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Abstract:

Charge transfer dynamics through a layer of organic molecules has been investigated
by measuring current noise in a 2D electron gas channel of a field effect transistor,
coupled through the self assembled 2D molecular layer to a system of nanocrystals
acting as a light sensitive gate for the FET. The fluctuations of the conductivity in the
transistor channel show as universal crackling noise upon illumination of the
nanocrystals with infrared light. The observed critical behavior of the system is
attributed to all-trans to gauche transitions in the molecular layer. Such transitions
switch the molecule’s state between highly conducting and insulating one. Coupling
between the molecules is responsible for spatial propagation of charge avalanches.
The size, duration, and height of the observed avalanches are power law distributed.
Critical exponents obtained from the noise power spectra, avalanche size and duration
distributions, and dependences of the average avalanche size on avalanche duration,
are consistent and fulfill the critical exponent’s relations. Experimentally determined
exponents were found to depend on the light intensity and time of illumination. Time
dependences of the statistical distributions, and in particular time evolution of the cut-
off of the avalanche size distribution, indicate that observed temporal effects are due
to changes of the critical disorder of the molecular system. The investigated system
can be thus seen as a tool for studies of universal critical dynamics upon changing
relative disorder.

PACS numbers:

05.70.Jk Critical point phenomena

05.40.Ca Noise

81.07.Pr, Organic-inorganic hybrid nanostructures
82.45.Mp Thin layers, films, monolayers, membranes
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Many physical systems respond to slowly changing external force through
discrete, impulsive avalanches spanning a broad range of sizes. A common feature in
such systems is that statistics of various avalanche parameters, height, size, or
duration, lack a characteristic scale. The far from complete list of systems exhibiting
cracking avalanche dynamics includes earthquakes and landslides, Barkhausen noise
in ferromagnets, crumpling of paper wraps, acoustic emission in martensitic
transformations, fractures propagation, popping foam bubbles, flux penetration into
superconductors, and many others.'” There are also systems that crackle without
application of apparent external force, such as bursts of neuronal activity in cortex
tissue” or charge avalanches in organic molecular 2D layers.’

Scale invariance observed in systems with avalanche dynamics is often
attributed to the proximity of a non-equilibrium phase transition or to the self-

organization of a system to a critical point which is an attractor of the dynamics.

Avalanches sizes, S = I] (t)dt and avalanche durations, 7, in the vicinity of critical

disorder R, are power law distributed, D(S)oc S and D(T)oc T™“, with universal

critical exponents 7 and « depending on the dimensionality and type of criticality of
the system.'” These exponents are related by the critical exponent relation,
a—1=(r-1)/ovz. The product ovz determines the exponent of the noise spectral

l/ov

density, which is expected to scale at high frequencies as S(®@) < @ and appears

also as the exponent of power law that characterizes the average avalanche size <S>

dependence on the avalanche duration (S)oc7"".'* Along with power law

distributions exponents relations the most characteristic feature of the critical
dynamics is the existence of various scale collapses involving critical exponents. For
example, avalanche shapes can be collapsed to a universal pulse shape using the
scaling relation I(T,0)=T""""*"furpe(t/T). °

The critical disorder R, is always determined in terms of the coupling strength
in the system J. For 3D systems the ratio R,//=2.16. For infinite 2D system R.=0,
irrespectively of the coupling strength. However, for space limited 2D system, the
critical disorder differs from zero and becomes system size dependent.” Disorder in
the most popular random field Ising model is represented by the width of distribution
of local magnetic field.'"” In strongly fully ordered system R<<R. the local field if

fairly uniform and the single spin flip is accompanied by spin flip of the entire system.
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This is subcritical dynamics. With increasing disorder at R=R. the spin flip
avalanches become scale invariant and cover all range of sizes. With disorder
increasing slightly above R, avalanche size distribution shows a disorder dependent
cutoff.’

