
Investigation of factors affecting electrical contacts on single germanium
nanowires

Shaili Sett,a) K. Das,b) and A. K. Raychaudhuri
Theme Unit of Excellence in Nanodevice Technology and Department of Condensed Matter Physics and
Material Sciences, S.N. Bose National Centre for Basic Sciences JD Block, Sector-III, Kolkata 700 106, India

We report an experimental investigation of the quality of electrical contacts made on single

Germanium nanowires (grown using Au catalyst from vapor) using Cr/Au contact pads. The

nanowires are single crystalline and have a thin layer of oxide on them. We find that a low specific

I. INTRODUCTION

There has been a revival in the study of electronic prop-

erties of Germanium nanowires (Ge NWs) in recent times1–3

due to device scaling and high performance electronics. This

is because intrinsically, Germanium has higher mobility and

lower effective mass as compared to Silicon.4 Germanium

also offers advantages over Silicon due to lower processing

temperatures as well as larger Bohr radius resulting in stron-

ger confinement. Germanium has potential application as an

active element in field effect transistors5,6 and optoelectronic

devices7–9 and also as Lithium Ion battery anodes.10

One of the issues that need to be addressed in a semicon-

ductor device is the junction characteristics of the semicon-

ducting material and the contact electrode which is governed

by the barrier height and contact resistance. The type of con-

tact formed at the metal-semiconductor (MS) junction affects

the charge injection process. The process of contact forma-

tion has been investigated in the bulk in technically impor-

tant semiconductors such as Si, Ge, and GaAs using metals

with different work functions. In bulk Ge, there is a very

high contact barrier at the MS interface11 as a result of pin-

ning of the Fermi level, which makes the barrier height more

or less independent of the electrode material as stated above.

On n-Ge (in bulk), the Schottky barrier formed by a metal

contact can reach a value of �0.5–0.6 eV.12 A large Schottky

barrier formation leads to high specific contact resistance

(qC). In general in Ge, metal induced mid gap defect states

are thought as the cause for large contact resistance, arising

from Fermi level pinning (FLP) due to these interface

states.13,14 The strategy for the prevention of defect state for-

mation led to the use of very thin insulating layers (e.g.,

TiO2, ITO, ZnO, and other insulators) that limit the spread of

the electron wave functions of the metals into Ge, thus reduc-

ing the formation of metal induced interface states. It has

been shown that these insulators in low thickness (1–10 nm)

can reduce the value of qC to lower than 10�8 X cm2 and this

is particularly effective when the Ge is heavily doped15–17

with carrier density in excess of 1020/cm3. For device appli-

cations of Ge, since the International Technology Roadmap

for Semiconductors 201418 gives an upper limit of 10�8 X
cm2 for qC, achieving a low qC on Ge in this range is a very

desirable as well as challenging task.

It is important to understand the type of contact formed

at the junction of the NW and the electrode because they

assume different meaning at the nanoscale. It has been

argued that in these one-dimensional structures of narrow

width, there will be effects of band realignment.19 In these

nanostructures, the contact can be made at the end of the

NW or it can be a side contact, which can affect the contact

resistance at the MS interface. In the case of a side contact,

the interface is perpendicular to the NW cross-section.

Hence, the electronic states in the NW are coupled to a broad

range of states in the metal. This leads to a weak coupling

and may cause a large contact resistance.19 In contrast to

bulk, the issue of contact resistance and the formation of bar-

riers at the MS contact have not been researched in Ge NWs

as extensively. Although limited in number, the reported

investigations on the formation of the contact on Ge NWs

have made progress, particularly in terms of bringing out the

key issues.19–22 In fact, there are clear indications from

recent experiments20 in single Ge NW configuration (as has

been done in this investigation also) that there is indeed
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contact resistivity of 10�6 X cm2 can be obtained in nanowires with low resistance and the contact

resistance enhances almost linearly with the nanowire resistivity. The metal semiconductor junction

shows an ideality factor close to unity. A low barrier height of 0.15 eV can be obtained in nanowires

of lower resistivities which increase to nearly 0.3 eV for nanowires of higher resistivity. The

experiments were carried down to 10 K, and junction characteristics as a function of temperature

were evaluated. The specific contact resistance increases on cooling but the barrier shows

suppression as the nanowire is cooled, along with an enhancement of the ideality factor. We analyze

the temperature dependence of these parameters using a model that assumes a Gaussian distribution

of barrier heights in the contact region. The temperature dependence predicted by the model was

observed, and the relevant parameters were obtained from the data.
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suppression of FLP, leading to a clear dependence of the bar-

rier height and qC on the metal work function. It has been

shown in the above reference that for Ag which has a rela-

tively low work function (�4.26–4.29 eV), the Schottky bar-

rier can be low even in NWs with carrier concentration in

the range of 1017/cm3 and the Ohmic contact can be obtained

although qC remains high (>10�2 X cm2).The work done so

far clearly indicated that one may expect different contact

behaviors in Ge NWs and the lessons of bulk Ge in this area

may not be extrapolated in this technically important regime.

