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Introduction

Touch is one of the five senses designed by nature for survival. *“Touch’ may (partially) be
characterized as a sensory operation for measuring texture and softness of an object by
mechanical contact. We propose to design, fabricate, study and develop, a novel touch sensor
made from nanoparticles with broad range of other applications such as, ultrasound medical
imaging/diagnostics, smart materials, and non-destructive diagnostics of large structures. The
nanodevice is a self-assembled thin-film sensor that will convert static or dynamic
(compressive) normal stress distribution to, (i) visible-light, and/or, (ii) electrical current or
voltage. The optical and/or electrical signal is proportional to the magnitude of local stress on
the sensor’s active area. By detecting the light intensity distribution and/or, probing the current
distribution on the active area using an electrode array, the stress distribution can be obtained
at (potentially) spatial resolution of <10 um spot. Since the device is self-assembled, the
sensor surface can be 100 um? to (in principle) over 1 m? Importantly, the dynamic range and
the sensitivity of the sensor can be tuned by 1-2 orders of magnitude by regulating the device
power supply. Due to high speed (especially for electrical signal), the external stimulus (i.e.,
stress distribution) may be a pressure or sound radiation. The basic device element is a
multilayer film of metallic and (electroluminescent) semiconducting nanoparticles. We have
self-assembled a preliminary sensor with active area of 1 cm® and sensitivity of ~1 KPa. Since,
the total film thickness of the sensor is <100 nm, the normal strain (due to stress) will be
highly localized. A patent application on the sensor is filed.

The most successful and conventional sensors used to image pressure and pressure waves
(particularly ultrasound) are based on converting mechanical stress to an electrical signal using
piezoelectric (1) and magnetorestrictive (2) materials. For sound production and detection for
high-resolution imaging (at least above 500 kHz), the more stable and cost-effective pressure
imaging methods are based on piezoelectric phenomena. Recently, piezoelectric array
transducers have demonstrated great promise in ultra-sound beam forming and imaging
capabilities. For ultrasound source, the transducer elements in the array can be weighted and
delayed in amplitudes (i.e., phased-array) to produce a wide transmit beam of a precise shape
(i.e., apodization), that may be digital-electronically steered and focused at various depths in
the sample media (3). These advantages lead to so called parallel processing where sampling
in more than one direction and depth can be accomplished simultaneously, thereby improving
imaging speed. The effectiveness of piezoelectric based ultrasound systems is remarkable.
However such systems are generally non-portable, expensive, and complex. Furthermore, it is
difficult to fabricate piezoelectric devices with >100 um lateral spatial resolution (due to
design characteristics such as resonance frequency of the transducer pixel, and inter-transducer
acoustic coupling). In particular, for touch-sensor, conformal contact with curved surfaces with
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complex geometry will be extremely difficult with piezoelectric transducers that are on rigid
substrate.

Perhaps, in terms of functionality, the closest sensor to the proposed thin-film device is
pressure sensitive paint (PSP). PSP is a promising (pervasive) method with niche application,
especially in aerospace industry. PSP contains fluorescent dye that quenches due to oxygen.
Since air contains oxygen, the fluorescence is related to the air pressure (4). Since, PSP is an
area-active, analog device; the resolution of pressure imaging is high and will be limited only
by the optical detection system. However, the sensitivity and application are limited. Since
PSP is essentially an oxygen sensor, the application is related to pressure mediated by air (or
other oxygen mixture). Furthermore, the optical excitation for fluorescence is necessary,
making the implementation and read-out geometry limited to ‘open’ surface geometries.

The proposed sensor is a nanodevice utilizing Au and semiconducting nanoparticles, that are
self-assembled by a techniques that is considered standard today. The advantages of sensor-
device using nanoparticle in contrast to current microelectronics approach are several:

(i) Small size eliminates phonon-electron coupling that leads to a non-dispersive system. This
for example, improves photoluminescence efficiency and high conversion efficiency of
electronic signal to light. (ii) Nano-scale systems consume less power. (iii) Quantum
confinement effects lead to high tunability of intrinsic material property. For example, the
same material can exhibit photoluminescence at different wavelengths depending on particle
size. (iv) Possibility of easy processing such as self-assembly in contrast to expensive standard
Si (dry) processing methods (photolithography, plasma deposition, etc.).

Several electro-optical and electronic devices utilizing nanoparticles as part of active structure
have been fabricated. From the device fabrication complexity point-of-view, they may be
categorized in two types: (i) Type I: Only one contact for carrier (electron or hole) injection is
important; (ii) Type Il: A two point contact across the nanoparticles is critical.