The growing interest in nonequilibrium phase transition and advanced
development of theoretical models of disorder-induced critical phenomena brings a
need for experiments probing crackling noise dynamics in systems with changing
disorder.

The major body of experimental work concerning disorder induced criticality
and associated crackling noise dynamics has been performed using magnetic systems
exhibiting Barkhausen noise.® Experimentally observed disorder driven changes in the
shape of magnetic hysteresis loops in in thin Co/CoO films confirmed the predictions
of theoretical models.” However, experimental verifications of effects of changing
disorder on dynamic properties of crackling avalanches are still missing. In this paper
we discuss dynamics of a hybrid organic-inorganic system that exhibits critical
avalanche dynamics and in which the critical disorder can be experimentally tuned by
light illumination.

Charge transfer through organic molecular frameworks, central to a wide
range of chemical, physical, and biological processes, was extensively studied both

theoretically and experimentally.'®'?

In many of the biologically related systems, the
charge transfer occurs within supramolecular two-dimensional structures, such as
membranes or self assembled molecular (SAM) layers. Bringing together nano
crystals (NCs) and SAM allows for creation of hybrid organic-inorganic systems with
unusual charge transport properties.”® Electronic properties of NCs can be controlled
by their size, shape, composition, and doping. The ability to self-assemble NCs with
semiconductor devices via self-assembled 2D organic molecular layers makes the
hybrid systems relatively simple to fabricate and flexible in terms of dimensions and
type of employed NCs and molecules."

Numerous studies on the conductance of thiolated alkene SAM show that
quantum tunneling is a dominant mechanism of the molecular conductivity."> The
tunneling barrier height depends not only on the type and length of the molecule but
also on its isomeric structure.'® It has been shown that the energy barrier for charge

transfer through a molecule in all-trans state is much lower than the energy barrier in

the same molecule in the gauche state."” Molecules undergo spontaneous transitions
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between isomeric states. At low temperatures the all-trans configuration dominates,
while the probability of occurrence of the gauche defects increases with increasing
temperature. The situation in SAM is expected to be even more complex due to strong
coupling between the molecules.'”® We have recently shown that charge transfer
within a molecular layer may have a collective avalanche character associated with
disorder driven criticality and nonequilibrium phase transition.’

Schematics of our experimental device are shown in Fig. 1. Nearly spherical
and defect free colloidal InAs/CdSe/ZnSe nanocrystals are covalently absorbed on
self-assembled organic monolayer that links them to the surface of a two dimensional
electron gas (2DEG) GaAs/AlGaAs field effect transistor. The FET was made by
standard lithography techniques from a conducting n-GaAs layer, grown on a super-
lattice buffer layer of 6 periods (Al, Ga)As, each period about 100 nm thick, and 5 nm
thick insulating layer of GaAs covering the conducting layer. Shallow conducting
channel in these structures is localized between 20 and 50 nm from the surface. SAM
linker of 1,9 nonanedithiol HS-(CH;)o-SH (NDT), or 1,4 butanedithiol HS-(CH;)s-SH
(BDT) molecules is self-deposited between the source and drain FET electrodes from
an absolute ethanol solution.'”” When the device is illuminated by light,with energies
smaller than the GaAs energy band gap and larger than the InAs energy gap, we
excite only the NCs, leaving the GaAs parts of the transistor unaffected.

The described device was originally designed to operate as a room
temperature sensitive infrared photodetector with the NCs and SAM acting as light-
sensitive gate for the FET.?* When the NCs absorb light, the photo-excited holes are
transferred to the FET surface states via the organic molecules, change the surface
potential, and thus modify the conductivity of the 2DEG transistor channel. It should
be underlined that FET in our experimental arrangement operates not only as a light
detector but also as an amplifier of the light effect. A change in the FET current can
be orders of magnitude larger than the number of photo electrons excited in the
NCs.?! The hole transfer is the dominant mechanism because at room temperatures
the valance band offset between InAs nano crystals and GaAs FET is very small, what
creates shallow potential well for holes on the GaAs side.”” Holes transferred to the
GaAs surface bend the conduction band, increase the 2DEG electron density and thus
decrease the channel resistivity. This has been confirmed by us through measurements
of DC response of our system to light illumination, which showed resistivity decrease

