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Abstract

Contact effects are a common impediment to electrical measurements throughout the fields

of nanoelectronics, organic electronics and the emerging field of graphene electronics. We

demonstrate a novel method of measuring electrical conductance in a thin film of amorphous

germanium that is insensitive to contact effects. The measurement is based on the capacitive

coupling of a nanoscale metal-oxide-semiconductor field-effect transistor (MOSFET) to the

thin film so that the MOSFET senses charge diffusion in the film. We tune the contact resis-

tance between the film and contact electrodes and show that our measurement is unaffected.

With the MOSFET, we measure the temperature- and field-dependence of the conductance

of the amorphous germanium, which fit to a model of variable-range hopping. The device

structure enables both a contact-independent and a conventional, contact-dependent measure-

ment, which makes it possible to discern the effect of the contacts in the latter measurement.

This measurement method can be used for reliable electricalcharacterization of new materials

and to determine the effect of contacts on conventional electron transport measurements, thus

guiding the choice of a non-invasive contact material.

∗To whom correspondence should be addressed
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The measurement of electrical conductance is one of the mostimportant probes of solid-state

systems; however, contact effects routinely interfere with reliable measurements. Throughout na-

noelectronics, unstable contacts and large contact resistances arise because of the reduced contact

area. Decreased channel lengths cause the contact resistance to dominate the overall resistance.1 In

graphene electronics, the metal-graphene contact resistance has been a barrier to achieving high-

performance graphene transistors.2 In organic electronics, the contact material has been found

to alter the morphology of the organic molecules,3 to penetrate into the molecules,4,5 to form

Schottky barriers irrespective of work function,6 and to be thermally and mechanically unstable.7

Electrical resistance of organic monolayers can vary by four orders of magnitude depending on

the choice of contact material and the method of contact.4,8,9 As the charge mobility increases in

novel organic materials, contact effects become more pronounced.8 Moreover, Schottky barriers

and diffusion of contact metal, particularly at high temperatures, have long been obstacles to the

characterization of semiconductor films. A barrier to solving contact problems is that it can be

difficult to discern the effect of the contacts when measuring a new material.2,4,10A common tech-

nique to eliminate contact resistance from an electrical conductance measurement is a four-point

probe measurement; however, these probes can interfere with current flow in nanoscale films or

damage soft, organic materials.

In this Letter, we demonstrate a contact-independent measurement of electrical conducance

in a thin film of amorphous germanium with a nanoscale metal-oxide-semiconductor field-effect

transistor (MOSFET). The nanoscale MOSFET senses charge diffusion in the amorphous germa-

nium film via capacitive coupling to the film instead of directphysical contact. When the gate of

a MOSFET is sufficiently narrow (/100 nm), a one-dimensional inversion channel forms, which

has a conductance that varies in response to electrostatic fluctuations in the environment. When

the MOSFET is placed nearby the amorphous germanium film, theconductance of the MOSFET

varies as charge diffuses in the film. From the time dependence of the conductance of the MOS-

FET, we extract a quantitative measure of the conductance ofthe amorphous germanium film. We

perform this measurement in the presence of both Ohmic and blocking contacts on the a-Ge film,
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and find that our measurement is insensitive to contact effects. This technique is used to measure

the temperature- and field-dependence of the conductance, both of which fit to a model of variable-

range hopping. The density of states and localization length of the film are extracted from the fits.

Moreover, we measure conductance as low as 10−19 S when applying a bias voltage of only 1 V

to the film. The ability to measure such a small conductance could advance our understanding

of various highly resistive materials such as high dielectric constant materials used in nanoelec-

tronics. By comparing our contact-independent measurement to a conventional measurement of

current in the film, we discern the role of the contacts in the conventional current measurment.

This measurement technique can be used for reliable electrical characterization of new materials

and to guide the choice of a non-invasive contact material, which could accelerate the application

of new materials in electronic devices.

The device structure is displayed in Figure 1. We fabricate an n-channel silicon MOSFET on

a p-type silicon substrate using standard CMOS techniques.The gate of the MOSFET tapers to a

width of≈60 nm at its narrowest region. A thin film of amorphous germanium that is 200 nm wide

and 50 nm thick is patterned 100 nm away from the narrow portion of the gate. The film overlaps a

pair of gold electrodes that are separated by 1µm. By holding the device in a storage vessel for a

prolonged period of time before measurement, an oxide is expected to have formed at the interface

between the amorphous germanium and the gold electrodes.

