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ABSTRACT: Charge separation is a fundamental process currently being used in a
large variety of devices. Typically, charge separation requires doped P/N junctions
that, at the nanoscale, are difficult to form due to the small number of participating
atoms. Thus, it is not trivial to separate charges at the nanometric scale in a simple
flexible way. Recently, studies of electron transfer through organic helical chiral
molecules have shown that electron transmission through these molecules is spin-
dependent at ambient temperatures. Utilizing semiconductor nanocrystals and helical
chiral molecules, we created a room-temperature optically activated, thin-layer,
charge-separating nanoscale device. Total efficiency of separation is sensitive to the
polarization of the light and could be enhanced by chiral imprinting on the NCs. The
fabrication process is simple and uses self-assembly methods that could be applied to
a wide variety of nanocrystal-based devices. From the fundamental point of view the
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induced chiral charge separation may be relevant for physical and biological processes such as charge separation in

photosynthesis.
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harge separation is essential for a large variety of

optoelectronic devices, such as solar cells and photo-
detectors." A subset of these devices are photovoltaic devices,
that are charge-separating systems operating by light energy.”
Nowadays, these systems are mainly based on doped silicon, in
which a junction is formed between a donor dopant (p-type)
and an acceptor dopant (n-type). Charge diffusion equalizes the
Fermi energy of both layers creating an electric field called the
“depletion region” that has built-in potential. Under an applied
bias voltage and above bandgap illumination, the device will
create an electron—hole pair that will be separated according to
the built-in potential. One of the main drawbacks in these
devices arises when miniaturization is required since the
amount of doping in a semiconductor is limited to the
maximum concentration of 10'?(dopants/cm?®) =
10*(dopants/nm?®), over which the material is considered
degenerate at room temperature.’” This means that typically
there is less than a single dopant per cubic nanometer, thus,
making it almost impossible to create a doping-controlled
charge separation at the nanoscale.

In recent years, studies of electron transfer through organic
helical chiral molecules have shown that electron transmission
through these molecules is spin-dependent at ambient
temperatures.”” Particularly, it has been revealed that chiral
helical molecules can serve as efficient spin filters due to strong
spin orbit coupling mechanisms and different spin transfer
probabilities,6_13 thus, creating a chiral-induced spin selectivity
(CISS) effect.

The spin selectivity of charges transported through chiral
molecule is dependent on the charge sign, the current direction,
and on the handedness of the molecule.® Therefore, by
controlling the electron—hole spin states in nanostructures,
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using different circularly polarized light excitation, we affect the
probability of the charges with certain spin to be transferred
through the chiral monolayer. Similar behavior was observed in
the study of local spin-based magnetization via charge transfer
in self-assembled monolayer (SAM) of chiral polyalanine
molecules.

Semiconductor nanocrystals (NCs), often called quantum
dots, are very versatile due to the tunability of their optical and
electronic properties by their size, shape, and composition," "
making them ideal for photonic devices. Photoexcitation of a
strongly confined NC system, such as CdSe, results in the
formation of excitons with known spin states.'® Previous
experiments have shown processes of a fast hole spin-flip in
CdSe NCs, which enables the creation of electron—hole pairs
with equal sign of spin states (S¢Sy)i1/243/2  The spin
direction is then dependent on the circular polarization of the
exciting light.””*' By using organic molecules, covalent selective
adsorption of the CdSe NCs can be achieved.”” For example, by
coupling the NCs to a field effect transistor (FET), our group
has previously shown that a room temperature spectrally
tunable light detector can be realized.” Using chiral linkers
covalently bond to the NCs could imprint the chirality on the
NCs. An effect originated due to strong spin orbit coupling
induced at the NCs surfaces on which helix chiral molecules are
adsorbed.”**° This effect should induce asymmetry to the NCs
spin states even for nonpolarized excitation.

In the present study, we demonstrate nanoscale charge
separation in a thin layer device based on helical chiral
molecules and semiconductor NCs. We combined a SAM of
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polyalanine with NCs and measured the induced photocurrent
when the NCs are illuminated with light polarized in different
ways. By applying circularly polarized light it was possible to
generate charge separation in this system. The significant
difference in the current responses on the nanometric scale was
attributed to the CISS effect and to room temperature charge
separation. Similar devices can be simply fabricated in large
scale and can be adapted to a wide variety of NCs.