in time, consistently with the holes transfer scenario.
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Fluctuations in the FET channel conductivity reflect directly the dynamics of
charge transfer through the SAM layer. Conductivity noise of a hybrid device was
measured by biasing the FET with a small dc voltage bias and recording the resulting
current noise in frequency and time domain. Conductivity noise of the FET channel is
constituted by thermal background fluctuations of the Gaussian character and non-
Gaussian component caused by occupancy variations in the FET surface state traps.
When collective charge transfer appears, current noise in the FET channel is
dominated by large non-Gaussian avalanche-like fluctuations. The trigger that
initiates an avalanche is a spontaneous structural isomeric transition of a molecular
bridge, a transition that changes the bridge conductivity for charge transfer. The
propagation of an avalanche is sustained by subsequent transfer of many neighboring
molecules to the all-trans isomeric configuration, as discussed in details in ref. 5.

Time records of FET current noise were registered under 100 mV dc bias of
the FET and under illumination of 1064 nm wavelength light, focused into 1 cm
diameter beam, at various level of light power, up to maximum one of 630 mW/ cm’ .
Fig. 2 shows an example of 16 minutes long time record of the current noise of a
device with BDT linker, sampled at the rate of 32 Hz at 300 K. The existence of
strong bipolar avalanche patterns is clearly visible in the record. Negative avalanche
pulses correspond to events of charging the surface traps with photo-excited holes,
while positive ones to their recombination with electrons in NPs, after the reverse
back transfer through SAM linker.

Let us discuss first the statistical properties of the charge avalanches which
prove that we indeed deal with the critical dynamics. Figure 3 shows examples of
size, duration, and average size vs. duration distributions recorded using a device with

NDT linker at 300 K, illuminated by 1064 nm wavelength light at the power
attenuated by 0.2 dB from the maximum one of 630 mW/ cm’ . The experimental

dependences are power law distributed, suggesting that our system exhibits critical
crackling dynamics. This is further confirmed by verification that experimentally

determined exponents fulfill the critical exponent relation «—1=(7r—-1)/ovzand,
most significantly, that individual avalanches of various durations can be collapsed to
an universal shape, using the scaling relation /(7,1)=T I U"Z_lﬁhape(t/T), as shown in Fig.

4. The best collapse in Fig. 4 was obtained with exactly the same oz exponent as the

one revealed from average avalanche size dependence on duration. The values of
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obtained critical exponents are in extremely good agreement with the exponents
obtained by numerical simulations by Olga Perkovic.” The experimental exponent
Texp=1.48+0.12, while the theoretical t4,=1.5. The experimental olexp=1.75+0.26. The
exponent 1/ovz determined from the average avalanche size dependence on duration
1S 1/0Vzexp=1.76+0.26, while the theoretical 1/0Vzex,-1.56 and the one calculated from
the exponents relation is 1/ovze,=1.6710.29.

The pulse shape predicted by the random field Ising model is a symmetric one.
Our experimental pulse shapes, similarly to those observed in the Barkhausen
experiments, are clearly assymetric.® The physical nature of the Barkhausen pulse
asymmetry was ascribed to the delay in response associated with eddy currents.” This
asymmetry is most pronounced for short pulses and becomes negligible in long ones.
In a marked contrast, pulse asymmetry in our experiments, which can be quantified
through the pulse skewness, is negligible for long and short pulses and becomes most
pronounced for the medium length pulses. The skewness of the pulse shape shown in
the inset to Fig. 4 clearly goes through a maximum around avalanche duration of 0.35
s, independently of the type of linking organic molecule. This surprising result seems
consistent with the observed pulse asymmetry of earthquake events apparently
becoming more asymmetric with increasing pulse length.**

