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Abstract

We measure charge transport in a hydrogenated amorphous silicatdjak film us-
ing a nanometer scale silicon MOSFET as a charge sensor. This chaegéaietechnique
makes possible the measurement of extremely large resistances even estmecprof block-
ing contacts. At high temperatures, where the resistance of the a-Si:H iemtatrge, the
charge detection measurement agrees with a direct measurement of.clineedevice geom-
etry allows us to probe both the field effect and dispersive transporeia-thi:H using charge

sensing and to extract the density of states near the Fermi energy.

The dependence of electrical resistance on temperatectrieland magnetic fields, light expo-
sure, and other variables, is one of the most important grobeovel effects in solid state physics.
For materials with excessively large resistance, tradgitioransport measurements fail because the
current at reasonable voltages becomes too small to measuta new method is needed. Highly
resistive materials of technological importance includays of semiconductor nanocrystal3,
which are candidates for solar energy harvesfimgd high dielectric constant materidisyhich

are vital to modern microelectronics. In the study of sirgkctron devices, charge measurement
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using a sensor integrated with the devites recently been widely utilized to probe quantum me-
chanical phenomena that would be impossible to observe aguneg currenf1° However, a
study of the charge transport properties of a resistive mniahtesing an integrated charge sensor
has yet to be realized.

In this Letter, we illustrate the power of this charge segs$athnique by investigating transport
in hydrogenated amorphous silicon (a-Si:H). By patternirsfyripp of a-Si:H thin film adjacent to
a nanometer scale silicon MOSFET, we are able to detect icigaad the a-Si:H and measure
extremely high resistances (L0*” Q) using moderate voltages-(1 V). Our device geometry, in
which the MOSFET sensor and a-Si:H can be gated indepegdaiiiws us to investigate the
field effect!! and dispersive transpott;13 and we use these techniques to measure the density
of localized states near the Fermi energy. Our method c¢atesia new resistance measurement
that is made possible by the extremely small input capac#isachievable with integrated charge
sensors. This new resistance measurement is insensitive tesistance of the contacts supplying
the charge, and should be applicable to a wide variety ofdbiia films.

Our charge sensor is anchannel MOSFET that is electrostatically coupled to gosbifi a-
Si:H. An electron micrograph of the structure is shown inurggla. The MOSFET is fabricated
using standard techniques ompdype silicon substrate. Th&" polysilicon gate of the MOSFET
is patterned using electron beam lithography and reaativeeiching and tapers down to a width
of ~ 60 nm. For all of the measurements reported here, a posiitage is applied to the gate so
that the MOSFET is in inversion. The characteristics of ttasrow channel MOSFET are similar
to those reported previoush. Because of its narrow width, the MOSFET is extremely seresitiv
to its electrostatic environme#®. Approximately 70 nm away from the narrowest portion of the
MOSFET, we pattern a strip of a-Si:H.

The a-Si:H is deposited by plasma enhanced chemical vagarsid®n® with a gas phase
doping ratio and hydrogen dilution of [RH/ [SiH4] = 2 x 1072 and [H] / [SiH4 + Ho] = 0.5,
respectively. Because we use a large doping level, we expacti@ defect densitilp ~ 108

cm 2.1 The deposition substrate temperaturdds= 200 C, and the deposition rate4s0.17



Figure 1: (a) Electron micrograph of MOSFET gate and a-Sirlp.SA positive voltage is applied
to the MOSFET gate, forming an inversion layer underneal). \rtical sketch of the device
geometry along the dashed line in (a). The MOSFET has avehatihick (= 100 nm) oxide,

which ensures that the metallic polysilicon gate does nigcavely screen the inversion layer
from nearby electrostatic fluctuations.

nm/s. The a-Si:H is patterned using electron beam lithdgramd a lift-off technique, which
will be described in a subsequent publication. The a-Sirk & connected to two gold contacts
(separated by 2 um), and the MOSFET inversion layer is contacted through tegederately
dopedn™ regions, none of which are shown in Figure 1a.

When we deposit a-Si:H films: 200 nm thick under the aforementioned conditions, the con-
ductivity and activation energy are similar to those reporeélsewheré® However, the sample
studied in this work is nanopatterned (00 nm wide at its nharrowest point) and also is orl$%0
nm thick. Thus, although the characteristics reportedvb@l@ similar to what one would expect
for thick heavily doped films, we expect that for our sampldate effects may be significan,
and there may also be differences in morphology and hydrogetent as compared with thicker
films.

Our measurement consists of monitoring the MOSFET conduef@y as a function of time
after changing the voltage applied to one a-Si:H contagjufiéi 2a). Att = 0 we rapidly change
the voltage applied to one of the a-Si:H contacts while theiotontact is held at O V. This causes
additional electrons to move onto the a-Si:H strip from tbkelgontacts. The MOSFET senses this
change in charge electrostatically, &Bgl decreases with time. This effect is shown in Figure 2a.