Bl RESULTS

Current response was measured under illumination with
different light polarizations: clockwise (CW), counter clockwise
(CCW), and linear. The I-V curves are displayed in Figure 2a.
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Figure 1. (a) Schematic drawing of the device structure. -V
measurements are done between the lower gold and upper ITO
contacts. (b) Photo of device mounted and wire bonded to a 44
header chip. In the inset is a microscope picture of the active area in
the device. (c) SEM image of CdSe NCs with the main emission peak
at 610 nm, adsorbed on top of a chiral molecules monolayer on gold.
(d) PM-IRRAS spectra of L-polyalanine monolayer on a gold surface.
The energies of amide-I and amide-II vibrations indicate that the
monolayer is in a helix form. From their ratio the tilt angle of the
molecules adsorption relatively to the surface normal can be obtained.
(e) Histogram of the topography information on the sample surface
where a portion of the chiral monolayer was removed in the middle
(inset) measured by AFM. The height difference between the surface
and the scratched area implies that the layer thickness is 3 nm.

The dark current (black line) has a diode-like shaped feature
resulting from the Au—NCs—ITO interface in the device. The
illuminated measurements show a conductance that is light
polarization dependent. This response is governed by both
coherent s7pin relaxation processes and fast noncoherent
processes.”” In order to retain solely the polarization depend-
ence for the current response, we subtract the linear
polarization response from the CCW and CW circular
polarization (Figure 2b). In negative bias, the CW circular
polarization response is stronger, while in forward bias, the
CCW polarization has a stronger response. In both cases, the
holes and electrons are separated but with different efficiencies.
Since linear polarization carries both CW and CCW circular
polarization probabilities equally, smaller charge separation
effect should be observed. Chiral imprinting on the NCs by the
organic linkers will enhance the response of one circular
polarization.

By selectively controlling the electron—hole spin states with
different circularly polarized light, we affect the probability of
the charges transfer through the chiral monolayer. CW and
CCW circular polarized light creates electrons with favored or
unfavored spin states according to the CISS effect where the
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Figure 2. (a) I-V curve of a device with adsorbed CdSe NCs (610 nm
main emission peak) on top of helical chiral molecules, under
polarized light illumination. The I-V curves for the three illumination
polarizations (red, CW; blue, linear; green, CCW) show distinct
current responses stronger than the dark current (black). (b) CCW
(green) and CW (red) polarization current responses after the linear
current was subtracted from them. The CW polarization creates
electrons with favored spins, which are driven with less resistance
through the chiral molecules for reversed voltage bias. On the other
hand, the holes do not have the required spin state; therefore, in
forward bias, the CCW polarization has a stronger response. In the
inset, the response difference between CCW and CW circular
polarizations with bias extended to —2.5 V is plotted. The current
difference between polarizations diminishes when the bias voltage
reaches about 2 V, possibly due to the CISS pseudogap. (c) Absolute
current response as a function of excitation power for different light
polarizations (red, CW; blue, linear; green, CCW) under a constant
bias of —1.5 V.