Light emitting diodes (5,6), photovoltaic device (7), capacitor (8), and simple nanoparticle-to-
nanoparticle resonance electron transfer by photo excitation (9), are examples of Type | type
of systems. In the above device the critical aspect of the active mechanism is transport of
charge carrier into the nanoparticle from either a conductive organic thin-film, metal electrode
or another particle. For example, one of the first devices demonstrated was a hybrid
multiplayer structure composed of In-Sn-Oxide (ITO) electrode/organic semiconducting
polymer/inorganic semiconducting nanoparticle/Mg-Ag electrode layers (5). The device can be
viewed as two Schottky diodes where the holes are injected into the polymer and electron into
the nanoparticle from high work function ITO or Au electrodes (5). As the bias increases the
recombination shifts from the nanoparticle into the polymer thereby changing the light
emission from red to green. The success of the device indicates that carrier injection into a
monolayer of nanoparticle is possible via a metal electrode without shorting.

Single electron transistor (10,11), and single electron tunnel junctions (12), nanoparticle tunnel
diode (13), and resonance tunneling devices (14) requiring two contacts across on the same
particle are Type Il devices. The fabrication of type Il devices is more complex since two
contacts are required. In all the above reports (10-14) the electrodes were flat electrodes



except for the single electron tunnel junction studies (12) where one of the electrodes is a
scanning tunneling microscope (STM) tip. These nanoparticle based devices exhibit all the
three types of I-V characteristics observed in lithographically fabricated nanodevices, namely,
(i) Coulomb blockade effects where the current ‘jumps’ at bias voltage difference equal to the
charging energy of the nanoparticle; (ii) Stair-case curve, where the current has several smaller
jumps corresponding to the discreet unoccupied energy levels; and (iii) Resonance tunneling
behavior where a negative resistance behavior is observed. The resonance tunneling behavior
manifested as negative resistance is only reported for the InAs based nanoparticle. These
devices are kin to more studied lithographically assemble devices that are fabricated by
conventional microelectronics method where, an isolated nano-size semiconductor or metallic
island (i.e., quantum dot) is deposited such that charge may be injected into the island via a
dielectric tunneling barrier (15).

Although the I-V characteristics in nanoparticle-based devices is similar to the lithographically
fabricated devices, the discreet electron transfer leading to staircase type I-V curves is weak. In
structures fabricated from monolayer of nanoparticles and operating at room temperature the
coulomb blockade effect tends to dominate over the discreet electronic states (i.e., stair-case I-
V curves) in the <10 nm particle systems studied (for example, references (8), (10) and (13)).
These blockade and staircase effects rapidly get weaker at higher temperatures (i.e., room
temperature) and for particles above 10 nm (15).

Concept of the Device

The device is a multilayer structure of alternating monolayer of Au and semiconducting
nanoparticles spaced with dielectric layers (see Fig. 1). The sensor element is a repetitive stack
of a four layer structure comprising of M/I1/S/1,, where M is layer comprising of metal
nanoparticles, S is a layer comprising of a direct band-gap semiconducting nanoparticles and
I;and I, are polymeric dielectric layers. Each metal/insulator/semiconductor stack acts as a
Schottky diode (16) with a barrier at the semiconductor/insulator interface. In Fig. 1, the
current is from bottom to top or the electrons are traversing from top to bottom. As is the case
for the device discussed, we consider the semiconducting nanoparticle to be an n-type
material. For the applied bias voltage shown, (from the top), M/I41/S and S/1,/M Schottky
diodes are in reverse and forward bias, respectively. In principle, the two dielectric layers, |; &
I, of thickness, &, & &, respectively, are different. The difference in the dielectrics can be
tailored by either controlling the material composition and/or thickness.

As a normal force is applied, the thickness of insulation tunneling barrier decreases causing the
internal field in the layer to increase leading to a higher Schottky barrier. Since CdS is an n-
type semiconductor, the electron transport in forward and reverse bias diodes will decrease.
However, the minority carriers, the hole-current transport that governs the output light will
increase. In the elastic regime (the case for this study), the strain in the film is proportional to
applied stress. Thus, by measuring the electric current (Electrical device) or; (ii) the intensity
of electroluminescent light (Optical device); a sensitive measure of local pressure is obtained.
Since, the level of signal increases with the applied bias, the dynamic range can be tuned by
regulating the bias.



OUTPUT
Au coated polymer Load Current (electrical

flexible electrode \ \ \ \ \ \ L device)
\ a

Nanoparticle-1 Biase voltage
(10 nm)

/ /" Glass Substrate 7

Nanoparticle-2

(3 nm) Dielectric tunneling barrier
(between nanoparticle
ITO/glass substrate layers)

rigid transparent electrode

OUTPUT
Light (optical device)

Fig. 1: Schematic of the sensor indicating two types of
nanoparticle monolayers: Au and CdS. The bottom electrode
on a solid substrate is Indium-Tin-Oxide (ITO), a transparent,
conducting, material. The top electrode is Au on a flexible
film such that the applied load strains the film corresponding
to local stress. The applied load may be measured by a
visible light signal (image view) or electrical current, I. Thin
dielectric layer separates the nanoparticle monolayers from
each other.
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Fig. 2: The sample on transparent ITO electrode
containing substrate (labeled as Electrode/Substrate)
is placed on a platform that moves in the vertical
direction as indicated. Due to the vertical motion,
the sample is compressed between the substrate and
Au coated load cell plate. The I-V curve across the
sample thickness is measured by probing the ITO
and au electrode as shown. The light output is
collected through the transparent ITO electrode.