One important aspect that we sought to answer in this

paper is whether in doped NWs of low or moderate resistiv-

ity, we can establish a clear relationship between qC and the

contact barrier (u) with the nanowire resistivity (qNW). This

is a useful development from the work reported before20

where this has been investigated in NWs of somewhat higher

resistivity. Another very important parameter (and its tem-

perature dependence) that has not been investigated before

in the context of Ge NWs is the ideality factor (g) associated

with contact junctions. The present investigation thus sought

to answer a cross-section of these important issues that arise

when a single Ge NW is made into a device using metal con-

tacts made by lift-off.

II. METHOD

The thermal evaporation method is a particularly inter-

esting and simple way of producing large quantities of Ge

NWs since it does not use hazardous precursor gases as the

chemical vapor deposition technique. In this work, we used

the vapor-liquid-solid (VLS) mechanism for growth,2,23,24

which gives high quality single crystalline NWs. The Ge

NWs were grown by evaporating Ge (99.999% pure) from a

boat (quartz crucible) in a multi-zone tube furnace using Au

nanoparticle (NP) (diameter 5–20 nm) catalysts on Si (100)

wafers and Argon as a carrier gas. First, we deposited a thin

(3 nm) layer of Au in an ultrahigh vacuum e-beam evapora-

tion system. The thin film of Au was then annealed at 400 �C
in vacuum for 15 min. The heating causes dewetting of the

Au film from the Si substrate, which gives rise to a dense

array of nanoparticles (Fig. 1(a)). The NW growth was car-

ried out in an Alumina tube which was evacuated and was

purged with Argon gas repeatedly before the growth process

starts. The Au NP coated Si substrate was kept in the down-

stream of the gas flow at an inclined position. The Si sub-

strate was kept at 600 �C. The typical growth period was

30 min during which the temperature of the source was kept

at 1000 �C and Argon was allowed to flow through the evac-

uated tube, for transporting the Ge vapor to the Si substrate.

This type of growth (VLS process) requires the formation of

Germanium-Gold (Ge-Au) eutectic which plays an important

role in the synthesis. The Ge-Au eutectic temperature is

361 �C with a chemical composition of 28% Au and 72%

Ge. Typically, a small hemispherical Au particle remains

attached to the tip of the nanowires after the growth ceases.

The single Ge NW samples for transport measurements

were fabricated by the following procedure. The as-grown

Ge NWs on the Si wafer (see Fig. 1(b)) were freed from the

substrate, dispersed in ethanol, and sonicated. The dispersion

was then drop-cast onto SiO2(300 nm)/Si substrates which

have larger pre-existing connection pads made by photoli-

thography. The two probe (2-p) and four probe (4-p) contacts

with Cr/Au (5 nm/80 nm) to the NWs were made by electron

beam lithography followed by metallization and lift off.

While making the final pattern to the nanowire by electron

beam lithography, we developed it in a solution of

MIBK:IPA (3:1), dipped it in IPA, and then dried it using a

N2 gun. Then, we transferred the sample to a deposition

chamber, in which at a base pressure better than 10�6 mbar

we thermally evaporated Cr and Au successively. Post metal-

lization, the sample is dipped in acetone for lift off. We have

chosen the Cr/Au contact as this is mostly used in making

contacts with NWs and also Cr which makes the first contact

with Ge and has a relatively low work function compared to

Au, Ni or Pt. We also used Cr as a buffer layer because it

sticks better to the SiO2 substrate with a layer of Au

(�80 nm) on top as it is less prone to oxidation as compared

to Ag and Ni. In one of the NWs (sample name Ge 0), we

also used focused electron beam (FEB) deposited Platinum

as the electrode material. This was done with a view to have

an evaluation of such precursor deposited contacts and com-

pare them with more conventional e-beam patterned Cr/Au

contacts. Examples of these three types of probe connections

to the NWs are shown in Fig. 2.