charge transfer probability is dependent on the charge sign as
well as on the favored spin state.”® These electrons are driven
through the chiral molecules once a negative voltage bias is
applied. For a given bias voltage on the device, we expect higher
current for a selected circular polarization than the counter
circular polarization. Furthermore, this trend is expected to flip
once the bias voltage is reversed, giving rise to antisymmetric
I=V curves for negative and positive biases. For our chiral SAM,
CW polarized light creates electrons with favored spin states,
while the holes do not have the required spin state to be
transferred through the chiral molecules; therefore, charge
separation is created. This effect is schematically portrayed in
Figure 4a where the device is under illumination of CW circular
polarized light, and a negative bias is applied. The light creates
electron—hole pairs with spin facing up, and the bias drives the
electrons downward through the chiral molecules. The spin and
charge values of these electrons are favored by the CISS effect,
therefore the current will be higher than electrons with spin
down (CCW polarization) or holes with spin up (positive bias).
In a general energetic perspective, a model is suggested in
Figure 4b, with a pseudo CISS gap that changes according to
the polarization on the device. Charges carrying the favored
spin will have energetic preference to transfer through the chiral
monolayer. The efficiency of the effect is influenced by four
lifetimes. The decay lifetime of the excited NCs to the
preferable exciton spin state. This time is controlled by the NCs
size and type, the NCs surface and the temperature. Usually
this time is very fast.'”~'” The other competing times are the
electron drift time to the contacts and T1 of the chiral gold
substrate or the NCs. Charge separation should occur before
the spin state decay.
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Figure 3. (a) Absolute response of three different setups, comparing
the CW (solid) and CCW (dashed) response to dark current response
and giving information whether the devices react to the illuminations.
As seen, the device with chiral molecules and NCs (red curves)
illuminated above bandgap has a response 2 orders of magnitude larger
than a device with below band gap illumination (blue curves) and 4
orders of magnitude larger than a device without NCs (black curves).
(b) Asymmetry between the circular polarization normalized to the
linear response, for four different devices. For the device with chiral
molecules and 610 nm CdSe NCs (red curves) a distinct asymmetry is
seen between CW and CCW illuminations, especially in the negative
bias, thus showing long spin coherence times, enabling a more efficient
charge separation. This asymmetry is slightly smaller for smaller NCs
(green curves), which are known to have a shorter electron spin flip
time, affecting the coherence of the states. For a cooled down system
at 55 K (blue curves) and reference of nonchiral 9DT molecules (black
curves) the asymmetry is much lower indicating no CISS effect in the
devices.

The I-V difference observed under different excitation
polarizations, due to the CISS effect, is diminished once higher
voltages are applied, at approximately 2 V, as shown in Figure
2b inset for negative bias. This can be explained by the strength
of the spin—orbit coupling (SOC) of the charge 9passing
through a chiral monolayer with the chiral potential.”**’ In the
literature, similar response of 0.5 eV was measured for helical
chiral double-stranded DNA oligomers.”® Twice this value is
assigned to be the energy gap between two different spin states.
Therefore, we can assume that the CISS pseudogap for
polyalanine is in the same order of magnitude, around 1 eV.

Measurements of the change in current response with the
tuning of the light illumination flux and polarization measured
at a constant negative bias voltage of —1.5 V show that the
CCW circular polarization had the weakest current response
similarly to the previous I—V measurement, while CW circular
polarization had the strongest current with the linear

polarization in between these two (Figure 2c). The CISS
response does not grow linearly with the intensity of the
excitation. This can be ascribed to the fact that at high
excitation power the Auger process, which does not conserve
spin, becomes dominant. As expected, the linear response is
somewhat between the CCW and CW circular polarization
response. This agrees with the understanding that linear
polarization holds equal components of CCW and CW
polarizations, thus, creating also an equal amount of opposite
spin carriers in the NCs. Therefore, we should expect that the
linear response would be the sum of the response of both
circular polarizations at half the intensity. However, the linear
response is closer to CW response, and the difference may be
ascribed to the induced chiral effects by the linkers that change
the symmetric response of the NCs to linear polarization.
Another effect could be the nonlinearity of the collective spin
coherence time T2 decay at different intensities and polar-
izations.*

We measured the absolute response of the device with chiral
molecules and 610 nm CdSe NCs, under different illumination
wavelengths and polarizations and compared them to a
reference sample without NCs. The absolute response for the
device is shown in Figure 3a. It was calculated by subtracting
the dark current response from the polarized (CW or CCW)
response, then by normalizing it with the dark current response.
Figure 3a presents the device behavior with above band gap
illumination, 532 nm (red curves), and below-the-band gap 660
nm illumination (blue curves). As a reference, we measured a
device without the NCs layer on top of the chiral molecules.
The device with chiral molecules and NCs, illuminated above
band gap has a response 2 orders of magnitude larger than the
device with below band gap illumination, and 4 orders of
magnitude larger than the device without NCs. Moreover, the
fact that the absolute response is dependent on the bias agrees
well with the diode-like characteristics of the NCs junction,
unlike the reference measurements where the absolute response
is constant. From these measurements we presume that the
previous I—V measurements can be mainly attributed to
charges created in the NCs.

