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rrays of metal nanoparticles in an

organic matrix have attracted a lot

of interest due to their diverse elec-
tronic properties.”? By varying parameters
such as the nanoparticle material, the matrix
material, the nanoparticle size, and the in-
terparticle distance, the electronic behavior of
the nanoparticle array can be substantially
tuned and controlled. For strong tunnel cou-
pling between adjacent nanoparticles, the
assembly exhibits conductance properties si-
milar to the bulk properties of the nanoparti-
cle material. For instance, assemblies from
conducting nanoparticles show an Ohmic
transport behavior,> while superconductivity
is observed in assemblies from strongly cou-
pled superconducting nanoparticles.* When
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We investigate the photoconductance of gold nanoparticle arrays in the Coulomb blockade
regime. Two-dimensional, hexagonal crystals of nanoparticles are produced by self-assembly.
The nanoparticles are weakly coupled to their neighbors by a tunneling conductance. At low
temperatures, the single electron charging energy of the nanoparticles dominates the
conductance properties of the array. The Coulomb blockade of the nanoparticles can be lifted

the coupling between the nanoparticles is
reduced, a metal—insulator transition is ob-
served in the overall assembly.>~” In insulat-
ing nanoparticle arrays where the individual
particles are only weakly coupled to neigh-
boring particles, the single electron charging
energy E. of a nanoparticle can govern the
electron transport2~'° The transport through
the array is blocked, unless an energy of E. is
provided to the electrons by thermal activa-
tion or an applied bias. This is the so-called
Coulomb blockade. Arrays in the Coulomb
blockade regime are interesting for electronic
applications due to their highly nonlinear
current—voltage characteristics.'""'?

Here, we report on the investigation of
the photoconductance of gold nanoparticle
arrays in the Coulomb blockade regime. At
room temperature, the photoconductance
of gold nanoparticle arrays can be dominated
by bolometric conductance enhancement,'
plasmonic field enhancement,'* and trap state
filling in the nanoparticle cores.'”” We show

by optical excitation with a laser beam. The optical excitation leads to a localized heating of
the arrays, which in turn gives rise to a local change in conductance and a redistribution of the
overall electrical potential in the arrays. We introduce a dual-beam optical excitation
technique to probe the distribution of the electrical potential in the nanoparticle array.
A negative differential photoconductance is the direct consequence of the redistribution
of the electrical potential upon lifting of the Coulomb blockade. On the basis of our
model, we calculate the optically induced current from the dark current—voltage
characteristics of the nanoparticle array. The calculations closely reproduce the experi-

mental observations.

KEYWORDS: nanoparticles - nanoparticle assemblies - Coulomb blockade -
photoconductance - nanoscale optoelectronics - photothermoelectrics

that in the Coulomb blockade regime, the
photoconductance is governed by a redistri-
bution of the potential landscape in the nano-
particle array. We optically excite the nano-
particle array with a focused laser beam. Due to
absorption of the incident light, we locally heat
up the nanoparticle array. The inhomogeneous
temperature profile leads to a redistribution of
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Figure 1. (a) Sketch of an electrically contacted gold nano-
particle array irradiated by two laser beams. (b) Scanning
electron microscope (SEM) image of a nanoparticle array.

the potential landscape and, by this, to a strong field
enhancement in the rest of the array.

Our interpretation is substantiated by the results of a
two-beam photoconductance investigation. We use
two individually controllable laser beams for the local
optical excitation of the array, as is sketched in Figure 1a.
In such a scheme, we can influence the electric field
at the position of beam | by the use of beam II. In the
case of the two-beam excitation, we observe a nega-
tive differential photoconductance across the nano-
particle array. The occurrence of a negative differential
photoconductance is fully consistent with our model of
an inhomogeneous temperature profile and the redis-
tribution of the potential landscape in the nanoparticle
array. Our results show that gold nanoparticle arrays in
the Coulomb blockade regime are very sensitive to a
local lift of the Coulomb blockade. Therefore, we can
obtain local control of the electric transport in a
nanoparticle array by optical means. This can be inter-
esting for applications as optical sensors or for local
temperature measurements.

