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Abstract

The integration of semiconducting colloidal nanocrystals (NCs) with carbon nanotubes (CNTs) in
a single device presents a unique platform that combines optical flexibility with high charge
carrying capability. These qualities are desirable in many applications such as photovoltaic cells,
photocatalysis, and light sensors. Here, we present hybrid devices that incorporate various
CdSe/CdS core/shell NCs, such as seeded quantum dots and asymmetric seeded nanorods
(a-sNRs), with a single-wall CNT in a field-effect transistor geometry. We used electrical
measurements to probe a light-induced charge transfer (LICT) between the CdSe/CdS NCs and the
CNT. We investigate the effect of gate voltage on the LICT magnitude and temporal characteristics.
Surprisingly, the measured photo-response depends on the gate voltage, and we observe both
electrons and holes transfer from the a-sNRs to the CNT. Furthermore, a comparison between
LICT measurements on different devices with different CNTs and NC types reveals that the charge
transfer time is directly proportional to the shell-thickness around the CdSe core and inversely
correlated with the NCs size. The recovery of the charge trapped inside the CdSe/CdS NCs is
characterized by two distinct fast and slow relaxation times, which depend on the NCs size and
CNT type. Although, the charge relaxation time is similar between the symmetric QDs and the
asymmetric sNRs, the overall percentage of the remaining charge in the QDs is significantly larger
than in the sNRs. Understanding both gate voltage and NCs size effect on the LICT processes can
optimize the performance of optoelectronic devices.

1. Introduction

The mixing of two building blocks from two different fields can result in a complementary behavior that in
many instances, would enhance and improve their individual functionalities. Such a promising combination
includes the pairing of carbon nanotubes (CNTs) and semiconducting nanocrystals (SC-NCs). On one side,
CNTs display a large current-carrying capability, high mobility, exceptional tensile strength, and thermal
properties [1]. On the other side, SC-NCs allow for large flexibility and efficient controllability of their
bandgap as well as an excellent optical response [2—4]. These qualities are enhanced in heterostructures of
seeded NCs that consist of more than a single component [5, 6]. For example, seeded nanorods (sNRs) in
photovoltaic devices and photodetectors have exhibited a highly efficient charge separation [7-11]. The
combination of the high charge transport capabilities of CNTs with the optoelectronic flexibility of single
component symmetric quantum dots (QDs) was studied for light-harvesting applications such as
photovoltaic cells [12—18], photocatalysis [19, 20], and light sensors [21-30]. Equivalently, Konstantatos et al
[31] reported a large responsivity ~10’7 A W~! and photoconductive gain ~10? in an analogous hybrid
device comprised graphene and colloidal QDs.