We first investigate the nature of the contacts between the amorphous germanium and the gold

electrodes. We apply a dc bias voltageVaGe across the amorphous germanium film and measure the

currentIaGe, as displayed in Figure 2(d). We find that the IV characteristic is non-Ohmic, and that

current is immeasurable for|VaGe| < 5V . The oxide at the interface between the gold electrodes

and the amorphous germanium film introduces a large contact resistance, which dominates the

overall resistance at low bias voltages. With a high enough bias volage,|VaGe| > 5V , the contact

resistance decreases and the conductance of the film can be measured with a conventional current

measurement, as found previously by Osmunet al.11 However, an alternate technique is needed to

measure the conductance in the contact-limited regime.
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Figure 1: (a) The device consists of ann-channel silicon MOSFET posititioned approximately 100
nm away from a thin film of amorphous germanium. The gate of theMOSFET tapers to a width
of ≈60 nm wide at its narrowest point and induces an inversion channel of a comparable width
in the p+ silicon substrate. Highly resistive contacts form at the interface between the amorphous
germanium film and gold electrodes. The channel, or inversion region, of the MOSFET is capac-
itively coupled to the amorphous germanium film. (b) An electron micrograph of the gate of the
n-channel silicon MOSFET and the film of amorphous germanium.
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Before using the MOSFET to measure the conductance of the amorphous germanium, we

characterize the MOSFET and demonstrate its sensitivity tonearby electrostatic fluctuations. We

measure the conductance versus gate voltage of the MOSFET at4 K as displayed in Figure 2(b).

The gate voltage is swept from 3.6 to 7.2 V and then back down to3.6 V, and the oscillations

that we observe in the conductance are nearly identical in both directions. This is typical of a one-

dimensional inversion layer where random fluctuations in the local potential at the Si/SiO2interface

cause oscillations in the conductance.12 The gate voltage is then set to 8 V so that the channel

is in inversion, and the dc current in the MOSFET is measured versus time [ Figure 2(c)] at a

temperature of 11 K. The prominent switching, or random telegraph noise, in the conductance is a

result of a single electron being captured and emitted from atrap state in the silicon dioxide nearby

the narrow constriction in the MOSFET channel.13 The conductance of the MOSFET decreases

when an electron is trapped nearby, and then increases when the electron is released, demonstrating

that the MOSFET can sense the fluctuation of a single electronnearby.

The sensitivity of the MOSFET to the electrostatic environment enables it to sense charge

diffusion in the nearby amorphous germanium film even when the contacts are blocking. The

charge sensing measurement entails stepping the voltage onthe amorphous germanium film so

that charge flows in the film, and simultaneously measuring the conductance of the MOSFET as

a function of time [ Figure 3]. In the following measurements, we maintain a positive voltage

on the gate of the MOSFET,Vg > 6V , to ensure that the channel is in inversion. To measure the

conductance of the MOSFET, we apply an ac source-drain voltage ofVds = 5mV and measure the

current in the MOSFET. At time t = 0, we step the voltage on the amorphous germaniumVaGe

from -0.5 to -1 V. Even though|VaGe|< 5V and the contact resistance limits the current, capacitive

coupling between the gold electrodes and the amorphous germanium film causes positive charge in

the amorphous germanium film to flow toward the negatively biased gold electrode. Then-channel

MOSFET senses the decrease in positive charge in the vicinity of the narrow constriction, and the

conductance of the MOSFET decreases with time [ Figure 3(b) and Figure 3(c). After stepping

VaGe back to -0.5 V, positive charge flows away from the electrode and the conductance of the
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Figure 2: (a) Top view of the device structure with electrical circuits used to characterize the
nanoscale MOSFET and the amorphous germanium film. (b) Conductance of the MOSFET versus
gate voltage at 4 K. Oscillations in the conductance are caused by random fluctuations in the
local electric potential at the Si/SiO2 interface, and is indicative of a one-dimensional inversion
channel. (c) Conductance of the MOSFET versus time withVds = 1mV at a temperature of 11
K. The random telegraph noise arises because the conductance of the MOSFET is sensitive to
single electron fluctuations in a nearby trap state in the silicon dioxide. The sensitivity of the
MOSFET conductance to variation in the local electric potential demonstrates its capabilities as a
charge sensor. (d) Current versus voltageVaGe applied to the film of amorphous germanium at a
temperature of 125 K (black) and 295 K (red). The non-Ohmic nature of the IV characteristic is
indicative of resistive contacts. The current is immeasurable for |VaGe| ≤ 5V . The contacts become
Ohmic for|VaGe|> 5V .
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MOSFET increases with time. The response of the MOSFET to thecharge flow in the amorphous

germanium is henceforth referred to as a charge transient.