The nanowire length often limits the feasibility of 4-p

configurations as it needs a longer wire. 2-p measurements

have the drawback of contribution from the contact resis-

tance being included with the nanowire resistance. To sepa-

rate out the contact contribution, the 2-p configuration has

been treated as a Metal-Semiconductor-Metal (MSM)

device. We show below that an analysis based on the MSM

FIG. 1. (a) SEM image of Au NPs on

the Si wafer, (b) SEM image of the as-

grown NWs, and (c) TEM image of a

NW showing the oxide layer on the

surface.



device allows us to separate out the contact resistance contri-

bution. The resistance (R) as a function of temperature (T)

(in 2-p and 4-p configurations) as well as the I-V data as a

function of T was measured on the single Ge NWs, in the

range of 10<T< 300 K using a variable temperature insert

in a closed cycle cryostat. A source meter was used for tak-

ing data which was automated using a programme written in

Cþþ. From the R v/s T data, resistivity (q) v/s T was

obtained. From the I-V data taken at different T values, we

obtained the sample resistance (RNW) and the contact resis-

tance (Rc) as a function of T by analyzing it using a MSM

device model elaborated later.

III. RESULTS

The NWs were characterized by standard techniques such

as X-ray diffraction (XRD), Scanning Electron Microscopy

(SEM), Energy Dispersive X-ray (EDAX), and High

Resolution Transmission Electron Microscopy (HRTEM).

Figs. 1(a) and 1(b) show the SEM data of the Au NP and those

of the grown Ge NW, respectively. The SEM image (Fig.

1(b)) shows that the Ge NWs have a distribution of diameters

typically from 30 to 120 nm and lengths of the NWs are in the

range of one to a few microns. It clearly shows that a dense

growth of Ge NWs occurs in this process. Fig. 1(c) shows the

TEM image. The wire shown in Fig. 1(c) has a diameter of

63 nm. The diameter is more or less uniform with a small

undulation of �4.6% and a thin native oxide layer of thick-

ness�2–5 nm on the surface.

The high resolution TEM image of a NW is shown in

Fig. 3(a), with the selected area electron diffraction pattern

(SAED) shown in Fig. 3(b). The growth occurs in the (111)

direction. The SAED pattern has been shown along the zone

axis (�110) direction. The HRTEM image and the SAED

pattern show the single crystalline nature of the wire. The

SAED pattern has also been taken along different spots on

the Ge NW, and it remains unchanged, thus establishing the

crystalline quality of the grown NW. The HRTEM image

shows that the growth takes place along the (111) direction

and the d-spacing obtained from the TEM is 0.331 nm. From

the d-spacing (0.3266) of bulk Ge (ICDD, Ref. Code:

00–003-0478) for the (111) direction, we found that the Ge

NW has a small tensile lattice strain of �1.35%. The eutectic

based VLS growth leads to the separation of the Au enriched

tip, which is shown in the TEM image in Fig. 3(c). However,

the bulk of the wire is expected to have a finite amount of

Au in the body of the NW. The exact content of the Au is

not known though it is expected that it will vary along the

length so that near the tip, the concentration of Au will be

more.

For a 2-p resistance measurement, the contact resistance

ðRcÞ contribution needs to be subtracted out from the total

resistance RTot to obtain the resistance of the nanowire

ðRNWÞ. In order to do that we measured the I-V curve over a

range of voltage bias V (60.1 V). We then analyzed the I-V

curve using the MSM model. This allows the extraction of

the RNW , Rc, and contact barrier height u. Measurements of

I-V data at different temperatures thus allow us to study the

evolution of the specific contact resistance ðqcÞ as well as

the barrier heights as the temperature is changed in Ge NWs

of different resistivities. We have analyzed the I-V curves

for the 2-p configuration of all the NW samples with a back

to back diode equation26 for Schottky diodes with thermionic

emission (TE) as the dominant mechanism of carrier injec-

tion across the MS interface, known as the modified

Richardson Dushman equation26 given by

I ¼ I0 exp
qV0

gkT

� �
� 1

� �

�
exp

�q u1 þ u2ð Þ
kT

� �

exp
�qu2

kT

� �
þ exp

�qu1

kT

� �
exp

qV0

gkT

� � ; (1)

FIG. 2. Ge NWs connected in (a) 4-p

and (b) 2-p configuration and (c) con-

nected by FEB deposited platinum.