© 2022 IOP Publishing Ltd
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A major factor in the efficiency of such devices is the charge transfer (CT) between the SC-NCs and the
CNT. Hybrid CNT-NCs devices are driven by a light-induced CT (LICT), where a photon is absorbed by the
NG, forming an exciton, followed by a charge disassociation. Due to the band structure of the CNT-NCs
hybrid, often it is the electron being collected by the CNT leaving a positively charged NC. Most previous
research on the LICT between CNTs and semiconductor-NCs has included a single element of NCs, usually
shaped as QDs or elongated NRs. Opposite results on the relation between the CdSe-QDs’ diameter and the
amount of LICT involving single or double-wall CNT (DWCNT), while trapping the hole via
4-mercaptophenol (MTH) linker was reported [32, 33]. Wang et al [32] found from x-ray absorption fine
structure (NEXAFS) measurements and Raman spectroscopy an inverse relation between CdSe QDs’
diameter and the CT magnitude. This contrasted with a direct relation they extracted from electrical
measurements, indicating a possible denser coverage of CNTs surfaces upon the use of the larger QDs. Zhu
et al [33] further estimated the LICT magnitude between CNT and CdSe QDs by calculating the LICT as a
function of the difference in the gate-voltage at the minimum-conduction point (Dirac point) for CNTs with
and without illumination. The calculations estimated a CT of 22300 electrons um™! for approximate density
of 1000 QDs-um~! (laser—488 nm @98 nW). Other CNT-NCs combinations include a single-wall CNT
(SWCNT) ensemble (mesh on substrate or solution) with NCs adhered to the CNTs by van der Waals forces
[21, 34], where the charge separation of excited electron-hole pair results in electron transfer to the CNTs,
while the hole stays trapped in the NCs. The LICT was demonstrated either by the difference in drain-source
current between periods of illumination and darkness [21] or by a blue shift in the absorbance spectrum
[34]. For devices having a field-effect transistor (FET) geometry, an initial CT appears in NCs decorated
CNTs (compared to pristine CNTs) even before a light source was applied [32, 35]. This CT originates from
the difference in the work functions and energy bands alignment between the device’s constituents, causing
either an electrons migration from the NCs into the CNT causing n-doping of the CNT, or modifying the
Schottky barrier between the CNT and the source and drain contacts. Another aspect of the LICT between a
SWCNT and the NCs is the CT rate. By using single-molecule spectroscopy combined with time-correlated
single-photon counting, Chi-Tsu Yuan et al [7] measured electron transfer rates between a SWCNT and a
single core/shell NC. They found LICT rate of ~10® s~! between type-I CdSe/ZnS QDs (or CdSe/CdS sNRs)
to SWCNTs, and even larger LICT (~10° s7!) for type-II, ZnSe/CdS sNRs. Similar CT rates were measured
by the fluorescence decay measurements technique between CNT-mesh and SC-NCs [34, 36]. These results
are in sharp contrast to the temporal characteristics of photo-response obtained by direct electrical
measurements, which have typical time scales of 1072-10% s [21, 35, 37]. Both charge and energy transfer are
frequently intertwined with each other. The discrepancy in the temporal characteristics may originate from
the difficulty of unambiguously determining the dominance of one process over the other and will be further
discussed in the main text.

The current study concentrates on gate-voltage dependence of CT between SWCNT and asymmetric
CdSe/CdS core-shell sSNRs and compares it to symmetric CdSe/CdS core—shell QDs. We predominantly
utilize a single, small bandgap CNTs (with ambipolar conductance) in a FET configuration, where the
core/shell NCs are drop-casted on top of the CNTs. The lack of any FET surface preparation or resist residues
that adhere to the CNT should facilitate the CT. We measure the device transfer characteristics (Ips vs Vgg)
and Ipg vs time under different gate voltages (V) and illumination conditions, to reveal the mechanism of
the LICT processes. Attempting to extract temporal dependence of the LICT parameters directly from the Ipg
vs time measurement is lacking, since it depends on both device’s transfer characteristics and the charge
trapped in the SC-NCs. To overcome this issue, we first convert the Ipg vs time measurements to Vpjy,c vs
time, where Vpirac is the gate voltage at the Dirac point (minimum conductance point). We adapt
physics-based dynamic models to fit the translated data and extract temporal and magnitude parameters that
describe the LICT processes. Since the measurements are performed under fixed gate and bias voltages, any
shift of Vpirac (AVpirac) is directly associated with a charge trapped in the NCs. The conversion of AV, to
trapped charges is carried out with a simple capacitive model. The research includes a comprehensive
analysis of the influence of the NC’s type and shapes on the LICT and retention efficiency, as well as a
description of the LICT processes under different electrical stresses.

2. Device fabrication

Our devices share the basic structure of a typical CNTFET. We use a conventional E-beam lithography and
lift-off processes to pattern a matrix of electrode-groups on top of a heavily p-doped silicon substrate with a
thermal oxide (285 nm thick). The electrodes comprise Cr/Pt/Au—3/7/10 nm were deposited by E-beam
evaporation. CNTs were grown from ferritin catalyst by chemical vapor deposition at 900 °C, using a gas
mixture of hydrogen and methane under atmospheric pressure [38]. The grown CNTs were transferred on
top of the metal electrodes, where each electrode-group (consists of five electrodes) shares the same CNT.
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Figure 1. Fabricated hybrid CdSe/CdS-CNTEET Devices. (a) A schematic device configuration based on a cross-section of a CNT
and the five-electrodes group with a layer of deposited NCs on top. (b) Optical microscope image of an electrodes-group covered
with two droplets (0.3 nl) of sNRs_A in toluene solution. For convenience, a gray textured line represents the CNT that is already
crossing the electrodes before the sSNRs_A deposition. (c) SEM image of a CNT crossing the electrodes (marked by the yellow
arrow). (d) SEM image of CNT crosses the channel between two electrodes. The sNRs_A are dispersed on top of the CNT and
cover a large portion of the SiO, surface as well.