RESULTS AND DISCUSSION

We examine two-dimensional arrays consisting of
hexagonally ordered gold particles with a diameter of
~10 nm.'® Octanethiols coating the nanoparticles
serve as spacer molecules. This results in an interpar-
ticle spacing of ~2—3 nm. In Figure 1b, we present a
scanning electron microscope (SEM) image of such a
nanoparticle array. Twenty micrometer wide strips of
nanoparticle arrays are patterned on a SiO, substrate
by a microcontact printing technique.'” The strips are
contacted by macroscopic gold electrodes with a
distance of 8 um. This scheme results in electrically
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Figure 2. (a) Differential conductance at zero applied bias
di/dV|oy on a logarithmic scale as a function of the inverse
temperature (black dots). The blue line represents a linear fit
to the data. (b) Current—voltage characteristic of a nano-
particle array measured at T = 13.7 K (black symbols), T = 25
K (blue symbols), and T = 43 K (green symbols). The white
lines represent fits to the data using eq 1, with £ =1.943 +
0.003 and V, =2.79 £+ 0.01, 1.35 + 0.02, and —1.23 £ 0.02V
at Tp = 13.7, 25, and 43 K, respectively.

contacted stretches of a nanoparticle array with a size
of 8 x 20 um?.

Dark Conductance of Nanoparticle Arrays. For measure-
ments of the electrical and optoelectronic properties of
the nanoparticle arrays, they are introduced in a helium
flow cryostat with an optical window. The mechanism
of charge transport in an assembly of metal nanopar-
ticles strongly depends on several energy scales de-
scribing the nanoparticle assembly.'®'® For small
coupling between adjacent nanoparticles, that is,
when the tunneling conductance Gy, is small com-
pared to the quantum of conductance G, = 2¢%/h, with
e the elementary charge and h Planck's constant, the
nanoparticle assembly is in the insulating regime. In
the insulating regime at low temperatures, the con-
ductance is governed by the single electron charging
energy E. of the nanoparticles. This is the so-called
Coulomb blockade regime. E. can be overcome by
thermal activation of the charge carriers. Therefore,
the zero bias conductance dlya//dV|oy follows the
Arrhenius law for a nanoparticle array in the Coulomb
blockade regime. In Figure 2a, we show dlgan/dV|oy
measured with a lock-in amplifier and a modulation of
Vimod = 10 mV of the bias around 0 V. digan/dV|oy is
shown on a logarithmic scale as a function of the
inverse temperature 1/To. The blue line represents a
linear fit to the data. At low temperatures, the data
are well described by the linear fit and thus by the
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Arrhenius law. From the slope of the linear fit, we
deduce E. = 13.1 £ 0.1 meV. At high temperatures
(i.e., for kgTy > E., with kg the Boltzmann constant), the
observed temperature dependence is weaker than
predicted by the Arrhenius law. This indicates that
the transport is not dominated by the Coulomb block-
ade at this temperature.'®

Further, the Coulomb blockade can be overcome by
an applied bias. The current—voltage characteristic of a
nanoparticle array is then characterized by a threshold
voltage V;, above which the current in the array in-
creases following a power law of the applied bias V,4:*°

ldark(Vsa) o< sgn(Vsg)(|Vsa| — Vo5, for [Vsg| > Ve (1)

