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The understanding of charge transport through films of semiconductor nanocrystals (NCs) is
fundamental for most applications envisaged for these materials, e.g., light-emitting diodes, solar cells,
and thin-film field-effect transistors (FETs). In this work, we show that three-dimensional film-thickness-
dependent percolation effects taking place above the percolation threshold strongly affect the charge
transport in NC films and greatly determine the performance of NC devices such as NC FETs. We use thin
films of Si NCs with a wide range of thicknesses controllable by spray coating of NC inks to thoroughly
investigate the electronic properties and charge transport in thin NC films. We find a steep (superlinear)
increase of the electrical conductivity with increasing film thickness, which is not observed in bulk
semiconductor thin films with bandlike charge transport. We explain this increase by an exponentially
increasing number of charge percolation paths in a system dominated by hopping charge transport.
Thin-film NC FETs reveal thickness-independent field-effect mobilities and threshold voltages, whereas
on:off current ratios decrease quickly with increasing film thickness. We show that the steep enhancement
of electrical conductivity with increasing film thickness provided by three-dimensional percolation
effects is, in fact, responsible for the dramatic degradation of NC FET performance observed with
increasing film thickness. Our work demonstrates that the performance of NC FETs is much more

critically sensitive to film thickness than in conventional FET-based bulk semiconductor materials.
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I. INTRODUCTION

Thin films of semiconductor nanocrystals (NCs) have
been investigated for their use in new technologies taking
advantage of the unique optical and electronic properties
of NCs [1-7]. Liquid dispersions of NCs (NC inks) are
particularly attractive from the perspective of processing
since thin films can be easily printed, spin cast, or spray
cast on large areas of patterned substrates in contrast to
expensive vacuum-deposition techniques [8—10]. The
application of thin films of NCs in many (opto)electronic
devices including solar cells, light-emitting diodes, and
field-effect transistors (FETS) is currently under investiga-
tion [6,11-16]. NC FETs are devices commonly applied
also for evaluating the electronic properties of NC films, as
FETs can be used to measure electronic transport character-
istics such as electrical conductivity and field-effect charge
carrier mobility. NC FETs have been reported using CdX
and PbX (X = S, Se, Te) NCs [5,17-24], Si NCs, and Ge
NCs [8,9,25-29]. CdX and PbX NC FETs typically exhibit
superior electronic properties with (ambipolar) field-effect
mobilities already approaching those observed in organic

pereira@wsi.tum.de

2331-7019/16/5(5)/054017(10)

054017-1

semiconductors [6], whereas the development of FETs
made of Si and Ge NCs is still lagging behind. On the track
to making NC FETs competitive with respect to current
inorganic semiconductor thin-film technology, a deeper
understanding of the charge-transport mechanisms is
required. For Si NC films, studies have reported hopping
transport mechanisms, such as space-charge-limited current
with an exponential distribution of trap states and Fowler-
Nordheim tunneling [30-35]. For PbX NC films, a possible
more bandlike transport via delocalized states is under
discussion [36,37]. In NC systems, charge percolation
effects should significantly change the magnitude of the
electrical conductivity, in particular, in systems exhibiting
hopping transport via localized states. However, percola-
tion effects in semiconductor NC systems have, so far, been
studied only in conducting systems composed of NCs
embedded in an insulating matrix [38]. Here, the volume
fraction of the NCs in the system (film) has to be above the
percolation threshold to create continuous macroscopic
conducting paths between two electrodes [39]. In three
dimensions (3D), systems above the percolation threshold
are expected to show a strong dependence of the conduc-
tivity on the film thickness. This effect has been theoreti-
cally investigated by Shklovskii et al. [40—-42] considering
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strongly inhomogeneous media. As far as NC systems are
concerned, experimental results have been published by
Miiller et al. [43] reporting an exponential dependence of
the conductivity of Au NCs on film thickness, presumably
due to 3D percolation effects. In this work, we address the
impact of 3D percolation effects on the charge transport of
semiconductor NC films and devices such as NC FETs.
We investigate NC FETs made of Si NCs as a model
system to study the charge-transport properties of NC thin
films. In particular, the impact of percolation effects on
NC FET performance is investigated systematically.
NC FETs in the bottom-gate configuration are fabricated
using spray-coating deposition enabling a controlled film
thickness and homogeneous morphology, which we find to
be key to achieving well-working NC FETs and study
percolation effects via variation of the NC film thickness.
Current-voltage measurements are performed to extract
the electrical conductivity of the NC films, showing a
space-charge-limited current behavior with a pronounced
dependence on film thickness. Transistor characteristics
and transfer curves are recorded to obtain the field-effect
mobility, the threshold voltage, and the transistor perfor-
mance (i.e., the on:off current ratio). Whereas the field-
effect mobility and the threshold voltage do not show a
significant dependence on the film thickness, the transistor
on:off current ratio strongly decays with increasing film
thickness, which is in contrast to conventional thin-film
FETs. We can explain the rapid deterioration of the NC
FETs performance with percolation effects, thus, making
our study relevant for any semiconductor NC devices
relying on charge transport through a 3D network of NCs.