This decrease iy is caused by the charging of the a-Si:H strip, and we henttefefer to it
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Figure 2: (a)Gy as a function of time at T = 125 K (closed circles) and 140 K (opguares), the
latter is offset for clarity. At = 0 the voltage applied to one of the a-Si:H contacts is chafrged
-1.8Vto-2.7 V. A similar decrease i@y, is observed when the change in voltage is applied to the
other a-Si:H contact or to both contacts simultaneously. Mthe voltage is changed back to its
original value, the same transient is observed but with ffgoseite sign. For these traces multiple
charge transients have been averaged to improve sigmali$e- The solid lines are theoretical
fits described in the main text. (b) Conductance through tB&t-G.g, obtained from charge
transients (closed triangles) and from measuring curgrerg circles) with a voltage bias across
the a-Si:H of~ -2.3 V. For the charge transient measurenieistgiven on the right hand axis. The
dashed line is a theoretical fit described in the main text.



as a charge transief.For increasing temperature, we find an increase in the ratiah Gy
decreases, or a faster charge transient.

For a resistive film with a distributed capacitance, the gbatored as a function of position
and timeo (x,t) obeys the diffusion equation, with a diffusion constanegibyD ! = CRg;. 1920
HereC is the capacitance per unit area between the a-Si:H and thexlyimg substratél and Rsg
is the resistance per square of the a-Si:H film. For a strip atenml of lengthL, for which the
potential at one end is changed fram- AV toV att = 0, the charge at any point along the strip
varies exponentially with time as(t) ~ 0w + ope™ "t for sufficiently larget. Herel" = °D/L?,
ando. andop are constants that depend¥nAV, andC. For a sufficiently small voltage stépy
varies linearly witha, soGy (t) ~ G, 4+ Gae~"t. The solid curves shown in Figure 2a are fits to
this equation, from which we extract the rate at which theé:B-8harged™ .22

From our measurement bfand the values df andC for our a-Si:H strip, we extrad®s, and
from this compute the conductance through the a-Si:H € = w/(Rygl), wherew is width
of the a-Si:H strip. In Figure 2b we plé@,g andl" as functions of temperaturesy, is weakly
temperature dependent, so for this data we adjust the MO $BEEIvoltage at each temperature to
keepGy approximately constant. At higher temperatures we carctijreneasures,g = dl /dV,
whereV is the voltage between the a-Si:H contacts, and these semeltalso shown in Figure 2b.
At T =~ 180 K, we measur&,g using both methods, and the results are in good agreemeat. Th
measurements are complementary, in that the charge tnamsethod is easier to implement for
smallerG,g because the charging is slower, while a measurement ofrtusrenly possible for
larger valuesG,5. The dashed line in Figure 2b is a fit@g(T) = Goe Eo/KT | The data are thus
consistent with an activated transport mechanism, withcéimedion energye; ~ 200 meV, as is
typically observed for a-Si:H films heavily doped with phbepousi®

At the lowest temperatures, we measure resistances as $ighLe!’ Q. To understand the
origin of this unique capability, we note that following aattge in the a-Si:H contact voltage, the
a-Si:H strip charges with a time constant RygCg, where herdR;g = 1/Gag is the resistance

of the strip, and we define an effective capacitance between-1Si:H and silicon substra@ =



CwL /7. ThusTt can be regarded as the charging time foR&rcircuit. In principle, to determine
large resistances, a measurement oR@rcharging time is superior to a measurement of current.
The time required for a charging time measurement is prap@ttor = RC. For a measurement
of current, the time required to obtain a fixed signal-toseaiatio is inversely proportional to the
current squared, and thus is proportionaRfo A charging time measurement therefore requires
less time than a measurement of current in the IRt 0. However, this fundamental advantage
cannot be exploited using a voltage amplifier, which intiehua large input capacitance, resulting
in a larger.

For our device we haveég ~ 10 aF, which is many orders of magnitude smaller than thetinpu
capacitance of a voltage amplifier, even when great carkest® minimize the lattef® Based on
the geometry of our device (Figure 1b), the charge sensat icggpacitance, between the a-Si:H
strip and the MOSFET gate and inversion layer, is even smakdenCc. Becaus€g is so small, a
result of the nanometer scale dimensions of the a-Si:H, gtiipmains measurably short, even for
extremely largeR,g. Aside from the requirement thatbe short, our measurement is in principle
only limited by the finite resistance of the oxidemust be less than the oxide dielectric relaxation
time.

We can also use our charge sensing technique to investigateeld effect in the a-Si:H (Fig-
ure 3). We apply the same voltayg; to both a-Si:H contacts relative to tipetype substrate. This
has the effect of gating the a-Si:H strip with tpetype substrate with an effective gate voltage
Vg = —Vas. We then add a small voltage st&ly ~ 0.5V to Vg to produce a charge transient,
from which T is extracted as in Figure 2a. Unlike previous related expents* our geometry
allows us to maintain an approximately constant value ferMMOSFET conductance, and thus
to maintain a high charge sensitivity, as we make large abanm/ag by applying smaller com-
pensating voltage shifts to the MOSFET gate voltage. Thasvalus to perform this field effect
measurement for a large range of a-Si:H conductances.