The exponent & is predicted to lie between 2 and 3 in
finite two-dimensional assemblies.?' In Figure 2b, we
plot the current—voltage characteristic of a nanoparticle
array measured at three different temperatures Ty =
13.7, 25, and 43 K (black, blue, and green symbols,
respectively). The white lines represent fits to the data
for Vg >4V using eq 1. Best fitis achieved with £ =1.943 +
0.003 at all temperatures. This value is very robust
with regard to changes in the fitted data range. For the
threshold voltage, we observe a linear decrease of V,
with increasing temperature. At T, = 43 K, we observe a
negative effective voltage threshold which indicates
the presence of conducting paths even at zero applied
bias. By an extrapolation of the obtained V, values, we
can deduce the T = 0 global threshold of conductance
V(0) = 4.74 £ 0.08 V. As described in detail in ref 20,
V(0) is linked to the Coulomb charging energy E. by

eVy(0) = 20NE (2)

where N is the number of nanoparticles between the
contacts and a = 0.226 is a constant defined by the
array topology. We determine N =713 £ 100 from SEM
images of the nanoparticle array. Thus, we calculate
E. = 147 + 2.2 meV, which agrees with the value
obtained from the Arrhenius fit within the experi-
mental error.

Spatially Resolved Photocurrent. In Figure 3a, we show
an SEM image of a contacted strip of nanoparticle
array. To perform optoelectronic measurements on the
nanoparticle arrays, we focus the light of a mode-
locked titanium sapphire laser through the objective
of a microscope on our sample surface. Laser light is
available with photon energies of 1.24 eV < Eppoton <
3.44 eV (see Methods for details). To obtain a two-
dimensional image of our sample, we scan the laser
beam in x- and y-direction with respect to our sample.
First, we measure the intensity of the reflected light.
The contacted strip of the nanoparticle array can be
clearly recognized in the reflection map shown in
Figure 3b. Simultaneously, we measure the optically
induced current /phero. The two-dimensional map of
Iohoto Shown in Figure 3c reveals that a photocurrent is
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Figure 3. (a) SEM image of a 20 um wide strip of nanopar-
ticle array electrically contacted by gold electrodes. (b) Two-
dimensional map of the reflection of a focused laser beam
from the sample surface. (c) Optically induced current /pnoto
measured concurrently with the reflection in (b). (b,c)
Ephoton = 2.07 €V, lopy = 0.7 KW/em?, Vg = —3 V, fepop =
1764 Hz, and T, = 16.9 K (see Methods for acronyms).

induced when irradiating the area covered with nano-
particles. In contrast, there is no /photo When irradiating
either the gold electrodes or the empty area next to the
nanoparticle array.

Redistribution of the Potential Landscape. The /photo— Vs
characteristic of a nanoparticle array at To = 13.7 K is
shown in black in Figure 4a. The measurements are
performed at Epnoton = 2.07 €V. Qualitatively similar
results are obtained for all experimentally accessible
Ephoton- We observe a small increase of /onoto for |Vsg| <
2V (region | in Figure 4a), a strong increase of /oot at
an intermediate bias (region Il), and a reduced increase
of Iphoto fOr |Vsa| > 10 V (region lll). In blue, we show the
equivalent measurement at Ty = 25 K. At this elevated
To, the region of vanishing /oot at small Vg disap-
pears. We further point out that we measure a distinc-
tively smaller photocurrent at a higher temperature.

In a simplified model, this behavior can be ex-
plained with a lifted Coulomb blockade due to a local
temperature increase of the nanoparticle array.
Figure 4b depicts a sketch of a nanoparticle array
irradiated by a laser beam. The sample is at a tempera-
ture T,. At the excitation position, the temperature is
locally increased to T;. On the basis of the data in
Figure 2b, an increased temperature leads to an in-
creased conductance of the nanoparticle array. Gen-
erally, without irradiation, the potential U can be
assumed to drop linearly between the two contacts
because of the large number of nanoparticles between
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Figure 4. (a) [pnoto as a function of V,y measuredat T=13.7K
(black) and T= 25 K (blue) (Ephoton = 2.07 €V, lpp: = 0.7 kW/cm?,
and fcpop = 1605 Hz). (b) Sketch of a nanoparticle array at
bath temperature T, on a SiO, substrate contacted by gold
electrodes and irradiated by a focused laser beam increasing
the local temperature to T;. Second and third panel represent
the potential U and the electric field E as a function of position
in the irradiated (solid line) and the non-irradiated (dashed
line) array. (c) Calculated photocurrent I, as a function of
VsqforTo=13.7K, T, =16.2 K (black) and To = 25K, T, =26.6 K
(blue). (d) Calculated absorption A of a nanoparticle array
as a function of the photon energy Eghoton-