II. METHODS
A. Si NC synthesis and ink preparation

Si NCs are synthesized by microwave-induced decom-
position of silane in a low-pressure flow reactor [44].
The NC size is controlled by adjusting the gas flow rate of
silane, Ar, and H,. In this work, as-grown Si NCs with
a mean diameter dygronn = 19 nm, as determined by the
Brunauer-Emmet-Teller method [45], are used. The as-
grown Si NCs are covered with a thin amorphous oxide
layer due to exposure to air, which is removed using HF wet
etching rendering H-terminated Si NCs [34]. For this
procedure, the as-grown Si NC powder is moistened with
ethanol and mixed in excess with an aqueous HF solution
(10% vol). After a 10-min reaction time, the suspension
is mixed with chlorobenzene. As the HF-etched Si NCs
(H-terminated) become hydrophobic, they transfer into the
chlorobenzene, which is separated from the HF solution
due to its different density. In a subsequent step, the HF
aqueous solution is removed, and the Si NCs are precipi-
tated from the chlorobenzene suspension by centrifuging
(2 min at 4000 rpm). The precipitate is then mixed
with a fixed volume of chlorobenzene to achieve a cloudy
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FIG. 1. (a) High-magnification SEM image of HF-etched
Si NCs (H terminated). (b) Size distribution of Si NCs in (a).
The red dotted line is a fit of a log-normal distribution with a count
median diameter dy e = 10 £ 2 nm. (c) SEM image of a FET
electrode structure covered with a thin Si NC film obtained under
an angle of 60°. (d) Surface profile of the FET structure in (c).

suspension (“ink”) containing 1wt % of H-terminated
Si NCs in chlorobenzene. Fourier-transform infrared spec-
troscopy (FTIR) confirms that the Si NCs are H terminated
after this process (see the Supplemental Material [46] and
Refs. [47,48]). The size distribution of the H-terminated Si
NCs is determined by high-magnification scanning electron
microscopy (SEM) [see example in Fig. 1(a)], which is
recorded using Si NC films with a Zeiss NVision 40
microscope. From the distribution of NC sizes shown in
Fig. 1(b), we find a log-normal distribution with a count
median diameter dyemm = 10 2 nm.

B. Si NC FET fabrication and characterization

Bottom-gate Si NC FETs are fabricated on highly p-type
doped Si substrates covered with a 50-nm silicon nitride
dielectric layer. Interdigit Au contact structures consisting
of 50 fingers with a length of 1.88 mm, 20-um spacing, and
130-nm thickness are patterned on top of the substrates
using photolithography and thermal evaporation. The Si
NCs are deposited on these substrates by means of a spray-
coating technique with a well-defined volume of Si NC ink
in a homemade system. To avoid reoxidation of the Si NCs,
the film deposition is carried out under N, atmosphere. The
spray-coating technique enables the deposition of homo-
geneous Si NC films with a thickness controlled by
applying multiple spray cycles. This has not been possible
using spin coating, which instead gives rise to the appear-
ance of large agglomerates and uncovered areas (see the
Supplemental Material [46]). Figure 1(c) shows a SEM
image of a Si NC film under an angle of 60°. The film
exhibits a smooth surface and has no large pinholes. In
Fig. 1(d), a surface profile of the film in Fig. 1(c) is shown.
Here, we use a DekTak 150 surface profiler with a stylus
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diameter of 12.5 ym. As can be seen, the height of the
films is roughly constant and has a considerable surface
roughness of about 100200 nm. We define the effective
thickness of the films L as the lower 5 percentile [red
dashed line in Fig. 1(d)] where a continuous coverage over
the whole sample is ensured. Electrical measurements
are carried out in an Ar-purged glove box (oxygen and
water concentration <1 ppm) in darkness and at room
temperature. We use a homemade needle-station setup
equipped with two Keithley 2400 source meter units to
measure current (/) versus voltage (V) characteristics (/-V)
with floating-gate, transistor-output characteristics with
an applied gate voltage (drain-source current Ipg versus
drain-source voltage Vg as a function of gate voltage V),
and transfer curves with a fixed drain-source voltage
(Ipg versus Vs with fixed Vpg). The scan rate is chosen
to be 1 Vs~'. We fabricate three independent sets of films
with different thicknesses. In this way, we can investigate
scattering and ensure reproducibility of the variations of the
data with film thickness.