In Figure 3 we plot™ as a function ol/y at three different temperatures. We see thaises

with Vg, indicating that the a-Si:H is-type, as expected. The exponential increadewith Vg is
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Figure 3: T as a function ofVg at T = 98 K (circles), 139 K (triangles), and 179 K (squares).
The solid lines are theoretical fits described in the maih tErr the range of voltages used here
Er moves by an amount comparable to values of the band tail wiithmonly found for a-Si:H
films,® so we expect thgd(Er) should increase somewhat\4sis made more positive arfg is
moved in the band tail. This may cause the observed decreaseas defined in the main text,
for Vg >15 V. (Inset)a as a function of inverse temperature. The dashed line isadheal fit
described in the main text.



consistent with the activated conduction found in Figurgf@ban approximately constant density
of localized states. We have:

[ = cpe FA/KT (1)

Here wy is a prefactor that depends only weakly on temperature, leadtivation energ¥a is
reduced as the gate voltage moves the Fermi level closeetmthbility edge. The logarithmic
slopea = dIn(I") /dVy is then given byor = %o"EA/o"Vg = C/(ekTp(Er)s+), wherep(Er) and
s+ are the density of states at the Fermi energy and ThomasiBergening length, respectivefy.
Thus we expect an exponential increase inith Vy as long as the produgt(Er ) is constant.

At each temperature, we fit the data to obtairgsolid lines in Figure 3), and, in the inset to
Figure 3, we plotr as a function of inverse temperature. The dashed line i®atifit (constrained
to pass through zero) and is consistent with the data. Fremsitipe of this fit we obtaig ; p(Er ) ~
5 x 103 eV—lecm2, and, expressing in terms ofp(Er) and the a-Si:H dielectric constafitye
solve forp(Er) ~ 10?°eV—1cm3. The density of states at the Fermi level for phosphorousdop
a-Si:H obtained from more commonly used transport techesdsitypically~ 10'° evV-1cm=3.11
The fact that oup(Eg ) is somewhat high is not surprising, given the large gas ptaping level
used in our a-Si:H film deposition.

At lower temperatures, where the time scale for chargingmgér, we observe dispersive
transport (Figure 4a}213 When we step/ag from 0 V to -24 V, Gy quickly drops. However,
whenV,g is stepped back to 0 \Gy rises at slower rate, and does not regain its original value.
This behavior can be understood as follows: After the negstig step the a-Si:H quickly charges,
as electrons enter the a-Si:H at energies close to the cbodband. However, as time progresses,
these electrons get trapped in localized states deepes lvatid gap. When the voltage is returned
to its original value, the a-Si:H therefore takes a much érigne to discharge: From Eq. (1),
the time necessary to release electrons from states at agydfiebelow the transport energy is
t~r 1= wo‘le_EA/kT. As electrons are released from states progressively déefiee gapt
grows, and thus the transport process becomes dispérsive.

This can be made quantitative: At a tirhafter the negative voltage step, only electrons in



localized states with activation energies < Emax = KTIn(apt) 213 are able to escape from the
a-SiH. The charge on the a-Si:H is then givendiy) = e [E™* s p(Ea)dEa (up to an additive

constant). Assuming a constant density of states and eliffexting with respect to time we obtain:

do/dt = estp(Er KT /t 2)

In Figure 4b we plot the derivative @y with respect to time on a log-log plot: A fit to a power
law dependence (solid line) yields a power of+=10.1 as expected. Moreover, from the prefactor
of this power law we obtaip(Er) ~ 10?° eV—tcm~3, consistent with the value extracted from the

data in Figure 3.
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Figure 4: (a) Voltage applied (top panel) and transistodcatance (lower panel) used to measure
dispersive transport at T = 89 K, as discussed in the main(xdGy (t)/dt extracted from the
data shown in (a). The solid line is a theoretical fit desctiilmethe main text.

Whereas the measurementd ashown in Figure 2 and Figure 3 do not depend strongly on the
voltage applied between the a-Si:H contacts for voltagelsV, we observe a large nonlinearity
when we measure current as a function of voltage at room textyre at a voltage of 500 mV.
While the source of this disagreement is unclear, it is pésshat at zero bias the steady state
current is limited by the narrow constriction or by the catéa The charge detection method

is not sensitive to such effects because it only requirelsdi@rge moves in the a-Si:H, and not



that the charge flows continuously through the entire saniptieed, our charge sensing method is
effective even in the presence of blocking contacts; it agact charge diffusing toward the contact
even with infinite contact resistance as long as there isfgignt contact capacitance. Future work
will study in detail the sensitivity of our technique to caaot resistance.

In summary, integration of a charge sensor provides a nelanigge that makes it possible
to characterize the charge transport properties of extgenssistive materials, even with poor
contacts. While we have chosen a-Si:H as an example, we exgdthe technique will be useful

for a wide variety of materials and systems.
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