FIG. 3. (a) HRTEM image of a NW

showing orientation along the (111)

direction with a spacing of 0.331 nm,

(b) SAED pattern showing the cubic

structure with single crystalline

growth, and (c) TEM image showing

the Au particle at the tip and also Au

inside the NW body.



where Io is the contribution due to TE defined as

I0 ¼ AART2, where AR is the Richardson constant and A is

the area of contact, V0 ¼ V � IRNW , u1 and u2 are the barrier

heights at the two contacts, k is the Boltzmann constant and

g is the ideality factor of the diode. The total resistance of

the device is thus RTot ¼ RNW þ 2Rc, where Rc is the contact

resistance at the MS interface and RNW is the NW resistance.

(The two contacts are nearly symmetrical and we assumed

the same value of Rc for both the contacts. The slight asym-

metry of the contacts arises due to unequal transfer lengths at

both the contacts, which could not be avoided during fabrica-

tion). This is one of the methods by which we can decouple

the contact effects from the true resistance of the NW in case

the measurement cannot be done in a 4-p configuration. This

method has been effectively used in previous studies27,28 to

determine the NW resistivity and separate out contribution

due to the contact resistance. We have then determined the

specific contact resistivity, qc ¼ RcAc, where Ac ¼ pbdl,
where d is the NW diameter, l is the length between electro-

des and b is the fraction of the NW covered by the electrode

(we have used b ¼ 0.75 for our calculations).20 Typical I-V

data for NW1 are shown in the supplementary material

(Fig. S1). At each temperature, we used the MSM model to

analyze the I-V data to separate out RNW, RC, g, and u (the

value of the barrier height u is the average of u1 and u2) at

the contacts. All the relevant data have been summed up in

Table I.

The RTot, RNW, and Rc obtained by fitting the I-V data

using Equation (1) for the NW sample D1 have been plotted

in Fig. 4 for different temperatures. This NW has a room

temperature (RT) resistivity qNW� 1.6� 10�4 X cm which is

not very high and a relatively low specific contact resistance

qc� 2.98� 10�6 X cm2. However, the contact resistance in

this NW is found to be more dominant compared to the NW

resistance itself. The contact resistance and barrier height

formation has been discussed in Section IV. Previous tem-

perature dependent resistivity measurements in Ge NWs

have been done by the 2-p method only and the effect of con-

tact resistance was not discussed.24,29 In the present investi-

gation, we evolved a mechanism that allows separating out

the contact contribution.

To validate the process used above in Equation (1), we

used the following procedure. For the sample A, we could

make four contact electrodes and the resistance of the NW

was measured in both 4-p and 2-p configurations. The RNW

can be found from the resistivity data obtained from the 4-p

data and it can also be obtained from Equation (1). It can be

seen from Fig. 5(a) that the value of resistance obtained from

both the methods shows identical results. We have also cal-

culated the contact resistance Rc in both ways. From the

experimental data, we obtained Rc by subtracting the 2-p

from the 4-p data. Rc has been determined from the fit data

by subtracting the 2-p data from RNW (as obtained from the

fit to Equation (1)). These two methods also agree very well

as shown in Fig. 5(b). This establishes that the analysis of

the I–V data using the model is a valid procedure and we can

use it to find not only qNW but also the contact parameters

(barrier height, ideality factor, and the contact resistance)

that we need for the present investigation.

The temperature dependent resistivity data for all the

NWs are shown in Fig. 6, which have been determined

after the MSM fitting apart from NW A, in which the 4-p

data are plotted. It is seen that the qNW values of different Ge

NWs vary by more than 3 orders of magnitude at RT, from

0.2 mX cm to 0.2 X cm. At RT, the intrinsic resistivity of Ge

is�46 X cm. This indicates that NWs are not intrinsic and

unintentional doping has occurred during growth from the

Au catalyst as discussed in Section III. The q-T data for the

NWs of higher resistivity show activated behavior. The value

TABLE I. Physical dimensions of the Ge NWs studied and fit parameters of the I-V curves at room temperature to the MSM model.

NW Name

Diameter

(nm)

Length

(lm)

Nanowire resistivity

qNW (X cm)

Specific contact resistivity

qc (X cm2)

Barrier height

u (eV)

Ideality factor

g
Electron density

na (cm�3)

E 35 2.0 3.1 � 10�2 3.4 � 10�4 0.246 2.36 1.7 � 1017

1 65 2.0 3.5 � 10�4 9.9 � 10�7 0.202 1.00 1 � 1020

D1 90 1.9 1.6 � 10�4 2.98 � 10�6 0.161 1.00 1.8 � 1020

D1ab 90 1.9 1.6 � 10�4 1.25 � 10�6 0.143 0.97 1.8 � 1020

D2 90 4.5 5.4 � 10�3 4.1 � 10�4 0.284 1.55 2 � 1018

D2ab 90 4.5 8.1 � 10�4 6.9 � 10�6 0.148 0.97 4 � 1019

A 90 5.1 2.4 � 10�1 1.3 � 10�2 0.325 7.30 1.5 � 1016

aThe number density has been determined from published data of Cuttriss.25

bNWs after annealing.