Charge avalanches in the investigated system clearly propagate in two
dimensions. The critical disorder should therefore depend on the system size. The
disorder in our system can be associated with the amount of gauche defects in the
SAM. In a very clean system the amount of such defects is low. Any avalanche will
easily find a percolating path of molecules in all-trans state enabling spanning across
the entire system size. The avalanche size distribution for such subcritical case will
show a discrete peak associated with such largest avalanche. At the critical disorder,
the avalanches will take all possible sizes and the distribution will fit the power low at
all sizes. With disorder increasing above the critical point the percolation of
avalanches will be hampered by increasing density of gauche defects, capable of
halting the avalanche propagation, and causing appearance of exponential cutoffs in
the power law distribution. The cutoffs should scale with distance from the critical
disorder as (R-R.)""%, where ois yet another critical exponent.'”

We have observed that the intensity and frequency of occurrence of the

avalanches decrease with illumination time, to the extent that after some 50-80
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minutes of illumination the avalanche patterns practically disappear from the records.
In spite of this, by allowing the sample to rest in dark conditions for several hours, the
avalanche patterns are fully restored. Since presence of avalanches causes strong

deviations of the noise from Gaussianity, the changes in the avalanche patterns can be

quantified by measuring the kurtosis of the amplitude distribution y = #—1—3 , Where

o’ is the variance and g, the fourth moment around the mean. Figure 5 shows

recorded kurtosis changes with elapsing illumination time, labeled here as the sequent
number of the consecutive 16 min long time records, for different molecules and light
power levels. In general, for all cases, the kurtosis decays to zero with increasing
record number, consistently with the disappearance of avalanches. The rate of kurtosis
decrease depends on the intensity of the light illumination, but the time of decay
seems not to depend on the type of molecules when illuminated with the maximum
light power.

We ascribe changes in the avalanche patterns under extended light
illumination to loading of the surface states by the holes, transferred through the
molecular linker from photo excited NCs to the FET surface traps. Probability of
avalanche occurrences decreases with increasing fraction of surface states already
loaded with charges. Kurtosis changes reflect thus the kinetics of charge build up on
the FET surface. When the amount of charges transferred to the surface N, is much
higher than the amount of available traps Nr, case of high intensity illumination, the
charge build up will be governed entirely by the FET surface properties through
competition between charge capturing and charge releasing events from the traps. The
accumulated charge will scale with time as Q(#)~Nt(1—exp(—t/ter)), where /Tegr 1s the
effective rate of charge build up, 1/1.s=1/t. +1/1:, 1 is the average rate of charge
capture and 1, the average rate of charge release. Therefore, for full power of
illumination the time of kurtosis decay to zero, time of disappearance of avalanches,
does not depend on the type of linking molecule, as illustrated in Fig. 5. Observe
however, that the initial Kurtosis at t=0 is higher for NDT molecules for the reasons
that will be discuss later.

For very low levels of the illumination power, when N.<< Nt, charge build up
kinetics becomes controlled by number of charges transferred through the SAM,

O(t)~N (I —exp(—t/tefr)). Due to tunnel nature of charge transfer the number of charges
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transferred to the surface increases exponentially with time as N .(f)=No(I —exp(—y)),
where y is a factor characterizing depending on the molecule through the associated
tunnel barrier height and width and Ny is the initial total number of photo-excited
carriers in NCs. This is the reason why the time of Kurtosis decay for attenuated light
power increases with decreasing light power , as shown in the inset to Fig. 5.