the two contacts (indicated as a dashed line in the
second panel of Figure 4b). Under irradiation, the
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potential drop in the irradiated area is reduced due
to the locally increased conductance. Consequently,
the potential drop in the non-irradiated area must
increase such that the overall potential drop equals
the applied bias V4 (solid line in the second panel of
Figure 4b). The electric field is assumed to be constant
along the non-irradiated array (dashed line in the third
panel of Figure 4b). Under irradiation, the electric field
is reduced in the irradiated sample part, while it is
increased in the non-irradiated sample part (solid line).

According to this scheme, we can calculate /photo
from the measured temperature dependence of the
current—voltage characteristic of the non-irradiated
array shown in Figure 2b. The dark conductance
measurements are performed for T, = 13.7, 19, 25,
and 43 K. The current—voltage characteristics at other
bath temperatures are obtained by linear interpolation
of the data in Figure 2b. We motivate this method by
the small temperature increase in the experiment. The
current in the non-irradiated sample part is given by
lo = lgar(To,E), with the electric field E in first approxi-
mation given by the applied bias divided by the length
| of the nanoparticle array, E = V4/l. Accordingly, the
current in the irradiated sample part is given by /; =
l4ark(T1,E). In a recursive calculation, the electric fields in
the two regions are adjusted such that they sum up to
the given voltage V 4 and the current in the irradiated
region equals the current in the non-irradiated region.
As soon as I and I, converge, the obtained value lyyight
represents the current in a partly irradiated array. The
calculated optically induced current Iy is then ob-
tained as the difference between the current in an
irradiated array and the current in the non-irradiated
array, lcaic = loright — ldark(To.E).

The temperature Ty is equal to the temperature of
the sample substrate. It is measured using a calibrated
silicon diode. The temperature T; can be estimated
from the amount of energy absorbed by the nanopar-
ticle array.23 In thermal equilibrium, the absorbed
power must be equal to the power that is tranported
away from the nanopartricle array through the under-
lying substrate. As discussed in detail in ref 13, the
temperature of the array can be assumed to be locally
increased by

loptAef'f dSiOZ

AT = (3)

Asio,

with /o the irradiation intensity, Aot the absorption of
the array (for a discussion of A see below), and dso,
and Asjo, the thickness and thermal conductivity of the
SiO, substrate, respectively. For the experimental con-
ditions of the measurements shown in Figure 4a (/o =
0.7 kW/cm?, Aege = 0.31, dsio, =150 nm), we calculate
ATi37¢=25Kusing Asi0,=0.13 W/(m-K) at To=13.7 Kand
AT,s¢ = 1.6 K using Asio, = 0.20 W/(m-K) at Ty = 25 K**

leaic for To=137Kand T, =Ty + AT137k= 162 Kis
plotted as black symbols in Figure 4c. The calculated
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curve agrees qualitatively very well with the measured
curve in Figure 4a. The blue symbols in Figure 4c
represent I, calculated with To =25Kand T, =Ty +
AT,s¢ = 26.6 K. We can reproduce the smaller photo-
current at the elevated bath temperature as well as the
nonvanishing photocurrent at small applied bias.