FIG. 4. Resistance versus temperature for D1, showing the NW resistance

(RNW) and the contact resistance (Rc) which have been determined by fit-

ting. The total measured resistance RTot is also shown.

ftp://ftp.aip.org/epaps/journ_appl_phys/E-JAPIAU-121-008713


of activation energy is less than that of the band gap energy,

indicating the presence of defect states in the band gap

region. This has also been observed for disordered metals

which show activated transport due to trapping/de-trapping

of electrons from defect states.30 Some NWs that are highly

doped have a negative temperature coefficient (NTC) of

resistivity.31 However, they are metallic in nature because

they do not show an activated behavior and show a finite

conductivity at zero temperature (see the low T limiting

region in Fig. 6). Such a behavior is in conformity with

heavily doped bulk semiconductors like Si and Ge close to

the insulator-metal transition boundary.32 This behavior is

similar to that of highly resistive disordered metallic alloys

that also show NTC behavior despite being metallic.33 For

heavily doped semiconductors (bulk), the NTC arises from

weak localization. The main motivation of the present work

is to study the effect of the contact properties of Ge NWs

and a detailed analysis of the temperature dependence of the

resistivity of the NWs is beyond the scope of the present

investigation and needs to be addressed in a separate report.

We have investigated the effect of annealing on resistiv-

ity and contact parameters on two NWs that have the same

diameter and have been produced in the same way. We chose

D1 close to the open tip (where the Au catalyst remains

attached after growth) and D2 further away (�6 lm from the

tip) which is expected to have less Au in it as explained

in Section III. They have resistivities differing by an order

(see Table I). The specific contact resistances differ by two

orders. The NWs were vacuum annealed at 370 �C (which is

just above the eutectic temperature of Au-Ge) for an hour

and the two NWs after annealing are designated as D1a and

D2a. In both NWs, annealing leads to a substantial reduction

in contact resistances. For D1, which has lower resistivity, qc

comes down from 2.98� 10�6 X cm2 to 1.25� 10�6 X cm2,

and there is no change in qNW. Annealing leads to the

improvement of the contact only. In the case of the high

resistivity NW D2, there is a reduction in qNW from

5.4� 10�3 X cm to a low value of 8.1 � 10�4 X cm and qc

reduces from 4.1� 10�4 X cm2 to 6.9� 10�6 X cm2. The

reduction in qc in both the samples arises from the reduction

in the contact barrier. In the case of sample D2, there is a

large reduction in u by nearly a factor of 2 and it reaches a

value of 0.148 eV at RT, which is the lowest barrier potential

seen by us in this study. Thus, our investigation shows that

vacuum annealing at a relatively low temperature (that pre-

serves the contacts as well) is an effective way to lower the

contact resistance and the barrier. It is likely that the anneal-

ing leads to the redistribution of Au atoms by diffusion in the

contact regions leading to the improvement of the contacts.

IV. DISCUSSION

A barrier forms when a metal comes into contact with a

semiconductor surface. The nature of the contact and the bar-

rier formation depend on the distribution of the energy states

in the interface region that lies in the band gap region. In

general, the barrier height will depend on where the Fermi

level lies in the spectrum of interface states (as shown in Fig.

S2 of the supplementary material). Ideally, in the absence of

interface states, the barrier height will be determined by the

work function of contacting materials. Even in the presence

of interface states (that occur almost always), if they have a

uniform spectral distribution (see supplementary material

Fig. S2(a)), the variation of the barrier height with charge

density at the interface is gradual and the barrier height

depends on the work function of the contacting metal as one

would expect in a Schottky type barrier.34 However, it occurs

in many semiconductors like bulk Ge that there are dense

bunch of interface states near the mid gap region.13,14 When

a metal is brought into contact with such a surface, the

charge distribution to bring the Fermi levels in alignment

brings the Fermi level in the region where there are highly

bunched interface states and the Fermi level gets pinned

FIG. 5. (a) Resistance versus tempera-

ture for the A NW, showing the 2-p, 4-

p, and model fit data. (b) Comparison

of Rc obtained from the experimental

and the MSM model fit data.

