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Abstract

Contact effects are a common impediment to electrical measents throughout the fields
of nanoelectronics, organic electronics and the emergild 6f graphene electronics. We
demonstrate a novel method of measuring electrical coaduetin a thin film of amorphous
germanium that is insensitive to contact effects. The measent is based on the capacitive
coupling of a nanoscale metal-oxide-semiconductor fiffiece transistor (MOSFET) to the
thin film so that the MOSFET senses charge diffusion in the. flii@ tune the contact resis-
tance between the film and contact electrodes and show thaheasurement is unaffected.
With the MOSFET, we measure the temperature- and field-dkgee of the conductance
of the amorphous germanium, which fit to a model of variablege hopping. The device
structure enables both a contact-independent and a camvelntcontact-dependent measure-
ment, which makes it possible to discern the effect of thdamia in the latter measurement.
This measurement method can be used for reliable electtieabcterization of new materials
and to determine the effect of contacts on conventionatreled¢ransport measurements, thus

guiding the choice of a non-invasive contact material.
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The measurement of electrical conductance is one of the impsirtant probes of solid-state
systems; however, contact effects routinely interferdnéliable measurements. Throughout na-
noelectronics, unstable contacts and large contactaesiss arise because of the reduced contact
area. Decreased channel lengths cause the contact resistatominate the overall resistanthn
graphene electronics, the metal-graphene contact nesesteas been a barrier to achieving high-
performance graphene transistéri organic electronics, the contact material has been found
to alter the morphology of the organic molecufe) penetrate into the moleculés,to form
Schottky barriers irrespective of work functiSrand to be thermally and mechanically unstable.
Electrical resistance of organic monolayers can vary by @oders of magnitude depending on
the choice of contact material and the method of corft&&As the charge mobility increases in
novel organic materials, contact effects become more proced® Moreover, Schottky barriers
and diffusion of contact metal, particularly at high tengiares, have long been obstacles to the
characterization of semiconductor films. A barrier to sadyvcontact problems is that it can be
difficult to discern the effect of the contacts when measpamew materiaf*1°A common tech-
nique to eliminate contact resistance from an electricatlootance measurement is a four-point
probe measurement; however, these probes can interfdrecwitent flow in nanoscale films or
damage soft, organic materials.

In this Letter, we demonstrate a contact-independent mewm&nt of electrical conducance
in a thin film of amorphous germanium with a nanoscale metalessemiconductor field-effect
transistor (MOSFET). The nanoscale MOSFET senses chafifgsidn in the amorphous germa-
nium film via capacitive coupling to the film instead of dir@ttysical contact. When the gate of
a MOSFET is sufficiently narrowg100 nm), a one-dimensional inversion channel forms, which
has a conductance that varies in response to electrostattadtions in the environment. When
the MOSFET is placed nearby the amorphous germanium filmgahductance of the MOSFET
varies as charge diffuses in the film. From the time deperalehthe conductance of the MOS-
FET, we extract a quantitative measure of the conductantteeatmorphous germanium film. We

perform this measurement in the presence of both Ohmic arukiblg contacts on the a-Ge film,



and find that our measurement is insensitive to contacttsff@tis technique is used to measure
the temperature- and field-dependence of the conductaoitepbwhich fit to a model of variable-
range hopping. The density of states and localization keafithe film are extracted from the fits.
Moreover, we measure conductance as low as'18 when applying a bias voltage of only 1 V
to the film. The ability to measure such a small conductanegdcadvance our understanding
of various highly resistive materials such as high dieleatonstant materials used in nanoelec-
tronics. By comparing our contact-independent measuretones conventional measurement of
current in the film, we discern the role of the contacts in theventional current measurment.
This measurement technique can be used for reliable ealktiharacterization of new materials
and to guide the choice of a non-invasive contact materili¢chvcould accelerate the application
of new materials in electronic devices.

The device structure is displayed in Figure 1. We fabricata-ahannel silicon MOSFET on
a p-type silicon substrate using standard CMOS technidglies gate of the MOSFET tapers to a
width of ~60 nm at its narrowest region. A thin film of amorphous germanihat is 200 nm wide
and 50 nm thick is patterned 100 nm away from the narrow podfdhe gate. The film overlaps a
pair of gold electrodes that are separated iyl By holding the device in a storage vessel for a
prolonged period of time before measurement, an oxide isaegd to have formed at the interface
between the amorphous germanium and the gold electrodes.