The asymmetry between the circular polarizations normal-
ized to the linear response was calculated for four different
devices (Figure 3b). This was done by subtracting the linear
current response from the circular polarization responses, then
normalizing it by dividing by the linear current response. In this
figure we compared the influence of the chirality of the
molecules and NCs size on the performance of the devices. For
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Figure 4. (a) Schematic representation of the charge separation process in the device. Electron—hole pairs are created when exciting with a laser,
CW in this example, with spins facing up. As long as the spin state is preserved under negative bias the CISS effect prefers the transfer of the
electrons through the chiral monolayer. (b) In a more general energetic perspective, there is a pseudo CISS gap which changes according to the
exciton polarization on the NCs. Charges carrying the favored spin, will have energetic preference to transfer through the chiral monolayer.
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the device with chiral molecules and 610 nm CdSe NCs (red
curve), a distinct asymmetry is seen between CW and CCW
illuminations, especially in the negative bias. This is peculiar
since the asymmetry difference is measured in the device in
spite of its narrow layer (~4 nm) of the chiral molecules. The
difference is much smaller at the positive bias, which agrees
with Figure 2b, where the CCW polarization becomes stronger
in positive biases, thus, showing spin coherence influence on
charge separation. To further study the effect and connect it
with the spin coherence time, measurements were performed
with a monolayer of smaller CdSe NCs, with the main emission
peak at 520 nm, adsorbed on top of the chiral monolayer. The
bandgap of the smaller NCs was closer to the excitation laser’s
wavelength of 532 nm, which would enable better spin
coherence since only a narrow-energy ensemble of dots is
excited exactly to the bandgap.”' On the other hand, in
previous studies of smaller CdSe NCs (with the absorption
peak of 498 and 578 nm), a fast electron spin state flip was
measured.”’ Overall, spin coherence T1 times are expected to
be shorter with smaller dots. This compromises the charge
separation process in our device configuration. The asymmetry
measurements for the smaller CdSe NCs, shown in green in
Figure 3b, demonstrate a spin-dependent charge separation
effect that is weaker than for the larger NCs. Thus, the
measurements seem to be sensitive to the spin-coherent time of
the dots and to the electron spin flip, which in the case of
smaller CdSe NCs becomes more dominant and compromises
the charge separation effect.

Smaller charge separation effect could be also predicted due
to changes in the excited states lifetime upon cooling. Spin
coherence and excited state lifetimes are expected to be 2
orders of magnitude longer at low temperatures.” ~** However,
in the helical chiral molecules it has been shown that below 150
K the chiral molecules used in this study undergo structure and
electrical phase transition,”**° thus, rendering a weaker chiral-
induced state that may shorten dramatically the substrate spin
lifetime. Therefore, upon cooling, one would expect an increase
of charge separation down to 150 K, with the effect
disappearing at lower temperatures. For a cooled down system
(blue curves) and reference room temperature measurements
of nonchiral 1,9-nonanedithiol (9DT) molecules (black
curves), the asymmetry is much lower, indicating negligible
charge separation effect in the devices. Indeed, at 55 K, the
asymmetry results for the chiral molecules (in blue) are similar
for both circular polarizations. All results are weak relative to
the room temperature measurements, indicating that the charge
separation is less prominent at low temperatures.

In conclusion, we have demonstrated nanoscale charge
separation using a thin layer device based on chiral molecules
and semiconductor NCs. We have shown that the device was
sensitive to the circular polarization excitation of the NCs,
measuring a difference in the current responses in our device.
Chiral imprinting on NCs by the organic linkers may induce
response even for nonpolarized light. The measured difference
was attributed to the CISS effect and to room temperature
charge separation at the small 4 nm scale. Our measurements
were susceptible to the spin state dynamics (electron and hole
spin flip times) of the excitons created in the NCs, which are
dependent on the size of the NCs used. Similar effects for small
scale charge separation are measured in biological photo-
synthetic systems where the molecules are chiral as well. In the
future, devices using the measured effect could be fabricated
with nanosized features.
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B METHODS

The charge separation device was fabricated using upper and
lower contacts with adsorbed molecules and NCs in between,
as shown in Figure la. The 150 nm lower gold contacts were
evaporated and pattered, using conventional photolithography
methods, on SiO, substrate, followed by a dielectric insulation
layer of 150 nm AL, O;. The device active area was attained by
wet etching 40 X SO um” windows in the Al,O, layer down to
the lower contact, followed by a selective adsorption of the
chiral, charge separation layer and the CdSe NCs on top of the
gold bottom contact. A 4—7 nm thick Al,O; tunnel barrier was
evaporated in a cooled chamber on top of the NCs, followed by
a top transparent indium tin oxide (ITO) contact. To achieve
better statistics, many windows were opened in each device (as
shown in Figure 1a). The full device was mounted and wire
bonded to a 44 header chip (Figure 1b). A close up of the
active area is shown in the inset of Figure 1b.