FIG. 6. Resistivity (RNW) versus temperature (T) for all the Ge NWs

studied.

ftp://ftp.aip.org/epaps/journ_appl_phys/E-JAPIAU-121-008713
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(FLP). In this case, the barrier height becomes independent

of the charge density (see supplementary material Fig.

S2(b)) and it is independent of the work function of the con-

tacting material. This had been first proposed by Bardeen in

the context of explaining work function independent barrier

formation in bulk Ge and is applicable when the density of

surface levels lies within the band gap and is sufficiently

high.35 While for bulk Ge, there is FLP, and in Ge NWs,

there are clear reports that the FLP is suppressed20 and the

barrier height depends on the contact material. We also

found that at RT, the barrier height can be much less than

that observed in bulk Ge and it depends on the charge con-

centration of the NW. In our work, we used the theory of

thermionic emission to analyze the data and keep the barrier

height as a parameter that has to be determined by fitting to

the I–V data using the above theory.

Both room temperature contact resistivity qc and

Schottky barrier height u (also denoted by u in the graphs)

are plotted as a function of nanowire resistivity qNW (Fig. 7)

at room temperature. The contact resistivity increases with

the NW resistivity. The dependence of qc on qNW is almost

linear. For qNW lying from 10�4 to 10�1 X cm, qc lies in the

range of 10�6–10�2 X cm2. The values of the contact resis-

tance will be specific to the Cr/Au contact, however, the

approximate linear dependence of qc on qNW is expected to

be maintained even if the contact electrode material is differ-

ent. The lowering of qc on reducing qNW is expected to arise

from the larger carrier density of the NWs of less resistivity.

At this temperature, the contact resistance qc increases as

the barrier height u increases. The contact barrier also has a

clear dependence on qNW. For qNW< 10�3 X cm, u< 0.2 eV.

However, for qNW> 10�3 X cm, the barrier rises to beyond

0.25 eV. This value is still less than that seen in bulk Ge,

where FLP leads to a large barrier height (0.5–0.6 eV)12 irre-

spective of the contact materials. A recent report on the sup-

pression of FLP in Ge NWs20 shows that while for materials

like Au that has work function in excess of 5 eV, the barrier

height even in NWs can be very high, in the vicinity of

0.4 eV. Ag with a work function of 4.26 eV leads to nearly

Ohmic contact with a barrier height of �0.02 eV. In the Cr/

Au contact, the metal in contact with Ge is Cr that has a

work function of 4.5–4.6 eV. This is larger than that of Ag

but sufficiently smaller than that of Au. The Schottky barrier

within the vicinity of 0.15 eV–0.2 eV observed in Ge NWs

(with relatively low resistivity) follows with the expectation

that in Ge NWs with the side contact, there is indeed the sup-

pression of FLP.

The dependence of qc and u on qNW at 77 K is shown in

Fig. 8. There is substantial augmentation of qc on cooling.

Though qc still increases as qNW increases, the good correla-

tion between the two seen at 300 K is no longer strictly valid.

However, it is interesting to observe that the effective barrier

height (u) shows softening on cooling. The enhancement of

qc on cooling along with softening of the barrier height may

appear self-contradictory if attention is not paid to the tem-

perature factor. The apparent contradiction is resolved (as

discussed quantitatively below) that the factor that deter-

mines qc is not only u but also the ratio, u
kBT, with kB being

the Boltzmann constant. As a result, even if u is suppressed

as T is decreased and if its rate of decrease is lower than that

of T, then the ratio u
kBT increases leading to the enhancement

of qc on cooling. This can be evaluated quantitatively using

the following equation of qc:
36

qc ¼
gkB

qTAR
e

2u
kBT; (2)

FIG. 7. (a) Specific Contact resistivity

(qC) and (b) barrier height (u) as a

function of qNW at 300 K.

FIG. 8. (a) Specific Contact resistivity

(qc) and (b) barrier height (u) as a

function of qNW at 77 K.

ftp://ftp.aip.org/epaps/journ_appl_phys/E-JAPIAU-121-008713


where AR is the Richardson constant, u is the average barrier

height, and g is the ideality factor of the diode. In the supple-

mentary material (Fig. S3), we have plotted qc (normalized

by the value at RT) as a function of T for two representative

NWs D1 and D2 using Equation (2) along with u as a func-

tion of T. It can be seen that even if u is suppressed on cool-

ing, the qc value actually increases.