We first investigate the nature of the contacts between tlw@mus germanium and the gold
electrodes. We apply a dc bias voltagge across the amorphous germanium film and measure the
currentl ge, as displayed in Figure 2(d). We find that the IV characteristnon-Ohmic, and that
current is immeasurable fdVace| < 5V. The oxide at the interface between the gold electrodes
and the amorphous germanium film introduces a large congacdtance, which dominates the

overall resistance at low bias voltages. With a high enough ¥wolage,

Vace| > 5V, the contact
resistance decreases and the conductance of the film candseieé with a conventional current
measurement, as found previously by Osraual. ' 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 mthannel silicon MOSFET posititioned approximately 100
nm away from a thin film of amorphous germanium. The gate oMSFET tapers to a width
of ~60 nm wide at its narrowest point and induces an inversiommdlaof a comparable width
in the p" silicon substrate. Highly resistive contacts form at thteriface between the amorphous
germanium film and gold electrodes. The channel, or invansgion, of the MOSFET is capac-
itively coupled to the amorphous germanium film. (b) An elestmicrograph of the gate of the
n-channel silicon MOSFET and the film of amorphous germanium.



Before using the MOSFET to measure the conductance of theplimies germanium, we
characterize the MOSFET and demonstrate its sensitivibetrby electrostatic fluctuations. We
measure the conductance versus gate voltage of the MOSFEK as displayed in Figure 2(b).
The gate voltage is swept from 3.6 to 7.2 V and then back dow@dv, and the oscillations
that we observe in the conductance are nearly identicaltimdicections. This is typical of a one-
dimensional inversion layer where random fluctuationséldical potential at the Si/Siginterface
cause oscillations in the conductan@eThe gate voltage is then set to 8 V so that the channel
is in inversion, and the dc current in the MOSFET is measumdus time [ Figure 2(c)] at a
temperature of 11 K. The prominent switching, or randongielph noise, in the conductance is a
result of a single electron being captured and emitted frorapastate in the silicon dioxide nearby
the narrow constriction in the MOSFET chanf&iThe conductance of the MOSFET decreases
when an electron is trapped nearby, and then increases whelectron is released, demonstrating
that the MOSFET can sense the fluctuation of a single elecieanby.

The sensitivity of the MOSFET to the electrostatic envir@minenables it to sense charge
diffusion in the nearby amorphous germanium film even whendbntacts are blocking. The
charge sensing measurement entails stepping the voltagigeceimorphous germanium film so
that charge flows in the film, and simultaneously measuriegcttinductance of the MOSFET as
a function of time [ Figure 3]. In the following measuremenige maintain a positive voltage
on the gate of the MOSFEYj; > 6V, to ensure that the channel is in inversion. To measure the
conductance of the MOSFET, we apply an ac source-draingeéV/ys = 5mV and measure the
current in the MOSFET. At time t = 0, we step the voltage on th®i@ghous germaniufdage
from -0.5 to -1 V. Even thougVace| < 5V and the contact resistance limits the current, capacitive
coupling between the gold electrodes and the amorphousagéum film causes positive charge in
the amorphous germanium film to flow toward the negativelgéiiegold electrode. Thechannel
MOSFET senses the decrease in positive charge in the yichthe narrow constriction, and the
conductance of the MOSFET decreases with time [ Figure 3(8) Bigure 3(c). After stepping

Vace back to -0.5 V, positive charge flows away from the electrodé e conductance of the
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Figure 2: (a) Top view of the device structure with electriciacuits used to characterize the
nanoscale MOSFET and the amorphous germanium film. (b) Guadce of the MOSFET versus
gate voltage at 4 K. Oscillations in the conductance areethlbry random fluctuations in the
local electric potential at the Si/SyOnterface, and is indicative of a one-dimensional inversio
channel. (c) Conductance of the MOSFET versus time Wjith= 1mV at a temperature of 11
K. The random telegraph noise arises because the condactdrtbe MOSFET is sensitive to
single electron fluctuations in a nearby trap state in theasildioxide. The sensitivity of the
MOSFET conductance to variation in the local electric po&tidemonstrates its capabilities as a
charge sensor. (d) Current versus volt&ge: applied to the film of amorphous germanium at a
temperature of 125 K (black) and 295 K (red). The non-Ohmiameof the IV characteristic is
indicative of resistive contacts. The current is immeasieréor |Vace| < 5V. The contacts become
Ohmic for|Vage| > 5V.



MOSFET increases with time. The response of the MOSFET taliaege flow in the amorphous
germanium is henceforth referred to as a charge transient.