The adsorbed hybrid (chiral molecule-NCs) layer was
realized by chemically connecting the desired NCs to a self-
assembled monolayer of molecules on top of the gold contacts.
a-Helix L-polyalanine (AHPA-L) molecules (Sigma-Aldrich Co.
LLC), diluted to a 1 mM ethanol solution, were used as
covalent chiral linkers. 1,9-Nonanedithiol (9DT; Sigma-Aldrich
Co. LLC) nonchiral molecules were used for reference
measurements. Two types of core CdSe NCs were studied,
one with a main emission peak at 610 nm and one at 520 nm
(Sigma-Aldrich Co. LLC), with 40 nm distribution widths. The
NCs solution was further diluted in toluene solvent to the
concentration of 0.5 (mg/mL).

The hybrid layer preparation was performed in three steps.
First, the devices were left in absolute ethanol for 20 min, then
the devices were incubated in the ethanol solution of the
organic molecules; 3 h for chiral molecules or overnight for
9DT molecules. The excess of the organic molecules was
removed from the surface by washing the sample with ethanol
several times. Lastly, the samples were dried under nitrogen and
introduced into a toluene solution containing the NCs for 4 h.
The whole process was performed under inert atmosphere.
Figure 1c displays a SEM micrograph of the adsorbed CdSe
NCs on top of a chiral monolayer.

The NCs were optically excited with a diode-pumped solid-
state continuous-wave (DPSS CW) 532 nm (660 nm) laser
with typical laser power of 20 mW. The clockwise (CW) or
counterclockwise (CCW) circular polarization illumination was
achieved using a linear polarizer in the optical path (45° or
315°, accordingly) followed by a quarter wave plate. The
ensuing constant laser intensity was monitored using a detector
during measurements. A simple mechanical shutter was placed
along the optical path to compare light and dark measurements.
I-V transport measurements were performed with a Keithley
2400 source meter and a 6485 picoammeter.

Structure of the chiral monolayer on the gold was
characterized by Polarization modulation-infrared reflection-
adsorption spectroscopy (PM-IRRAS) and atomic force
microscopy (AFM) methods.**”” The PM-IRRAS spectra is
displayed in Figure 1d. The information about the tilt angle of
the helix axis from the surface normal can be obtained from the
intensity of amide I and amide II bands, which appear at 1663
and 1549 cm™, respectively”*® (see Supplementary PM-
IRRAS Measurements). The value of the tilt angle ¥ of the helix
with respect to the surface normal was found to be y = 46°. The
thickness of the chiral monolayer was characterized by AFM
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(Figure le). An area of about 400 nm® was removed by
scratching the molecules from the surface (see inset). The
uncovered area shows a depth of about = 3.0 nm relative to
the unscratched area. Taking into account both measurements,
we observe that the chiral monolayer height is about 4.3 nm.

B SUPPLEMENTARY PM-IRRAS MEASUREMENTS

The PM-IRRAS spectra is shown in Figure 2b. The information
about the tilt angle of the helix axis from the surface normal can
be obtained from the intensity of amide I and II bands, which
appear at 1663 and 1549 cm™, respectively.””**

The orientation of the peptide molecules immobilized on the
gold surface was determined using the following equation:”’
(I/1,) = 1.5 X ((3 cos> y — 1)(3 cos* O, — 1) + 2/(3 cos* y —
1)(3 cos? 8, — 1) + 2), where I, and I, are the absorbance of
amide I and II bands, respectively, y is the tilt angle of the
helical axis with respect to the surface normal, and 6, , are the
angles between the transition moment and the helix axis. The
values of 0, and 6, were set to 39° and 75°, respectively.”” The
value of the tilt angle y of the helix with respect to the surface
normal was found to be y = 46°.
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