An important parameter that governs the nature of

charge injection at the MS interface is the ideality factor g
(see Equation (1)). In a junction, the ideality factor g is close

to 1 when the junction is defect-less and the current is mostly

diffusion controlled. With the recombination of carriers at

the defect sites, g increases and generally, 1� g� 2.We

obtained the value of g by fitting the I–V curves using

Equation (1). The ideality factor at 300 K is in this range for

all the NWs except sample E which has the lowest diameter

(35 nm) and g is slightly larger than 2. It has been reported1

that, as the diameter of a Ge NW decreases below a certain

length scale �30 nm, when the depletion layer in the contact

region is larger, g can reach a large value in the vicinity of

even 3. Thus, the observation of larger g (¼2.36) in sample

E which has a diameter of 35 nm is expected given the nar-

row diameter of the wire. In NW D2 on annealing, the value

of g reduces from 1.5 to 1 as the contact improves and the

contact resistance decreases. In the supplementary material

(Fig. S4), we show the dependence of g on qNW. It can be

seen that for low resistivity, the ideality factor is indeed close

to 1 at RT, whereas for high resistive NWs, it deviates from

unity to a higher value. In general,37 g> 1 can occur due to

one or more of the following reasons: (a) interface states in a

thin oxide between the metal and the semiconductor, (b)

tunneling currents when the semiconductor is heavily doped,

(c) image forces, and (d) generation recombination current

within the space charge region. In the contacts in most of the

NWs, g is not much different from the ideal unity. As a

result, with the deviation being small, even if there are con-

tributions from one or more of the factors stated above, they

are small.

The temperature dependent behavior of g for NW E has

not been investigated, as it is much higher compared to the

rest of the NWs. The rest of the NWs on cooling down show

the suppression of u and the enhancement of g (see Fig. 9).

The temperature dependence of both the important parame-

ters has been investigated in the context of MS junctions in

the past and comprehensive model38 based on Gaussian

distribution of barrier heights that appear to explain most of

the data in the bulk. In this model, there is a spatial inhomo-

geneity in the contact barrier arising from roughness in the

contact region, which is expected as the MS contact in most

systems is not formed on atomically smooth interfaces. This

is also the case for contacts formed on Ge NWs that are seen

to have a small corrugated surface. The length scale of the

corrugation is smaller than the contact region length scale. In

these situations, the barrier height (and the effective band

bending that leads to the depletion layer at the interface and

the formation of the barrier) can be assumed by a Gaussian

distribution with a mean value um (at RT or in the high T

limit) and a width rS. The distribution of the barrier height at

the MS interface can be determined from its temperature

dependence given by38

u ¼ um �
r2

s

2kBT
: (3)

We found that for T> 100 K, there is an approximate

1/T dependence. In supplementary material Fig. S5, we

show a plot of u(T) as a function of 1/T. The parameters

obtained from the fit to Equation (3) are shown in Table II. It

can be seen in Table II that annealing in D1 and D2 leads to

the decrease in the distribution width and this makes the bar-

rier relatively more uniform. Annealing also leads to the

decrease in the mean barrier height. The contact resistance

decrease on annealing due to homogenization of the barrier

is indeed correct as we can see from the Gaussian distribu-

tion parameters. Annealing also causes the reduction in the

ideality factor and brings it closer to unity.

The ideality factor g shows the strong temperature

dependence and is much enhanced as the NWs are cooled

down as shown in Fig. 9(b). The temperature dependence of

the ideality factor can be modeled38 using the bias depen-

dence of the mean barrier height as well as its distribution.

This can be expressed using two parameters, c2 and c3, which

are the coefficients that quantify the bias dependence of the

barrier distribution through the relation

DumðVÞ ¼ umðVÞ � u0
m ¼ c2V ; (4a)

Dr2
s ðVÞ ¼ r2

s ðVÞ � r2
s0 ¼ c3V; (4b)

where Dum and Drs
2 are the variation in the barrier height

and the standard deviation, respectively, due to the bias

dependence and um
0 and rs0

2 are the zero bias barrier height

FIG. 9. Temperature dependence of (a)

barrier height (u) and (b) ideality fac-

tor (g).
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and the standard deviation, respectively. The bias depen-

dence of the parameters leads to a temperature dependent g
given by38

g ¼ 1þ c2 �
c3

2kBT
: (5)

The observed T dependence of the ideality factor can be

seen to follow this behavior (Equation (5)). The fitting

parameters c2 and c3 are shown in Table II. Both c2 and c3

are negative, which indicates that the mean barrier height as

well as the barrier distribution reduces as the bias is reduced.