III. EXPERIMENTAL DATA

A. Current-voltage characteristics

In Fig. 2(a), typical /-V characteristics (floating gate) are
shown for NC films with different thicknesses. The
data are chosen from the same set of samples and contain
I-V characteristics of films with small, medium, and large
thicknesses. We find symmetrical curves with a current
enhancement of about 2 orders of magnitude as the NC film
thickness is increased from 160 to 1073 nm. The log-log
graphs in Fig. 2(b) illustrate the nonlinear /-V dependence of
the data at high voltages. For thin NC films, we typically find
a clear transition from a linear to superlinear regime, which
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FIG. 2. Drain-source /-V characteristics of NC FETs (floating
gate) with L = 160 £ 60 nm (blue), L = 320 + 100 nm (green),
and L = 1073 4+ 190 nm (orange) in a semilog scale (a) and a
log-log scale (b). The filled symbols correspond to measurements
with increasing voltage; the open symbols to measurements with
decreasing voltage. The dashed lines in (b) symbolize linear and
superlinear /-V dependences, respectively.

can be explained by a space-charge-limited current-transport
mechanism [34]. The /-V data are fitted using the relation

I=aV+bV" (1)

with the parameters a, b, and m being adjusted to the
experimental data [49,50]. For NC films with a large thick-
ness and a mostly linear /-V dependence in the measured
voltage range, the superlinear part of Eq. (1) is not included
in the fit. The parameter a corresponds to the Ohmic
conductance G and is used below to estimate the electrical
conductivity ¢ of the films. In our data, the power-law
coefficient is always in the range m = 2-3 when its deter-
mination is possible. This agrees with the literature, where
values of m = 2—4 for Si NC films have been reported and
indicate that trap states play a major role in the charge
transport [27,31,34,51].

To examine the charge-transport properties as a
function of the NC film thickness, we fabricate various
sets of samples with different thicknesses. In Fig. 3(a), the
conductance G is shown as a function of film thickness
for three sample sets with different thickness ranges. We
find that the conductance increases by about 2.0-2.5 orders
of magnitude while increasing the film thickness from
L ~ 100 to 1000 nm. Above this thickness, the conductance
appears to saturate. The conductivity shown in Fig. 3(b)
exhibits a similar trend: first, it increases from
107° Q'em™ to 1077 Q'em™' with increasing film
thickness, and for L > 1000 nm, it seems to decrease
slightly. This strong variation of the conductivity may
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FIG. 3. (a) Conductance G of NC FETs as a function of the film
thickness. The data are extracted from fitting /-V dependences
measured with floating gate, as shown in Fig. 2(b). (b) Conduc-
tivity o of the NC FETs calculated from G values given in (a) and
the corresponding film thickness, respectively. The different
symbols and colors correspond to different sample series.
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justify the wide range of conductivities reported in the
literature for Si NC films, where conductivities in the range
of 107191077 Q' ecm™! are reported [34,35,51]. In our
data, the increase of conductance and conductivity is
superlinear up to L = 1000 nm, with a power-law coef-
ficient around 2.5 and 1.5, respectively. This effect cannot
be explained by the geometric increase of the film thick-
ness, which should result in a linear conductance increase
and a constant conductivity.