Alkene molecules in 2D SAM are coupled through Van der Waals forces
associated with intrinsic molecular electric dipole moment. The vector of the intrinsic
moment of dithiol alkens self assembled on the surface of GaAs points to the direction
out of the surface.”> Therefore, accumulation of photo-excited holes in the surface
traps effectively decreases the moment and thus weakens the coupling between the
molecules. The change in the moment is proportional to the effective number of
charges transferred to the surface. Since the ratio between the critical disorder and the
coupling R./J for a given system remains constant, dipole moment changes result in
weakening of the coupling and thus in a decrease of the critical disorder R.. As a
consequence, at a given level of disorder in the system R> R, the distance from the
critical disorder will increase exponentially with time as R—R. ~1 —exp(—Af).

Our experiments show that along with changes of the non-Gaussianity of the
current noise, also the avalanche distributions change with elapsing illumination time.
Time evolution of avalanche size distributions at different light power levels of NDT
linked device are illustrated in Fig. 6. The arrows in the graph indicate the direction of
elapsing time. In order to reduce the data scatter in the tails of the distributions we
have binned the data using logarithmic binning. Moreover, for purposes of better
comparison of various distributions we have been normalized them in such a way that
for each distribution [ D(s)ds = 1. The major change occurring with elapsing
illumination time is the decrease in size cutoffs. The changes are fastest for the
maximal light power, Fig. 6a. At high illumination intensities one NC interacts with
more than one photon. This results in creation of multiple excitons in nanocrystals,
and leads to increased tunneling probability.

Theoretical models of disorder induced critical dynamics predict that the
cutoffs in avalanche parameters distributions should scale as the power law of the

15 1-3 1t should be reminded that avalanche size

distance from the critical point (R-R.)"
distributions may exhibit also another cutoff associated with finite size of the system

in which avalanches propagate. The latter however, does not depend on disorder and,
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therefore, is expected to be time independent in our experiments. The time evolution
of disorder dependent cutoff is illustrated in Fig. 7 as a function of subsequent time
record number. Note that since R—R. is proportional to (/—exp(—-Af)), Fig. 7 is
equivalent to presenting the cutoff changes as a function of In(R-R;). One may thus
conclude that the size distribution cutoff in Fig. 7 decays as the power law of the
distance. Unfortunately, at this stage we are unable to determine the critical exponent
o from this graph because we cannot determine the value of the parameter A.

The criticality in our system varies with time due to changing coupling
between the molecules through accumulation of the light induced charge on the FET
surface. Further control of the coupling can be realized by changing the type of
linking molecules. The coupling between the molecules decreases with decreasing
molecule length, as testified by decrease of the melting temperature of 2D molecular
layers with decreasing molecule length. Indeed, our experiments show that the cutoff
of avalanche size distributions at short illumination times for 1,9 nonanedithiol linker
is much larger than the cutoff for shorter and less strongly coupled 1,4 butanedithiol
linker, compare size distributions shown in the inset to Fig. 7. These results should
nevertheless, be still taken with a grain of salt as in the self assembling process we are
not able to fully control the density of molecules, which constitutes yet another factor
strongly influencing the inter molecular coupling.

Difference in the coupling between BDT and NDT molecules leading to
different levels of critical disorder in SAMs composed of such molecules explains
observed differences in the initial kurtosis Fig. 5. BDT molecules are weaker coupled
and therefore the critical disorder for them is lower than that for NDT molecules.
When both systems are illuminated with light the avalanche size distribution for BDT
molecules will be cutoff stronger than that of NDT device. Therefore, less large
avalanches will show in the BDT device with respect to NDT device, therefore, the
kurtosis for NDT device will be stronger.