Thanks to the successful application of the model,
we can identify the physical origin of the three different
regimes in the photocurrent measurement. At small
bias |Vs4| < 2 V (region 1) and at Ty = 13.7 K, the non-
irradiated area of the nanoparticle array is still in the
Coulomb blockade regime despite the increase of the
electric field due to irradiation. Thus, the overall current
is very small even under irradiation. At To = 25 K, a small
optically induced increase of the electric field can
partially lift the Coulomb blockade in the nanoparticle
array. Thus, the photocurrent increases more quickly at
an elevated bath temperature. When the static electric
field provided by the bias voltage is large enough to
overcome the Coulomb blockade even at Ty = 13.7 K,
we observe a strong increase of the photocurrent.
This corresponds to region Il in the measurements.
In region lll, the photocurrent increases less with
increasing bias. This is due to the much weaker tem-
perature dependence of the dark conductance at high
bias. The smaller photocurrent in region Ill at To = 25 K
compared to T, = 13.7 K is due to the reduced
temperature increase at the higher bath temperature.

To clarify the underlying heating mechanism, we
investigate the photoconductance at a range of
photon energies Eynoton Of the exciting light. Generally,
the absorption spectrum of gold nanoparticle arrays is
dominated by the excitation of strongly interacting
surface plasmons in the gold particles.?>?*® The Max-
well—Garnett effective medium theory allows one to
calculate the absorption A of a nanoparticle array
from the bulk dielectric properties of gold and the
organic matrix.>” 2 In Figure 4d, we show the absorp-
tion as a function of Egnoton Of @ Nanoparticle array with
octane thiol molecules as organic matrix. The calcula-
tion was performed as described in detail in ref 13. The
broad maximum of absorption centered at ~2 eV is
due to the excitation of surface plasmons in the
nanoparticles.>° The increase of absorption for photon
energies higher than ~2.6 eV is caused by interband
excitations in the gold particles.®' In our experiments,
we optically excite our samples with photons which are
resonant with the surface plasmon excitation or the
interband transition in gold. Additionally, we optically
excite the arrays in the infrared spectral range resonant
with none of the mentioned transitions. We observe
the same qualitative behavior independent of Egnoton.
Due to the dispersive nature of the mentioned transi-
tions, the absorbed energy is quickly transformed in an
increase of the bath temperature of the nanoparticle
array.” Thus, we interpret our findings to be caused by
a temperature increase of the nanoparticle array.

MANGOLD ET AL.

Further, we can change the composition of the
organic matrix of the arrays by the introduction of
oligo(phenylene vinylene) (OPV).'”3? By this, we can
excite a single electron transition in the organic matrix
with Eppoton & 3.3 eV.*® This results in a resonant
molecular photoconductance which appears in addi-
tion to a bolometrically induced conductance® The
results shown above and in the following are obtained
with samples with OPV in the organic matrix. However,
the results described here are found to be independent
of the composition of the organic matrix. This corrobo-
rates the interpretation that an induced temperature
increase is responsible for the observed photoconduc-
tance rather than an electronic excitation in the nano-
particles or the organic matrix.

Negative Differential Photoconductance. A majorassump-
tion of the discussed model is that the local optical
excitation gives rise to an increase of the electric field in
the rest of the current path. To test this assumption, we
introduce a method using two laser beams (beam | and
beam II) to optically excite the nanoparticle array. The two
beams can be independently positioned on the sample.
By this, we can use beam | to manipulate the electric field
at the position of beam Il. The two beams are chopped at
two different frequencies. We measure the current com-
ponent lﬁﬁf,?? at the sum of the two frequencies. By this,
we are sensitive to the modulation of the photocurrent of
one beam by the other beam. In other words, we
measure how much the optically induced current differs
from being the sum of the optically induced currents of
beam | and beam Il (see Supporting Information). In
Figure 5a, we show a sketch of the described measure-
ment setup. The dashed area represents the nanoparticle
array which is contacted by source and drain electrode
(depicted in gray). Beam Il can be moved relative to beam
| in the x- and the y-direction. In Figure 5b—f, we show
Iﬁﬁi?;“—vsd characteristics measured with the two laser
beams with Ejpoton,1 = 3.26 €V and Eghoton2 = 2.07 €V,
respectively. We want to note that we observe qualita-
tively similar results for any combination of colors of the
two beams. Also, the results are independent of the
composition of the organic matrix of the nanoparticle
array (data not shown).