The final stage includes the deposition of a colloidal solution of NCs at the specific site on the device. We
work with colloidal CdSe/CdS NCs varied in shape and size (seeded nanorods—sNRs or seeded quantum
dots—sQDs). The NCs are stabilized by organic ligands and suspended in toluene. Details of the NCs
synthesis are given in the supporting information (SI sections 2 and 3). The physical parameters of the NCs
are summarized in table S2 (available online at stacks.iop.org/NANOF/6/015001/mmedia) of the SI and the
absorption and photoluminescence (PL) spectra of CdSe/CdS sNRs_A recorded at room temperature [39]
are presented in sections 4 and 5 of the SI. For the NCs deposition, we used an inkjet printing technology,
sciFLEXARRAYER S3 dispenser system operated by SciFlex_s3 program with nozzle PDC 70 (Piezo
Dispenser Capillary nozzle 70 pm) to drop one or two 0.3 nanoliter droplets of the NCs solution on top of
each group of devices. The NCs adhere physically to the CNTs, electrodes, and SiO; surface via van der Waals
forces. Figure 1(a), illustrates a cross-section of five electrodes on top of a Si/SiO, substrate, with a single
CNT crossing all of them. We drop cast sSNRs_A (see table S2 of the SI) droplets on the CNT. Figure 1(b)
shows the top view (optical microscope image) of a set of five electrodes covered by sNRs_A (two droplets),
the gray line represents the CN'T which lies above the electrodes and beneath the sNRs. Figures 1(c) and (d)
present a closer look (SEM image) on the CNT, sNRs_A, and electrodes.

3. Experimental methods

We explore the LICT in hybrid NCs-CNT devices in a CNTFET configuration. The study includes LICT
under different gate voltage (Vg) and illumination conditions, as well as charge retention at the end of the
illumination period. We use LakeShore CRX-VF probe station, NI DAQ PCI-6621 for DC voltage sources
and data sampling, SR570 as a low-noise current amplifier (for Ips), and Agilent 33250A function generator
for voltage pulses. The light source is a Halogen bulb EKE-SPC, 21 V 150 W with measured intensity of
~2 mW cm™? on the die surface (see figure S4 of the SI for light source spectra).

Our experiments consist of two main measurement procedures:
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Figure 2. Measurements procedures with sNRs_A. (a) CT measurement. Temporal evolution of Ips under fixed Vgg = —2.1 V

and Vps = 10 mV. During the first minute, the light is off, and the current is stable (blue Ips segment). Next, the light is turned
on for one minute and Ips decreases in magnitude (green Ips segment). Finally, the light is turned off again and the current
remains stable for the rest of the measurement (red Ips segment). (b) Charge retention. The top (bottom) panel depicts Ips (V)
as a function of time. Left image: a zoom-in on the first 100 s, which includes Ips measurement at Vg = 2 V, with an initial short
period (~40 s) in the dark and subsequent 60 s of LICT (writing) stage where the light is turned on. The retention begins at the
end of the charging stage when both the light is turned off and the Vgg goes to 0 V. The right panels depict the entire
measurement sequence, where frequent Vg pulses (—1 V@1 s) are used to read the Ips value. Vpg = 20 mV throughout the
entire measurement.

(a) CT measurements (figure 2(a)) for establishing the CT rate and magnitude under various Vs conditions.
This technique includes:

(b)

1.