B. NC FET output characteristics

Figure 4 shows typical transistor-output characteristics
for NC FETs in three different thickness ranges. These data
are obtained with the same NC FETs used to measure the
data shown in Fig. 2. For a thin NC film [Fig. 4(a)], we
achieve output characteristics showing a linear dependence
for low Vpg and a clear saturation at higher Vpg. The
NC FETs are working in accumulation mode with electrons
as the main charge carriers. When the NC film thickness is
increased [Figs. 4(b) and 4(c)], the maximum /g increases,
and the current at zero and negative gate voltage is
enhanced. This effect leads to almost linear output
characteristics in Fig. 4(c). Subtracting the output charac-
teristics obtained at V; =0 V from the data obtained at
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FIG. 4. Output characteristics of NC FETs with
(a) L=160£60nm, (b) L=320£100nm, and (c) L = 1073+
190 nm film thickness. (d) shows the data in (c) subtracted by the
output characteristic obtained at V; = 0 V. The voltages given
on the right axis correspond to the applied V.

higher Vg, the typical transistor characteristics reappear
[Fig. 4(d)]. This shows that the films with large thicknesses
still behave in part as transistors but that the layer controlled
by the gate voltage is shunted by the remaining film not
influenced by the field effect. NC FET output character-
istics with shapes similar to Figs. 4(a)-4(c) are reported in
the literature [8,9,27-29]; however, the reason for output
characteristics without a saturation regime remains unclear
[27,28]. We establish here that the NC film thickness plays
a major role for this effect, which so far has not been
investigated in a consistent and systematic way. In a
comparative measurement, we use interdigit structures with
different contact spacing in the range of 10 to 160 ym and
films with constant thickness (see the Supplemental
Material [46]). We find that the contact spacing does not
affect the electrical properties of the Si NC films.

C. NC FET transfer characteristics

Figures 5(a) and 5(b) show the transfer characteristics of
the NC FETs corresponding to the data in Figs. 2 and 4
recorded in the linear regime (Vpg = 3 V) and the satu-
ration regime (Vpg = 13 V), respectively. For both data
sets, Ipg strongly increases above a certain threshold
voltage, which is close to 0 V. The Ipg shows a linear
increase in the linear regime (Vpg = 3 V). In the saturation
regime (Vpg = 13 V), y/Ipg is plotted, which results in a
linear behavior above the threshold voltage. We find a
hysteresis between the data measured with increasing
voltage and decreasing voltage, which indicates charge
trapping effects [52]. The hysteresis depends on the applied
Vs in the beginning of the measurement and the speed of
the voltage sweep, which are both kept constant in all

Increasing
thickness

Vs (V)

FIG. 5. Transfer characteristics of NC FETs with L = 160 +
60 nm (blue), L=320£100nm (green), and L = 1073 +
190 nm (orange) film thickness. The filled (open) symbols
correspond to a measurement with increasing (decreasing)
voltage. The dashed lines represent linear fits to the data, whose
intersection with /. is equal to V. (a) shows Ipg versus Vg
taken at Vpg =3 V; (b) shows +/Ips versus Vi taken at
VDS = 13 V
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measurements to ensure consistent data. We further define
the minimum value of /pg recorded in the data as the off
current /. shown as horizontal dashed lines in Fig. 5.
As can be seen already from Fig. 5, I increases with
increasing film thickness, which we further discuss below.
We use the transfer characteristics to calculate the field-
effect mobilities py;, and pg, obtained from the linear and
saturation regime data, respectively. Using the gradual
channel approximation, we consider for the linear regime
(Ips — Lofr) & %ﬂ]in(VG —Vr)Vbs, (2)
where W is the transistor channel width, C; is the
specific capacitance per area, S is the electrode spacing,
tyin 1S the linear FET mobility, and V7 is the threshold
voltage [53]. This equation is valid for small Vg with
Vps < (Vg — V7). For high Vg (saturation regime), Ipg
can be obtained by [53]

(Ips — Lofr) & Vg—glﬂsm(vc — V7). 3)
In these experiments, we subtract /g from Ipg to account
for the finite off current. In Figs. 5(a) and 5(b), two
representative examples of the fitting routine are shown
(for the filled orange data points). We use Egs. (2) and (3)
to fit the data at voltages above V7, which corresponds to
the voltage value of the intersection of the fitted curve
with the off current. From these fits, we also obtain the
threshold voltage V; measured from both linear and
saturation regime data. A summary of the resulting
mobilities and threshold voltages is shown in Fig. 6.
Here, the data points are average values of the raw
data (all data points) within a thickness range of
100 nm. The linear field-effect mobility scatters around
1073 ecm? V~!s7! without a clear dependence on film
thickness, and the saturation field-effect mobility ranges
between 3 x 107 cm?> V~'s™! and 6 x 107% cm?> Vs,
These values agree well with the literature where field-
effect mobilities of 1075-107% cm?® V~! s7! were reported
[9,27-29]. The FET channel is expected to be thin
(<50 nm) compared to the film thickness of the FETSs
investigated in this work [28]. Therefore, the mobility of
our FETs is not expected to depend on the film thickness,
which is in line with our results. The threshold voltages
obtained at Vpg =3V and Vpg =13 V in Figs. 6(c)
and 6(d) scatter around V; = 1-2 V, without any clear
thickness dependence. In previous studies, V; =0-3 V
has been estimated for comparable (intrinsic) Si NC FET
devices [28]. The threshold voltage can be related to the
charge carrier density n using
eln
Vr= Ve — c, (4)
where Vg, e, [ are the flatband potential, the charge of an
electron, and the thickness of the FET channel, which is