The charge transient is analyzed as follows.14,15 We treat the amorphous germanium as a dis-

tributed RC network, as shown in Figure 3(a). When the amorphous germanium is subject to a

step voltage at one edge, charge diffuses through the film with a diffusion constant ofD = 1/RsqC

whereRsq is the resistance per square andC is the capacitance per unit area of the film. By solving

the diffusion equation for this system, it is found that the charge per unit area at any point in the

film varies with time according toσ(t)≈ σ0+Aexp(−Γt) whereΓ = π2D/L2, L is the length of

the film, andD is the diffusion constant. As long as the voltage step on the amorphous germa-

nium is sufficiently small, the conductance of the MOSFET varies linearly with the charge in the

amorphous germanium film, and soGMOSFET (t)≈ G0+Cexp(−Γt) whereΓ = π2/RsqCL2. The

conductance of the amorphous germanium film is given byGaGe = w/RsqL wherew andL are the

width and length of the film respectively. From this, we see that the conductance of the amorphous

germanium film can be derived from the charge transient of theMOSFET. In Figure 3(b) and

Figure 3(c), we fit the charge transients to this form, and extractΓ, the rate of charge flow in the

film, and henceGaGe. We findGaGe = 1.3×10−17 S at 44 K. As we increase the temperature to

54 K, the rateΓ increases and the conductance increases toGaGe = 9.4×10−17 S.

With this method, we measure the conductance of the amorphous germanium film as a function

of temperature in a regime where the contacts limit the dc current ( Figure 4(a), open blue squares).

At each temperature in the range of 30-125 K, we step the voltage on the amorphous germanium

VaGe from -0.5 to -1 V, and derive the conductanceGaGe from the charge transient of the MOSFET.

As expected, the direct currentIaGe is immeasurable (<10 fA) for VaGe = −1V throughout the

temperature range of 30-295 K because this is the contact-limited regime. An additional feature

of this measurement technique is that we can measure conductances smaller than 10−19 S with the

application of only -1 V, which would be impossible with conventional current measurements.

We repeat this set of conductance measurements as a functionof temperature in a regime where

the contacts are Ohmic, namelyVaGe ≥ 5V . We stepVaGe from -4.5 to -5.5 V, and derive the con-
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Figure 3: (a) The device and circuit used for the contact-independent conductance measurement.
The amorphous germanium film is modeled as a distribued RC network. (b,cupper panel) The
voltage on the gold electrodes adjacent to the amorphous germanium film is stepped fromVaGe =
-0.5 V to -1 V at time t = 0. Even though the contacts are blocking, capacitive coupling between
the gold electrodes and the amorphous germanium causes positive charge in the film to diffuse
toward the negatively biased contacts. At a later time,VaGe is stepped back to -0.5 V. (b,clower
panel) Conductance of the MOSFET versus time in response to chargediffusion in the film after
steppingVaGe. As charge diffuses in the distributed RC network of the amorphous germanium
film, the conductance of the MOSFET varies exponentially with time. The solid lines are fits to
G = G0exp(−Γt) whereΓ = π2/RsqCL2 andRsq is the resistance per square of the amorphous
germanium film.
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ductanceGaGe from the charge transient at each temperature in the range of18-125 K ( Figure 4(a),

green circles). At temperatures≥125 K andVaGe =−5.5V , we obtain the conductance of the amor-

phous germaniumGaGe using conventional measurements of currentIaGe (red circles). At 125 K,

we measure the conductance using both methods, and find that the two agree within a factor of 1.3,

thereby validating our method for obtaining the conductance from the charge transient.