‘Dark-light—dark’ measurement sequence probes the NCs charging parameters. The source/drain cur-
rent (Ips) is measured under a fixed bias and V. During the first minute, the light is off, and the
Ips stability is monitored for any CT processes related to the electrostatic stress from the gate voltage.
Next, the device is exposed to a white light source for one minute. Then the light is turned off while
Ips is still measured for an additional one minute. This extra minute reveals charge recovery processes
immediately after the illumination was turned off.

Shortly after the measurement sequence described in 1. was finished, we measure the device’s trans-
fer characteristics under dark conditions and limited Vg sweep range (£2 V). This method offers
another view on the amount of charge that remains stored in the NCs, by direct probing of the devi-
ation of the Dirac voltage (Vpj,c) or threshold voltage (Vi) from their values measured for a pristine
device (AVpjrac or AV 1y respectively). This voltage shift gives a lower bound for the charge stored in
the NCs at the end of the measurement described in 1. since even with the limited Vg sweep range,
there is a substantial charge recovery. However, these measurements provide an estimation for the
amount of ‘stable’ charge (stable under limited Vg range) trapped in the NCs.

After each pair of measurements mentioned in 1. and 2., we make sure that the device returns as close
as possible to its original (pristine) state, before beginning with the next set of measurements under
different Vg.

Retention measurements (figure 2(b))—under constant Vg and no light we measure Ipg for a period
of a few tenths of seconds. Next, the light is turned on and we monitor the current for 1 min of LICT
(still under the same constant V). Finally, we simultaneously turn off the light and bring Vg back to

0

V as the charge-retention stage begins. We measure the Ips at Vgg = 0 V and frequently apply Vg

pulses (Vg = —1 V@1 s) to read the Ipg state. The main panel of figure 2(b) shows a typical example
of Ips (top) and Vg (bottom) vs time during such a measurement. The image on the left magnifies the
beginning of the measurement and shows the initial dark period and the subsequent LICT interval.

Later, the evolution of Ipg is translated into the shift of the Dirac point voltage—AVpjrac, for small
bandgap CNT or shift of the threshold voltage—AVyy, for SC-CNT (see figure S3 of the SI). The processed
data are fitted to exponential dynamic equations, and the appropriate characteristic parameters such as decay
time constants and amplitudes are extracted. Furthermore, the magnitude of the transferred/retained
electrical charge is estimated.

4. Results and discussion

Prior to NCs deposition, we measure no effect of the illumination on the device’s transfer characteristics.
Similar results were obtained in a control experiment, where we drop-casted a solution consists of organic
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Figure 3. Effect of sNRs_A dispersion and illumination on the transfer characteristics. The images include measurements of Vg
sweeps in both directions (pointed by the direction of the triangles in the legend). The labels ‘Light on’ and ‘Light off” correspond
to turning the light ‘on” and ‘off” respectively, after sNRs deposition. (a) Semiconducting CNT. The measurements of the ‘CNT
only’ and the ‘Light off” are very similar. Turning the light on results with a hysteresis window. (b) Small bandgap CNT.
Compared to the ‘CNT only), the ‘Light off” measurement presents a slight n-doping of the CNT and a small improvement in the
contact resistance. As for the case of the SC-CNT, the ‘Light on’ measurement shows a substantial hysteresis window.

ligands (which have been used for coating the NCs) without the NCs. Figure 3 depicts the effect of sSNRs_A
deposition and subsequent illumination on the transfer characteristics of two distinct devices. Figure 3(a)
presents the results of a semiconducting CNT (SC-CNT). The sNRs deposition itself seems to have almost no
effect on the transfer characteristics (red symbols), while turning the light on opens a substantial hysteresis
window (blue symbols). Figure 3(b), depicts the transfer characteristics of a small bandgap CNT. In this case,
the sNRs deposition improved marginally the contact resistance and slightly n-doped the device (red
symbols). Again, after turning the light on a hysteresis window is observed (blue symbols). The lack of
hysteresis for devices with ‘CNT only’ (with or without illumination) or devices that include the sNRs but
the light is off, suggests that the illumination is responsible for the observed response. We suggest that this
effect is a photo-gating effect that originates from CT between the sNRs to the CNT (or possibly to nearby
traps in the SiO, dielectric). One may expect that this LICT will depend both on the illumination properties
(wavelength, duration, power, etc) as well as on the gate voltage which modifies the relative position of the
sNR’s and CNT’s energy levels. Indeed, our findings support this hypothesis, and a clear difference behavior
is observed for positive and negative gate voltages, as will be discussed shortly.