When the two laser beams excite exactly the same
spot of the array, l?,ﬁf,i‘c’,“ depends on V.4 as shown in
Figure 5b. In the inset of Figure 5b, we show the
position of the two beams (blue circle for Egnoton,1 =
3.26 eV, orange circle for Egpoton, = 2.07 €V) in a
reflection map of the sample. We measure an /ypo-
02P%™ V4 characteristic which is qualitatively similar
to the one observed with only one laser beam: /252"
increases weakly at a small bias, followed by a strong
increase in an intermediate bias regime and a reduced

increase of I,Z)ﬁf;?g“ for |Vsq| > 10 V. However, please note

the opposite sign of 2252 compared to the measure-
ment with only one beam. We refer to this effect as the

negative contribution to the photocurrent. The negative
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Figure 5. (a) Sketch of the two-beam measurement setup. Beam Il (orange circle) can be moved relative to beam | (blue circle)
in x- and in y-direction. (b—f) Photocurrent induced by two laser beams as a function of V4 for the two beams (b) at the same
position, (c) with an offset of 2 um in x-direction, (d) an offset of 4 um in x-direction, (e) an offset of 2 um in y-direction, and
(f) an offset of 4 um in y-direction. The inset shows a two-dimensional reflection map with the position of beam I (blue circle)
and beam Il (orange circle) marked (Egnoton,1 = 3.26 €V, lopt,1 = 0.35 KW/cm?, Epnoton,2 = 2.07 €V, lopt.2 = 0.71 KW/cm?, fopnop =

3540 Hz, Tp = 13.7 K, scale bar = 5 um).

contribution requires an overlap of the two laser beams.
This is illustrated by the measurements shown in
Figure 5¢,d. For the results shown in Figure 5c, the two
beams are moved by approximately 2 um in x-direction
relative to each other. The reduced overlap of the two
beams leads to a reduction of 205 at Vy = 16 V from
~17 to ~3 pA. For the measurement depicted in
Figure 5d, the two beams are at a distance of ~4 um.
This leads to an almost complete suppression of the
negative contribution to lﬁﬁﬁi‘?.

The negative contribution is also suppressed when
the two laser beams are displaced in y-direction rela-
tive to each other. In Figure 5e, the two beams have a
distance of ~2 um in y-direction, which leads to a
reduction of lf,ﬁﬁ?g“ at Viq =16 V to ~4 pA. At the same
time, a new, positive contribution to I?,ﬁf,?g‘ arises for
[Vsa| < 5 V. It is of opposite sign compared to the
negative contribution discussed so far. This positive
photocurrent contribution does not require an overlap
of the two laser beams. In contrary, we find that it only

MANGOLD ET AL.

arises when the two beams are at least partially not
overlapping. When the two beams are shifted in
y-direction even more (Figure 5f), the positive contri-
bution is sustained while the negative photocurrent
contribution is nearly completely suppressed.

As we discuss below, the observation of a positive
as well as a negative contribution to the photocurrent
corroborates the interpretation of the photoconduc-
tance mechanism as sketched above. In Figure 6a, we
show a schematic representation of the situation when
the two laser beams are shifted in y-direction relative to
each other such that they still have a significant over-
lap. We assume that the non-irradiated sample is at a
temperature Ty. At the positions where only one beam
is incident on the sample, the temperature is increased
to a value T; > Ty To simplify the reasoning as well as
the calculations, the temperature induced by the two
individual beams is assumed to be equal. Assuming
different temperatures, however, does not change the
underlying arguments. At the position where the two
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beams overlap, the temperature is increased to T, > T;.
Due to the higher dark conductance at a higher
temperature, the potential drop and the local electric
field are reduced at positions with an increased tem-
perature, as is sketched in the second and the third
panel in Figure 6a.

