Ni2Ge

nanowires which were formed after annealing at 350 �C for 5 min.

The device was illuminated under processing of the current–voltage

measurements. In Fig. 6(b), the conductivity was promoted from 3.19

nS to 28.32 nS under illumination. It was speculated that the defect

states were excited and the carrier concentrationwasmassively raised.

From the current–timemeasurements in Fig. 6(c), two photoresponse

behaviors can be clearly observed. The fast and slow responses

resulted from electron–hole recombination and electron relaxation of

the surface states, respectively.28Due to the existence of oxide defects,

Ge nanowires will be a promising candidate material for visible light

detection.
Conclusions

Single-crystalline Ge nanowires were synthesized via a thermal

evaporation and condensation method. A single Ge nanowire field

effect transistor has been fabricated through e-beam lithography,

metal deposition and a lift-off process. Germanide/Ge hetero-

structures were formed by a rapid thermal annealing process.

Orthorhombic Ni2Ge and diamond cubic Ge exhibit an epitaxial

relationship of Ge[110]//Ni2Ge[110] and Ge(�11�1)//Ni2Ge

(1�1�2). Ge channel length could be controlled through themultiple

annealing processes. The formation of the heterojunction could avoid

the Fermi level pinning effect. The performance of the electrical

properties was also affected by the carrier injection area. Owing to

surface hole accumulation, intrinsic Ge nanowires exhibited p-type

semiconducting behavior with a field effect hole mobility of 44.3 cm2

V�1 s�1. Additionally, Ni2Ge/Ge/Ni2Ge nanowires are promising for

visible light detection.
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