4.1. Charge transfer

To measure the LICT between the sNRs and the CNTs we use two different types of measurements: (a) the
CNT’s transfer characteristics curve (Ips vs Vgg), as well as (b) the Ipg vs time. These measurements were
performed under different electrical stress (V) and environmental conditions (N, atmosphere and
vacuum). The dynamics of the Ipgs during the illumination period are translated into the temporal
dependence of the voltage shift of the Dirac point (A Vi) (see figure S3 of the SI). Then, we analyze the
temporal development of AV p;,c according to a single exponential kinetic equation, equation (1):

Fitl :Cl' <16_(t/’rl)> (1)

where C; corresponds to the final AV, shift and 7, is the characteristic relaxation time. Under the
assumption that CT occurs from the sNRs which are either in direct contact with the CNT (first layer) or the
ones that are connected to them (second layer), we model the sNRs assembly as an effective single nanowire
with a diameter equal to twice the diameter of a single sNR. Therefore, the AV pj,c is translated into CT by a
capacitive model:

CT = AQ = CNR . AV'Dirac
2TEVESIO? 1 (2)

CN\RRY ——————————— = 43gF - ym™
In (2Dsioz/dnr) a

where Cyp is the capacitance between the gate and the effective NR wire, g9 = 8.85 x 1078 F ym~! is the
permittivity of free space, €si0; = 3.9 is the relative SiO, permittivity, Dsjo, = 285 nm is the SiO, thickness,
and dyr = 4 nm is the NR diameter.
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Figure 4. Temporal evolution of AV pjr, during illumination at various electrical stresses (for different Vg as signed in the figure
legend). The colored curves represent | A Vs | data that were extracted from the Alpg as described in the text. (a) For negative
Ve the AVpir, is negative. To ease the comparison to the measurements under positive Vg, the image presents |AVpirac|. Fity
(dashed dark line) represents the fitting of the various measurements to equation (1). (b) Same as (a) but for positive Vgg.

(c) The device’s transfer characteristics (in the dark) before any LICT measurement. At Vpirc = 0 V the majority carriers in the
CNT change from holes (negative Vg) to electrons (positive V).

Figure 4 displays a set of AV pj,c vs time measurements performed on a sNRs_A-CNT device, under N,
atmosphere at room temperature (see figure S3 of the SI for a typical raw data of Ipg vs time). Figure 4(a)
presents |AVpiac| vs time during the 60 s of illumination, under various negative Vg values. For negative
Vg measurements, the AV pjr, is negative since the excited electrons are ejected from the sNRs to the CNT
and leave a positively charged sNRs, which n-dope the CNT. The |A V| data grow monotonously with
time, seem to (almost) saturate after 60 s and show satisfactory agreement to equation (1). Figure 4(b),
depicts similar measurements performed under positive Vg. Unlike the data for Vg < 0, for positive Vg
the data fluctuate and show non-monotonous behavior. For low positive Vg in the range of ~0.3t0 0.9V
there is no obvious CT or significant AVpjg,e. For Vg larger than 0.9 V the AV, is positive and tends to
increase with time. However, it is very noisy, does not saturate after the 60 s of illumination, and shows poor
agreement with equation (1). Figure 4(c) depicts the device’s transfer characteristics, acquired with no light,
before any LICT measurements were performed. These data were used as a reference to translate the AlIpg vs
time to AVpjrc vs time. The Ipg curve shows ambipolar conductivity, where holes or electrons are the
majority carriers for Vgg <0V and Vg > 0V, respectively.