In conclusion, we have shown that self assembled molecular monolayer
exhibits disorder driven critical dynamics for charge transfer. The disorder in the
system can be tuned by the time of light illumination, light power, the type of
molecular linker, and the temperature. The investigated hybrid system constitutes
therefore a flexible and controllable new tool for experimental studies of critical

dynamics in which the distance from the critical point can be tuned by the length and
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intensity of light illumination. Lastly, our experiments prove that charge transfer
through alkyl monolayers, frequently used as elements of molecular electronic
devices, is a complicated process that can evolve into unwanted noisy avalanche

dynamics decimating the performance of practical devices.
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Fig. 1: Schematic drawing of the experimental device.
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Fig.4: Pulse shapes for BDT device before (a) and after (b) scaling collapse. Inset
shows the skewness of the pulse shape as a function of pulse duration.
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Fig. 6: Time evolution of the avalanche
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intensity using a 2dB attenuator (c).
Time records were taken at intervals of
16 minutes (0-16 min, 16-32 min, 32-48
min, 48-64 min, and 64-80 min). Arrows

indicate the direction of elapsed time.
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77 Abstract

In this work we present our device as a unique system for studying crackling
noise. First, in our system the noise is created without an external force, as signal
advancing in neurons. Using our device, one can study the dynamics of the special
kind of avalanches. Another interesting property unique to our system is the ability to
control different features of our crackling system such as the coupling between the
molecules and the magnitude of the energy barrier.

Our results analysis attributed avalanches in long organic molecules at room
temperature to the front propagation model. On the other hand, the nucleation model
fits the results for avalanches in short molecules under the same conditions. The latter
is ascribed to systems with forces preventing or un-encouraging avalanche
propagation, such as low coupling or strong random forces in the sample. Gladly, the
results fit this statement.

Further measurements done at low temperature (80K), far from the phase
transition temperature shows that the system is far from its critical point. This matches
the previous assumption concerning the origin of the avalanches.

In addition, we found slight asymmetry saw in the average pulse shape of the
avalanches. According to previous letters, we conclude that this result indicates the
existence of a mechanism that detains the propagation of the avalanches. We claim
that it is caused by the slowness of the mechanical phase transition process.

Finally, we pay attention to memory properties in the device- decay of the non-
Gaussian noise with time, and its renewal a few hours later. We ascribe this to the
weakening of the coupling between the molecules, due to change of their intrinsic

dipole cased by charge transfer creating an additional external dipole.



Abstract

The latest technological advance had lead to miniaturization in device sizes up
to nanometric scale. A major advance in the field is made by the studying nano-
structures of many kinds such as quantum-dots, nano-rods etc. Naturally, an
increasing interest in the possibilities of incorporating quantum dots in different semi-
conductor applicative devices has emerged. The uniqueness of the nano-structures is
the ability to fine-tune their electrical and optical properties by controlling their size,
composition and shape. This leads to easy control of the properties of the devices.

In this work we studied a hybrid device composed of semi-conductor, combined
with organic molecules linking nano-dots to the device surface. The fabrication
process involves the molecules' ability to self-assemble. By an adsorption process a
dense and organized organic molecule monolayer is created, constitutes a covalent
connection between the semi-conductor device and the nano-dots. We used a sensitive
optical device based on a GaAs FET (Field effect transistor) with light-sensitive gate.
The nano-dots forming the gate absorb light and affect the device properties by charge
transfer through the organic molecules to the surface.

Our main goal is to monitor the charge transfer through the organic monolayer
by studying the noise of the device. Under illumination, we see that there is a non-
Gaussian noise, attributed to crackling noise. Dynamics of the charge transfer were
investigated, using tools developed in crackling noise researches.

Crackling noise is a phenomenon existing in various systems of different fields,
ranging from macroscopic phenomena such as earthquakes, to microscopic
interactions between magnetic domains. This noise is characterized by discrete events,
called avalanches. An avalanche propagates and spread along the sample. This is
enabled by the coupling between the sample's components.

Charge transfer events in our device are related to the organic molecules’ phase
transfer. One of the phases is characterized by lower energy barrier for charge
tunneling between the nano-dots and the surface. Due to the coupling between the
dense linking molecules, a phase transition in a single molecule leads to a similar
transition in the neighboring molecules. The event spreads throughout the sample,
creating an avalanche. Phase transition avalanches are translated to charge transfer

avalanches affecting the current through the device.
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