0t L@ v,.=3v] | (0

v, (v)

1 1 1 1
100 1000 100 1000
Thickness (nm) Thickness (nm)

FIG. 6. (a) Linear FET mobility taken at Vg =3 V, (b) sat-
uration FET mobility taken at Vg = 13 'V, (c) threshold voltage
taken at Vpg = 3 'V, (d) threshold voltage taken at Vpg = 13 V
as a function of the NC FET film thickness. All data points are
average values of raw data within a thickness range of 100 nm.

estimated to be 50 nm for our accumulation devices
[28,53]. According to Eq. (4), a change of n of
107 cm™ shifts V; by AV;~—1 V and of 10'® cm™3
by AV;=x~—10 V. In this work, we observe positive
threshold voltages suggesting a positive flatband potential,
which may be the result of fixed trapped charges [53].
Assuming Vg = 0+£2 V, the maximum charge carrier
density should not exceed n ~ 10! cm™ for V,; = 1-2 V.

IV. DISCUSSION

A. Percolation in NC films

In semiconductors with bandlike charge transport, the
conductivity o is given by [53]

o = eun. (5)

In our NC system, we find that ¢ increases by 2 orders of
magnitude with increasing film thickness [see Fig. 3(b)].
This increase cannot be explained by a change in mobility,
as p seems to be constant or has only a very limited
variation with thickness [see Figs. 6(a) and 6(b)]. We
consider that the charge carrier density n is a material
constant and does not depend on the film thickness, which
is also reflected in the constant threshold voltage obtained
for our NC FETs [see Figs. 6(c) and 6(d)].

In NC systems with hopping charge transport, we
propose a modified equation for the conductivity, with
the aim to account for the superlinear increase with film
thickness observed in our experiments
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o(L) = eunP(L). (6)

Here, P(L) is a percolation factor depending on the film
thickness L. This percolation factor accounts for a strongly
increasing number of hopping possibilities for charge
carriers and, thus, charge-transport paths with increasing
film thickness. Shklovskii [42] derived

P(L) = Pyexp {—Q {1 4 (%) 1/,,} } (7)

where P, is a scaling constant, . is the percolation
threshold in the system, D is a characteristic thickness,
and v is the three-dimensional index of the correlation
radius in percolation theory [41,42]. As can be seen in this
equation, the number of charge-transport paths increases
exponentially for small film thicknesses and saturates
when L ~ D.

Assuming that the field-effect mobility u of the whole
film is equal to py;, (Or g, ), which is measured in the FET
channel close to the dielectric-NC film interface, we can
compute the experimental values of nP(L) using

o(L)
ep

—nP(L). (8)

The results of such a calculation are shown in Fig. 7. We
find that [6(L)/eu] is enhanced by 23 orders of magnitude
with increasing film thickness and that for a large film
thickness of more than L ~ 1000 nm, the values saturate.
This behavior confirms that we need the additional term
P(L) to describe our experimental data of conductivity o,
as Eq. (5) alone implies that (o/ep) is constant. Using

T T
1017
q>E
8 1015
UH)T 15
< 10
1014
(?E
c3
&
= ]
. ]
1000
Thickness (nm)
FIG. 7. o¢/(eu) calculated using (a) epy, and (b) epg,. The

dashed line is a fit to all data (a) and (b) using Eq. (9) and
A=9x10%cm™, £ =0.2, D =3.1x 10 v = 1.08.