In amorphous germanium, charge transport is dominated by hopping between localized states

distributed in energy about the Fermi energy.16 At high temperatures, hopping is expected to oc-

cur between nearest neighbor sites with an activation energy given by the distribution in nearest-

neighbor site energies. Mott argued that as the temperaturedecreases, electrons do not typically

hop between nearest neighbor sites, but rather to sites thatare further away but are closer in en-

ergy, via phonon-assited tunneling.17 This model is known as variable-range hopping, and the

conductance is given by17 G = G0exp(−T ∗/T )1/4. We fit the conductance versus temperature at

VaGe = −5.5V to this model ( Figure 4(a), solid line), and findT ∗ = 9.8× 107 K, which is in

agreement with previous measurements of amorphous germanium.18

Knowing that the transport in the Ohmic regime is described by variable-range hopping, we

fit the conductance versus temperature in the contact-limited regime (VaGe = −1V ) to this model

( Figure 4(a), dashed line). When we extrapolate the fit to temperatures greater than 125 K, we

find the conductance should beGaGe ≥1013 S. With VaGe = −1V , the current in the amorphous

germanium at these high temperatures should be easily measurable (>100 fA) and the fact that it

is not is consistent with our conclusion that the contacts limit the dc current.

We use the charge sensing method to measure the field dependence of the conductanceGaGe(E)

at temperatures of 33 and 58 K as shown in Figure 4(b). We perform this measurement by ap-

plying a static field across the amorphous germanium: one gold electrode in held at ground while

the other is held at a negative voltage. Then we rapidly step the voltage on the latter electrode by

an additional -0.5 V and obtain the conductance from the charge transient. For example, to mea-

sure the conductanceGaGe at an applied bias voltage ofVaGe = −10V , we apply a fixed voltage

VaGe =−9.5V , rapidly step the voltage toVaGe =−10V and measure the resulting charge transient
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in the MOSFET. In the model of variable-range hopping, when the electric field is sufficiently

strong, all successive electronic sites along the field willbe lower in energy than the previous sites.

Therefore, phonons are emitted as charges hop along the field, and the conductance is temperature

independent. In this regime, the conductance is expected tofollow 19 G = G0exp(−E∗/E)1/4. The

high-field regime of the conductanceGaGe(E) is fit to this model ( Figure 4(b), black lines), and

we extract a value forE∗ of 7.7× 1012 V/m from the fit.

We take the values ofE∗ andT ∗ from the fits to variable-range hopping ( Figure 4), and use

the expressions19,20 T ∗ = 16/kBD(EF)a andE∗ ≈ 16/eD(EF)a4 to find a density of states at the

Fermi energyD(EF) = 1.6×1018 eV−1 cm−3 and a localization lengtha ≈ 1 nm. These values

are consistent with those previously reported in amorphousgermanium:D(EF) = 1.5×1018 eV−1

cm−3 anda = 1 nm.18 The transition to variable-range hopping in a strong electric field, as shown

in Figure 4(b), is expected to occur when the decrease in potential energyeER(T ) over a typical

hopping distanceR(T ) becomes comparable to the energy band within which an electron can hop

∆ε(T ) so that phonons are emitted as the electron hops along the field.19 The critical fieldEC

for a transition into this regime is given byeECR(T ) ≈ ∆ε(T ), or EC ≈ kBT/ea. From the curve

in Figure 4(b), we find the onset of the strong-field regime atT = 58 K at a critical field of

EC ≈ 6.1×106 V/m from which we finda ≈ 0.8 nm, comparable to≈ 1 nm found above. By

successfully extracting the density of states and localizaiton length from our measurements, we

demonstrate that this charge sensing technique accuratelycharacterizes a thin film.

We expect our device structure to enable a contact-independent measurement of field-effect

mobility. By modulating the voltage difference between thethin film and the underlying silicon

substrate, the substrate can serve as a back gate and one can measure the conductance of the film

as a function of gate voltage.14 In a film of amorphous germanium, the density of states about the

Fermi energy is approximately constant and so we do not observe a change in conductance with

gate voltage.

In summary, we have demonstrated a method of electrically characterizing a thin film that is

insensitive to contact effects and can measure conductanceas low as 10−19 S with application of
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only 1 V to the film. The technique is applicable to any thin solid film for which the contacts

interfere with current measurements or where the current isimmeasurable because the film is

highly resistive. This method can be used if an insulating layer is placed between the contacts and

the film to protect the film from the contact material, or for measuring field-effect mobility. By

comparing the contact-independent charge sensing measurement with a contact-dependent current

measurement, one can discern whether the contacts influencethe current measurement, and thereby

chose a non-invasive contact material. This meaurement method offers the potential to advance

progress in developing new materials such as novel organic semiconductors or nanoscale materials

where contact effects often stymie efforts to electricallycharacterize and to understand the material

properties. The ability to identify a non-invasive contactmaterial could accelerate the application

of new materials in devices.
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