The charge transient is analyzed as follo\#4> We treat the amorphous germanium as a dis-
tributed RC network, as shown in Figure 3(a). When the ammrplgermanium is subject to a
step voltage at one edge, charge diffuses through the filmaniffusion constant dd = 1/RsC
whereRg is the resistance per square &t the capacitance per unit area of the film. By solving
the diffusion equation for this system, it is found that thewe per unit area at any point in the
film varies with time according to (t) ~ gp + Aexp(—I't) wherel' = D/L?, L is the length of
the film, andD is the diffusion constant. As long as the voltage step on therphous germa-
nium is sufficiently small, the conductance of the MOSFETiealinearly with the charge in the
amorphous germanium film, and 8uosreT (t) &~ Go + Cexp(—I't) wherell = m2/RgCL2. The
conductance of the amorphous germanium film is give®hye = w/RyL wherew andL are the
width and length of the film respectively. From this, we se# the conductance of the amorphous
germanium film can be derived from the charge transient oMESFET. In Figure 3(b) and
Figure 3(c), we fit the charge transients to this form, andaexi’, the rate of charge flow in the
film, and henceSace. We findGage = 1.3 x 10717 S at 44 K. As we increase the temperature to
54 K, the ratd” increases and the conductance increas&gde = 9.4 x 1017 S.

With this method, we measure the conductance of the amoggEmanium film as a function
of temperature in a regime where the contacts limit the deectif Figure 4(a), open blue squares).
At each temperature in the range of 30-125 K, we step theg®lten the amorphous germanium
Vace from -0.5 to -1V, and derive the conductar@gse from the charge transient of the MOSFET.
As expected, the direct currehjse is immeasurable<10 fA) for Vage = —1V throughout the
temperature range of 30-295 K because this is the contadetl regime. An additional feature
of this measurement technique is that we can measure camhast smaller than 18° S with the
application of only -1 V, which would be impossible with ce@mtional current measurements.

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

the contacts are Ohmic, namahge > 5V. We stepVace 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 contacgpp@hdent conductance measurement.
The amorphous germanium film is modeled as a distribued R@onkt (b,cupper panel) The
voltage on the gold electrodes adjacent to the amorphousageum film is stepped frodyge =
-0.5Vto-1V attimet=0. Even though the contacts are blogkoapacitive coupling between
the gold electrodes and the amorphous germanium causds/@asiarge in the film to diffuse
toward the negatively biased contacts. At a later tige is stepped back to -0.5 V. (blower
panel) Conductance of the MOSFET versus time in response to claiifgsion in the film after
steppingVage. As charge diffuses in the distributed RC network of the gghous germanium
film, the conductance of the MOSFET varies exponentialhhviine. The solid lines are fits to
G = Goexp(—Tt) wherel' = 17/RyCL? and Ry is the resistance per square of the amorphous
germanium film.
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Figure 4: (a) Conductance of the amorphous germanium filrmugetemperature derived from
sensing charge diffusion after stepping the voltag¥ie = —1V, where the contacts limit the
resistance (blue squares), and/tge = —5.5V, where the contacts are Ohmic (green circles). At
temperature$ 125 K, the conductand@,ge is derived from measuring currehise in the film at
Vage = —5.5V (red circles). As expected, current is immeasurable in dmtact-limited regime,
Vage = —1V. The lines are fits to variable-range hoppi@g= Goexp(—T*/T)¥4 atVage = —1V
(dashed line) and at,ge = —5.5V (solid line). (b) Conductance of the amorphous germanium
(derived from charge sensing measurements) versus eléetd applied to the amorphous germa-
nium at a temperature of 33 K (red) and 58 K (blue). The linesfiés to variable-range hopping
in a strong electric fiel& = Goexp(—E*/E )Y,



ductances,ce from the charge transient at each temperature in the rante 25 K ( Figure 4(a),
green circles). At temperatured 25 K andVace = —5.5V, we obtain the conductance of the amor-
phous germaniun®ce Using conventional measurements of curigat (red circles). At 125 K,
we measure the conductance using both methods, and finthéisid agree within a factor of 1.3,
thereby validating our method for obtaining the conductginam the charge transient.