Eq. (7), we define

o -anon{ o1+ ()}
= Aexp {—56 [1 + @) l/v] } o

where A is an adjustable scaling factor. For fitting the data
in Fig. 7, all data points in Figs. 7(a) and 7(b) are combined
into a single data set. £, is fixed to a mean value of £, = 0.2
according to the literature values for bond percolation
thresholds of a face-centered cubic lattice (£, = 0.12), a
body-centered cubic lattice (£, = 0.18), and a simple cubic
lattice (¢, = 0.25) [54]. The corresponding fitting curve
is shown as dashed lines in Fig. 7. As can be seen, the fit
describes reasonably well the data in Figs. 7(a) and 7(b),
exhibiting a strong increase at small film thicknesses
and starting to saturate around L = 1000 nm. From the fit,
we obtain A =9 x 10" cm™3, D =3.1 x 10°> nm, and
v = 1.08. vis only slightly larger than expected for hopping
transport in 3D materials (v = 0.8-1) [40,41,43].

B. NC field-effect transistor performance

The percolation effects have a strong impact on the
performance of the NC FETs. In Figs. 8(g) and 8(h), we
show the film-thickness dependence of the ratio between
the gated component of Ipg and [,y This ratio
[((Ton — Loge) /o] With Iy, = Ipg(Vg = 15 V) is a measure
of the performance of the NC FETs. A high value of
[(1on — Lotr) /L) means that the gated component of Ipg is
large compared to /., and the FETs display the typical
output characteristics of a thin-film FET, like that shown in
Fig. 4(a). A low value of [(1,, — o)/ o] means that I is
large compared to the gated component of Ipg, and the
FETs display output characteristics like that shown
in Fig. 4(c). The ratio decreases from 200 down to 1 with
increasing film thickness, which means that the best-
working FETs are obtained for the thinner NC films. To
analyze the origin of this behavior, I 5 and I, — [ are
plotted independently in Figs. 8(a)-8(d). The data indicate
that the gated component of /g is constant, with values of
1077 A (Vps =3 V) and 107% A (Vpg = 13 V) indepen-
dent of the film thickness. This agrees with a FET channel
thickness smaller than the thinnest NC FET investigated
in our study [28]. As all the film thicknesses in this work
are larger than the FET channel thickness, we cannot
see a dependence of I,, — I, on the film thickness.
Consequently, the decrease of the NC FETs performance
with increasing thickness has to be due to the strong
increase of [y, which is shown in Figs. 8(a)
and 8(b). The parasitic current /. increases by 3 orders
of magnitude when the film thickness is increased from
L =100 nm to L = 1000 nm and then saturates at around
1077 A for Vpg=3V and 10® A for Vpg =13V,
respectively. Interestingly, this trend is similar to that
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in these graphs are aver-
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observed for the conductance [Fig. 3(a)]. Therefore, we
calculate the ratio between I 5 and Vg (3 'V, 13 V) and the
conductance. The data are shown in Figs. 8(e) and 8(f). The
graphs verify that this ratio does not depend on the film
thickness and is similar for the two data sets with values
only slightly smaller than 1. This shows that the superlinear
increase of I and the conductance have the same origin.
Therefore, our percolation model may also be applied to
describe the thickness dependence of /., and the decreas-
ing FET performance with increasing thickness shown in
Figs. 8(g) and 8(h). From the definition of the conductivity
o, it follows I, « oL, and in Eq. (6) we have described
the variation of ¢ with L as (L) « P(L). In this way, we
find I, (L) o P(L)L. Consequently, the FET performance
is given by

Ion B Ioff _ B _ B
Ig(L)  P(L)L  Pyexp{—¢&.[1 + (%)1/"]}L
K
Texp (-l + @)L

(10)

where B is a scaling constant and K = (B/P,). With
Eq. (10), we may describe the data shown in Figs. 8(g)
and 8(h). As in the case of the fit shown in Fig. 7 above, we
fix the parameter £. to 0.2. The result of the fit is shown
as dashed lines in Figs. 8(g) and 8(h). As can be seen,
these lines describe the experimental dependence of
[(Ton — Lotr)/Loir) very well. From both fits [Figs. 8(g)
and 8(h)], we obtain D =2.8 x 10° nm and v = 1.18,
which are in good agreement with the parameters obtained
from the fit of 6/ ey shown in Fig. 7. The scaling constant is
K =1.1x10° nm [Fig. 8(g)] and K = 1.9 x 10’ nm
[Fig. 8(h)]. Thus, we find that our percolation model is
consistent with both sets of data [(I,, — Iog)/ o] and

Thickness (nm)

age values of the raw data
within a thickness range
of 100 nm.