Results and Discussion

Fig. 2 shows the schematic to
study the characteristics of the
device. Both
electroluminescence and current
are measured simultaneously as
a function of applied load and
bias voltage. The sample is
placed on a translation stage that
is attached to a platform that can
be moved by a computer driven

precession motor. As the
platform is vertically moved, the
sample is compressed between
the load cell plate and the
substrate. The load cell
measures the compressive force,
F. A two-point probe measures
an |-V curve at each
compressive load. Since the

currents can be very low, over
25 points are measured at each
bias voltage. Thus I (signal) vs
V (bias) characteristics at family
of compressive force are
obtained. The data is then
transposed to obtain | (signal)
Versus compressive stress, o =
F/(sample area) at various V
(bias). Simultaneously, the
electroluminescence is measured
for each bias voltage and F (or
o). The detector output is analog.
Statistics is obtained by
recording the detector signal
every 1-10 ms. Fig. 3 shows the
actual set-up. The computer
monitor is 21” and the digital
load monitor is about 3” across.
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Fig. 3: Photograph of the device performance set-up. The system is designed,
fabricated, assembled, and completely automated in-house. The blow-up shows the
device location with Ta electrodes and the load cell. The thick substrate above the
photodetector is ITO coated glass.

The electrical and optical performance is measured on a 37-layer structure composed of 3
layers of Au nanoparticles, 2 (double layers) of CdS nanoparticles that are each spaced by 6
monolayer of polymer. Fig. 4 shows the simultaneous measurement of current and
electroluminescence intensity in the apparatus shown in Fig. 3.
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Fig. 4. Characteristics of the device under cyclic load. The applied bias is 20 V.

The current and electroluminescence tracks the load well for 2-3 cycles. The small decay in
the electroluminescence signal occurs due to charging (i.e., capacitance) effects. The original
signal is recovered on grounding the device before subsequent run. Furthermore, consistent
with theory (not discussed in this report), the current and electroluminescence are linear with
respect to applied load.

The efficiency of the device is proportional to the ratio of measured electroluminescence
intensity divided by the current; i.e., the fraction of electrons transported into the CdS particle
that produce photons. Fig. 5 show the efficiency of the device. Since the slope is constant for
each of the two curves at 8 and 10V, the efficiency of the device is constant. The highest
electroluminescence data point for each bias corresponds to 10 KPa load. Thus, the
electroluminescence signal increases by ~6 folds by increasing the bias just by 2 V. This

indicates that the bias can effectively regulate the dynamic range (and sensitivity) of the
device.

Electroluminescence (in V)

030 Fig. 5: Efficiency of the device
over a loading from 0 to 10 KPa at
0.25- a constant bias of 8 and 10 V. Both
_ the lines are linear fit with fitness
0201 10vBias better than 95%. The lines pass
0154 through the origin. The slope
proportional to efficiency is same
0.10- slope: 29.5 VIA for the two biases. The
0,05 . 5V electroluminescence signal for 10
o 1as KPa load increase by ~6 folds as
. . : the bias is increased from 8 to 10 V.
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Pressure imaging

To create a pressure distribution, a ~ 3 mm radius bead was placed on the device and pressed
with a soft polymer plate. To measure the intensity distribution, light was collected below the
device through a 20X objective with a spot size of 20 um and numerical aperture of 0.22. The



objective was scanned to obtain the electroluminescence intensity distribution as a function of
displacement of the objective. The objective was scanned by a stepper motor.

Exploded diagram of pressure imaging set-up

Fig. 6: Setup to measure the
electroluminescence from non-

‘soft plate | uniform loading. The loading is
Q ~3 mm solid ball spatially changed by
_ incorporating ~3 mm radius
| device plastic beads. The light output is

measured by focusing on the
sample plane. The spot size is
~20 pm.

microscope
objective

scanning

Fig. 7 shows the scanned image across a bead. We show a scan with the largest spread, i.e.,
along the diameter of the bead. The shape is Gaussian and the integral full width is about the
size of the bead indicating that the device can image pressure distribution.

20004 ) .
Gaussian fit

Integral width:
3.1+0.04 mm

1500+

Fig. 7: One dimensional scan
of pressure distribution from
~3 mm compliant bead.
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Conclusion and summary

We have demonstrated a large area, self-assembled device composed of nanoparticle to
convert pressure into an electrical and/or an optical signal. The characteristics of the device
agrees with theoretical predictions. The low hysterisis on cyclic load indicates excellent charge
balance of majority and minority currents through the nanoparticles. The device fabricated is a
37 layer structure over 1 cm? area. Since, the device is by self-assembly and fabricated under
ambient conditions, very large area pressure imaging sensors can be manufactured by this
approach. The device has several applications, such as smart bed sensor, sound and pressure
imaging.
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