The ideality factor and the barrier height plotted as a func-

tion of T�1 for all the NW samples yield a straight line and

can be seen in the supplementary material (Fig. S5). To find

out the validity of our fitting parameters, we have determined

the variation in the barrier height and the standard deviation

by using Equations (4a) and (4b), taking the maximum value

of the bias which we have used in the experiment (refer to

Table II). The values of Drs
2 and Dum are much less than

um, indicating a very weak dependence of the barrier height

on the bias voltage. This implies that Equation (3) is not

changed much due to the bias dependence.

The contact on the NWs discussed in this paper has been

formed by Cr/Au contact pads. Focused Ion Beam (FIB) or

Focused Electron Beam (FEB) deposited Pt is also used in

making contact with NWs.39,40 In this report, we made one

NW sample (Ge 0) with Pt contacts using FEB. The precur-

sors used for this type of deposition have a very high carbon

content. This type of contact is rich in amorphous carbon

with a dispersed phase of Pt particles.41 It shows a very high

ideality factor and cannot be described by thermionic emis-

sion for charge injection at the junction. A likely mechanism

that describes transport through such a junction will be space

charge limited conduction (SCLC).42 The current through

the junction follows a power law behavior, I / Va, where

2> a> 1. For a¼ 1, the junction is Ohmic, and for a¼ 2, it

is pure space charge limited conduction as given by Child’s

law.43 The I–V characteristics of NW Ge 0 show a non-

linear behavior (Fig. 10(a)). The exponent a is determined at

different temperatures from the I–V curves, and we can see

its temperature dependence from Fig. 10(b).

V. CONCLUSIONS

The present investigation carried out on single Ge NWs

grown by the vapor phase method using Au catalyst shows

that Cr/Au contacts can lead to reasonably low specific con-

tact resistances �10�6 X cm2 in NWs with resistivity in the

order of 10�4 X cm. With the increase in NW resistivity, the

specific contact resistivity increases. It is noted that the spe-

cific contact resistances achieved in low resistivity Ge NWs

are the lowest reported although they are about 2 orders

larger than those achieved in bulk Ge using an intervening

insulating layer. The junction characteristics were modeled

using a Thermionic Emission model, and the barrier height

and the ideality factors were obtained. The barrier is

Schottky in nature, and the observed data are in agreement

with the suppression of Fermi level pinning observed before

in Ge NWs. The ideality factors of the junctions in the Ge

NWs are close to unity at RT showing a good quality junc-

tion. It is found that the contact barrier heights also depend

on the NW resistivity and a low contact barrier of nearly

0.15 eV can be obtained. The barrier height shows suppres-

sion, and the ideality factors show enhancement on cooling

down. The temperature variation was explained using a

model that predicts a specific temperature dependence for

both the barrier height and the ideality factors, which have

been observed. From the temperature dependence, the mean

barrier height as well as the spread of the barrier has been

obtained. It has been found that the contact region shows

qualitatively different behavior when instead of the Cr/Au

contact, Focused electron beam deposited Pt contacts are

TABLE II. Fit parameters for the barrier height and the ideality factor with temperature.

NW Name um(eV) r2
s (eV2) c2 c3 (eV) Dum (eV) Dr2

s (eV2)

D1 0.200 6 0.003 0.0020 6 0.0001 �0.923 �0.048 0.009 0.0048

D1a 0.178 6 0.009 0.0019 6 0.0002 �1.000 �0.049 0.004 0.0002

D2 0.34 6 0.02 0.0039 6 0.0005 �0.215 �0.045 0.086 0.0180

D2a 0.181 6 0.007 0.0012 6 0.0002 �0.405 �0.017 0.010 0.0004

1 0.256 6 0.007 0.0030 6 0.0001 �0.922 �0.045 0.092 0.0045

FIG. 10. (a) Log-log plot of I-V charac-

teristics for NW Ge0 showing non-linear

behavior. (b) Temperature dependence

of the exponent a is shown.
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made. These contacts show space charge limited current as

opposed to thermionic emission dominated contact behavior

in Cr/Au contacts.

The investigation carried out gives us a way to quantita-

tively assess contacts on Ge NWs and also opens the possi-

bility of using this analysis to fabricate very low resistance

and low barrier height contacts through suitable innovations.

SUPPLEMENTARY MATERIAL

See supplementary material for typical I–V characteris-

tics and MSM fitting data for NW1, energy band diagrams

of the MS interface, the normalized value of qc and u as a

function of T for two representative NWs, dependence of

the ideality factor with qNW, and a plot of u and g as a func-

tion of 1/T.
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