1000 100 1000
Thickness (nm)

o/eu, although the experimental values are completely
independent.

C. NC FET charge-transport model

Figure 9 shows a schematic illustration true to scale of
our NC FETs. Starting with a thin NC film and applied Vg
and positive V, electrons accumulate close to the interface
between the NC film and the dielectric, forming a thin
channel (red arrows). At Vpg =13V, the FET is in
saturation regime, which means that all the electrons
accumulated in the channel contribute to the charge trans-
port from source to drain. As the film thickness increases,
more electrons are available that can be accumulated in
the channel, and the current in the channel /,, — [ is
expected to increase. However, we observe a constant
I, — I s, which suggests that the electric field due to the
applied gate voltage is already shielded by the electrons

Drain (V4 =13 V)
10°

10°

107

Current (A)

10°®

10°

0 1000 2000 3000
Thickness (nm)

FIG.9. Schematic illustration true to scale of our NC FETs with
an applied voltage of Vg = 13 V and a positive V; applied. The
red arrows symbolize the current flowing in the FET channel of
Iy — Iy = 1070 A. I is depicted from the data in Fig. 8(b).
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in a layer that is smaller than 100 nm. Consequently, also
the field-effect mobility becomes independent of the film
thickness, which agrees with our data (see Fig. 6). In NC
films investigated in this study (L > 100 nm), electrons
are transported from source to drain without being affected
by V. This situation is similar to the one with floating gate
(see Fig. 3). Therefore, I and the conductance show a
similar trend [see Figs. 8(e) and 8(f)]. At large film
thicknesses around 2000 nm, both the conductance and
I tend to saturate. We may speculate that although the
film thickness is further increasing, the topmost layers are
not electrically active.

Importantly, we demonstrate that the strong thickness
dependence of the conductance and 7 has a strong impact
on the FET performance. We find that the on:off current
ratio degrades by 2 orders of magnitude with increasing L
[see Figs. 8(g) and 8(h)], which is due to a constant
I, — 1.5 and a superlinearly increasing /;. This behavior
of NC FETs is clearly different from the behavior of
conventional FETs based on bulk materials exhibiting
bandlike charge transport where a linear dependence of
I on L is expected and I, — I, will be constant.
Therefore, the on:off current ratio scales with 1/L, which
is shown as straight lines in Figs. 8(g) and 8(h). As can be
seen, this dependence on L, neglecting percolation effects,
does not describe the data of the NC FETs. We conclude
that the increase in film thickness (above the channel
thickness) has a much stronger negative impact on the
NC FET performance than in the case of conventional
FETs. The NC film thickness should be equal to the
maximum channel thickness to maximize the transistor
performance. We may speculate that our findings can also
be applied to other NC-based devices such as photovoltaic
cells and light-emitting devices. However, in these appli-
cations, the charge carriers are transported along the
NC film thickness. This is equivalent to a small electrode
spacing and a very large film thickness. Therefore, in these
cases, short-channel effects may be dominating and perco-
lation effects should be less relevant.

V. CONCLUSION

In this work, we investigate the charge transport in
NC FETs. We observe that the conductivity of the NC films
increases by up to 2 orders of magnitude when the NC film
thickness is increased by only 1 order of magnitude, from
100 to 1000 nm. The field-effect mobility is not signifi-
cantly affected by the changes in film thickness and scatters
around 107 cm? V= s™!. Also, the threshold voltages are
quite independent of film thickness. Thus, the increase in
conductivity cannot be explained by field-effect mobility
changes or a significant change of charge carrier density.
Percolation theory is applied to explain the increase of the
conductivity as being due to an exponentially increasing
number of transport paths present in systems exhibiting
hopping charge transport. We show that due to percolation,

the NC FET performance dramatically decreases (expo-
nentially) with NC film thickness, which is in contrast
to FETs using bulk materials where a weaker (linear)
dependence on film thickness is expected. We conclude
that the on:off current ratio is dominated by the super-
linearly increasing off current as a consequence of perco-
lation effects. Therefore, our work demonstrates that the
behavior of NC FETs is much more critically sensitive to
variations in film thickness than in the case of conventional
FETs based on bulk semiconductors. We anticipate that the
performance of NC FETs can be significantly improved
further by optimization of NC film thickness.
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