Again, we obtain the current in the different regions
of the nanoparticle array from the linear interpolation
of the temperature dependence of the dark current. In
the recursive calculation, the electric fields in the three
temperature regions are adjusted such that the current
flow is the same in all regions. The current value IE,EZ?,T
obtained upon convergence is the entire current in a
nanoparticle array illuminated by the two laser beams.
The current which is experimentally detected at the
sum frequency is then given by the following expres-
sion (see Supporting Information):

lg:liam = /ﬁﬁgﬂT - Idark _Iphoto,1 _Iphoto,z (4)
with Iﬁﬁgﬂ{‘ the current obtained in the recursive calcu-
lation, /yark the dark current at T = T, and Ihoto,1/2 the
photocurrent induced when only beam I/1l is present.

In Figure 6b, we show [2552™ for two 3 um wide laser
beams with an assumed overlap of 95%. The calculated
temperatures are To=13.7K, T; =Ty + AT 37k=16.2 K,
and T, = Ty + 2AT37x — 0.1 K= 18.6 K. In order to
reproduce the overall negative slope of the Igﬁiig‘—vsd
characteristic, we have to assume a temperature in-
crease in the region irradiated by both beams which is
slightly less than two times AT;3 k. Due to this, the
effect of the second beam is reduced and we measure
an apparent negative differential photoconductance.
The reduced temperature increase reflects the increase
of the thermal conductivity Aso, of the substrate at
higher temperatures. Again, the small 12052 for Vg < 2V
is caused by the Coulomb blockade, and the reduced
increase for Vsq > 10 V is due to a weak temperature
dependence of the current—voltage characteristic at a
large applied bias.

Reducing the overlap of the two laser beams in the
calculation reproduces the positive contribution to the
photocurrent. In Figure 6¢, we show /255%™ for two 3 um
wide laser beams with only 35% overlap. The positive
contribution to the photocurrent, that is, the fact that
the current induced by two beams is higher than the
sum of the currents induced by the two individual
beames, is due to the strong increase of the electric field
in the non-irradiated region of the nanoparticle array.
By this, under double irradiation the Coulomb block-
adeis overcome at a smaller bias than under irradiation
by only one beam. This leads to the strongly enhanced
optically induced current.

CONCLUSION

In conclusion, we investigate the photoconductance
of gold nanoparticle arrays in the Coulomb blockade
regime. We observe a strong enhancement of the
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Figure 6. (a) Scheme of a nanoparticle array at bath tem-
perature T irradiated by two laser beams. Second and third
panel show schematically the potential U and the electric
field E as a function of position. (b) /., calculated under
irradiation with two 3 um wide beams as a function of V4 for
To=13.7K, T, =16.2 K, T, = 18.6 Kand an overlap of the two
beams of (b) 95% and (c) 35% (see text for further details).

conductance due to optical excitation of the arrays. We
propose a model based on a local temperature increase
induced by the laser beam. The inhomogeneous tem-
perature profile leads to a redistribution of the potential
landscape in the array. Applying this model, we can cal-
culate the observed photocurrent from the dark current—
voltage characteristic of the array. The same model
can be applied to calculate the photocurrent induced
by two individually positioned laser beams. When the two
laser beams are overlapping, the induced temperature
increase is less than the sum of the temperature increases
induced by each of the individual laser beams. Due to
this, we observe a reduced induced photocurrent and
thus a negative differential photoconductance. When the

VOL.6 = NO.5 = 4181-4189 = 2012 ACNJANI(C)

WWwWW.acsnano.org

4187



two beams are displaced relative to each other in direc-
tion of the current flow, the redistribution of the potential
landscape can lead to an enhancement of the electric
field in the non-irradiated array. Due to the large electric
field, the Coulomb blockade can be lifted in the nano-
particle array. By this, the photocurrent induced by the
two laser beams can be much larger than the sum of the
photocurrents induced by each of the beams. This leads