In amorphous germanium, charge transport is dominated pgihg between localized states
distributed in energy about the Fermi enel§yAt high temperatures, hopping is expected to oc-
cur between nearest neighbor sites with an activation grgivgn by the distribution in nearest-
neighbor site energies. Mott argued that as the temperdameases, electrons do not typically
hop between nearest neighbor sites, but rather to sitestbdtirther away but are closer in en-
ergy, via phonon-assited tunnelidg.This model is known as variable-range hopping, and the
conductance is given By G = Goexp(—T*/T)¥/4. We fit the conductance versus temperature at
Vage = —5.5V to this model ( Figure 4(a), solid line), and fifd = 9.8 x 10’ K, which is in
agreement with previous measurements of amorphous garmafi

Knowing that the transport in the Ohmic regime is describgddriable-range hopping, we
fit the conductance versus temperature in the contactddnmiggime Yace = —1V) to this model
( Figure 4(a), dashed line). When we extrapolate the fit tqpenatures greater than 125 K, we
find the conductance should Bge >10'° S. With Vage = —1V, the current in the amorphous
germanium at these high temperatures should be easily nadesi§>100 fA) and the fact that it
is not is consistent with our conclusion that the contaatét lihe dc current.

We use the charge sensing method to measure the field deperaféhe conductand®@,ce(E)
at temperatures of 33 and 58 K as shown in Figure 4(b). We perfois measurement by ap-
plying a static field across the amorphous germanium: ong gJettrode in held at ground while
the other is held at a negative voltage. Then we rapidly stewoltage on the latter electrode by
an additional -0.5 V and obtain the conductance from thegehttansient. For example, to mea-
sure the conductancg,ce at an applied bias voltage ®ce = —10V, we apply a fixed voltage

Vace = —9.5V, rapidly step the voltage ¥,ce = —10V and measure the resulting charge transient
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in the MOSFET. In the model of variable-range hopping, when e¢lectric field is sufficiently
strong, all successive electronic sites along the fieldeillower in energy than the previous sites.
Therefore, phonons are emitted as charges hop along thedieldhe conductance is temperature
independent. In this regime, the conductance is expectiadiday 1° G = Goexp(—E* /E)Y4. The
high-field regime of the conductan@ce(E) is fit to this model ( Figure 4(b), black lines), and
we extract a value foE* of 7.7 x 10 V/m from the fit.

We take the values d&* andT* from the fits to variable-range hopping ( Figure 4), and use
the expression$20T* = 16/kgD(Er )a andE* ~ 16/eD(Eg)a* to find a density of states at the
Fermi energyD(Er) = 1.6 x 10'8 eV~ cm~2 and a localization length ~ 1 nm. These values
are consistent with those previously reported in amorplgeasianiumD(Er) = 1.5 x 108 ev1
cm— anda = 1 nm.2 The transition to variable-range hopping in a strong ellefigld, as shown
in Figure 4(b), is expected to occur when the decrease impatenergyeER(T) over a typical
hopping distanc®(T) becomes comparable to the energy band within which an elecan hop
A&(T) so that phonons are emitted as the electron hops along the'ti@he critical field Ec
for a transition into this regime is given BECR(T) ~ Ae(T), or Ec =~ kgT /ea. From the curve
in Figure 4(b), we find the onset of the strong-field regim&@ at 58 K at a critical field of
Ec ~ 6.1 x 10° V/m from which we finda ~ 0.8 nm, comparable tez 1 nm found above. By
successfully extracting the density of states and lod#izdength from our measurements, we
demonstrate that this charge sensing technique accuchatgcterizes a thin film.

We expect our device structure to enable a contact-indepgndeasurement of field-effect
mobility. By modulating the voltage difference between thim film and the underlying silicon
substrate, the substrate can serve as a back gate and oneasurenthe conductance of the film
as a function of gate voltag¥.In a film of amorphous germanium, the density of states alhmut t
Fermi energy is approximately constant and so we do not ebsechange in conductance with
gate voltage.

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

insensitive to contact effects and can measure conductanicev as 101° S with application of
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only 1 V to the film. The technique is applicable to any thinigdiim for which the contacts
interfere with current measurements or where the curremiseasurable because the film is
highly resistive. This method can be used if an insulatiygias placed between the contacts and
the film to protect the film from the contact material, or foramering field-effect mobility. By
comparing the contact-independent charge sensing measaotr&vith a contact-dependent current
measurement, one can discern whether the contacts inflttecaerrent measurement, and thereby
chose a non-invasive contact material. This meauremertiadeiffers the potential to advance
progress in developing new materials such as novel orgamac®nductors or nanoscale materials
where contact effects often stymie efforts to electricaligracterize and to understand the material
properties. The ability to identify a non-invasive contarterial could accelerate the application

of new materials in devices.
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