METHODS

Array Preparation. The gold nanoparticles were prepared by
reduction of Au(lll) as described in ref 35. Twenty milliliters of a
heated reducing solution (0.2% (by weight) citric acid trisodium
salt, 0.004% (by weight) tannic acid) was added to 80 mL of a
boiling solution of 1% (by weight) HAuCl,; the mixture was
boiled under stirring for 10 min, then cooled to room tempera-
ture. This resulted in Cl™-stabilized gold particles with a mean
diameter of ~9.5 nm, as was confirmed by X-ray scattering.®

Formation of the nanoparticle array followed a protocol
proposed by Huang et a3 Ten milliliters of the Au nanoparticle
solution was centrifuged for 60 min at 14 krpm and the super-
natant water was removed. The sedimented nanoparticles were
dissolved in 10 mL of ethanol, and 4 mL of a 2.4% (by volume)
solution of freshly distilled octanethiol in ethanol was added.
The octanethiols were bound to the gold nanoparticles over-
night and the alkane-coated particles precipitated. The super-
natant ethanol was removed the next day, and the sediment
was washed in fresh ethanol. After a new precipitation, the
ethanol was removed and the nanoparticles were dissolved in
3.5 mL of chloroform.

For the self-assembly of the nanoparticle array, 350 uL of the
nanoparticles dissolved in chloroform was casted on a water
surface confined in a Teflon ring. The array was transferred from
the water surface to a Si chip with 150 nm thermally grown SiO,
using a polydimethylsiloxane (PDMS) stamp. By this procedure,
we produced two-dimensional, hexagonally ordered nanopar-
ticle arrays with a lattice spacing of ~12 nm and an interparticle
distance of ~2 nm, as shown in the scanning electron micro-
scope (SEM) image in Figure 1b.

Gold electrodes were patterned on the arrays using a
shadow mask evaporation technique. The electrodes were
evaporated at a distance of 8 um on a 20 um wide strip of
nanoparticle array, leaving an 8 x 20 um? sized electrically
contacted nanoparticle array.'?

Molecular Exchange. The incorporation of OPV into the nano-
particle array follows the method described in ref 17. The OPV-
thiols with an acetylene protection group were dissolved in
2 mL of tetrahydrafuran (THF) to yield a T mM solution. The chip
with the nanoparticle array was added to the vial, and the vial
was purged with Ar. Ten microliters of a 10% aqueous solution
of ammonium hydroxide (NH,OH) was added to remove the
protection from the thiol groups of the OPV. The solution was
kept under Ar atmosphere for 24 h. When the chip was
removed, it was first washed in THF to remove unbound OPV,
then it was washed in ethanol, and after that, it was blown dry
with N,. This results in the interconnection of the Au nanopar-
ticles by the OPV molecules.'” The introduction of the OPV
increased the conductance of the arrays by approximately 1
order of magnitude (data not shown).

Photoconductance Measurements. Photoconductance measure-
ments were performed under high vacuum conditions (~10~°
mbar) in a liquid helium flow cryostat at temperature T,. For
optical excitation, we used a mode-locked titanium:sapphire
laser with optical pulses of ~160 fs duration and a repetition
rate of 76 MHz. To cover the UV spectral range, the frequency
of the light was doubled using a BBO crystal. The visible
spectrum was covered by supercontinuum generation in a
nonlinear optical fiber and subsequent wavelength selection
using diffraction filters. By means of a chopper wheel, the

MANGOLD ET AL.

to the observation of a positive differential photocondu-
ctance.

Our results show that the current flow in nanopar-
ticle arrays in the Coulomb blockade regime can be
spatially controlled using local optical excitations. This
opens the possibility of spatially resolved temperature
or optical sensing using two-dimensional nanoparticle
assemblies.

optical excitation was modulated with a frequency fcop. A DC
bias V4 was applied to the electrically contacted nanoparticle
array with a Yokogawa voltage source, and the resulting current
was amplified in an Ithaco Model 1211 current—voltage con-
verter. The optically induced current /noto Was determined as
the current component at fhop measured with an EG&G 7265
lock-in amplifier.
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