However, the transfer characteristics by themselves cannot explain the differences of |AVpjoc| between
negative and positive Vg. We propose that the LICT between the CdSe/CdS sNRs and the CNT also
depends on the energy band alignment between the three constituents (CdSe seed, CdS shell, and the CNT).
Figure 5 presents a model for the device’s band alignment for different gate voltages. The model considers the
small bandgap CNT as a semi-metal and presents most of the band bending at the CNT/sNRs interface
inside the sNR due to its lower density of states (DOS) compared to the CNT. This band bending is possible
due to the finite length and/or asymmetry of the core/shell sNRs. Figure 5(a) presents the band alignment at
equilibrium (Vg = 0V, dark). The band bending reflects a small accumulation of holes in the sNRs side, in
agreement with the initial slight n-doping in our observations (the parameters for the CdSe/CdS sNRs
energy bands were taken from Eshet ef al [8]). The sNRs discussed here possess a type I band alignment, with
relative deep potential well for holes (~35 meV) and shallow potential well for electrons (~10 meV), located
in the CdSe seed (QD core). After illumination similar LICT processes happen for both Vg =0V and
negative Vg. Both electrons and holes are excited in the CdSe core and CdS shell. Those created in the shell
can diffuse towards the CNT, the CdSe core, or fill a trap in the shell [40]. For the excited electron-hole pairs
in the CdSe seed, the hole wave function is localized at the CdSe where the electron wave function is more
delocalized and spread further into the shell region [41-43]. Figure 5(b) depicts an illustration of the energy
band alignment at Vg = —2 V. As the V5 becomes more negative, the band bending at the CNT/CdS
interface promotes the electron transfer and reduces the hole transfer to the CNT. The excited electrons
tunnel more easily from the sNR into the CNTs conduction band (CB), and quickly recombine with holes
(majority carrier in the CNT) or manage to be collected by the contacts. We entitle this LICT as ‘negative
LICT’, due to a negative CT from the sNRs to the CNT (leaving the sNRs positively charged). For LICT under
positive Vg the situation is more complex. For low positive Vg (Vg < 0.9 V), the electrons are the
majority carriers in the CNT, however, the total CT is close to zero (in some devices we could even measure
small negative LICT at these Vg values). This behavior arises since the CNT’s CB is still lower than the CB
of the sNRs. As Vg increases and becomes more positive, the bands of the sNRs and the CNT bends
downward (not evenly due to the difference in their DOS) until both CBs align. First, there is an alignment
between the CNT and the CdSe seed, and later for larger Vg, the CBs of the CdS and the CNT align.
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Figure 5. A model for the energy bands alignment at the CNT-sNR heterojunction and LICT processes under different Vg. The
Fermi energy (Er) is kept constant by the source/drain electrodes, while the conductance and valance bands shift according to the
field-effect caused by the gate voltage (V). (a) Vg = 0 V. The energy band alignment is at equilibrium. The blue lines
represent the valance (VB) and conduction (CB) bands of the CdS shell, the green lines represent the VB and CB of the CdSe core,
and the brown lines depict the VB and CB of a small bandgap CNT. The band bending at the CdS/CNT is modeled as a Schottky
barrier, where the CNT acts as a semi-metal. The estimated values of the CdSe/CdS energy bands [8] are marked on the vertical
axis, with the corresponding colors. (b) At Vg = —2 V, both the CNT’s and sNR’s energy bands are shifted to higher energy. The
predominant LICT processes (which are explained in the text) are depicted by black dashed arrows. The total LICT results in
positively charged sNRs. (¢) At Vgg = 2V, due to the new band alignments and band bending at the sNRs/CNT heterojunction,

the LICT processes results in negatively charged sNRs.

Figure 5(c) presents the energy band alignment at Vg = 2 V. This LICT (for high enough V¢) is a ‘positive
LICT’, where the total charge transferred from the sNRs to the CNT is positive, as evident from the observed
positive AV i, (figure 4(b)). Under large positive Vg the energy bands shift and an energy barrier at the
CB between the sNRs and the CNT is formed. The excited electrons generated in the CdSe seed find it more
difficult to hope to the CNT, and only a minority of electrons with high enough energy do manage to do so.
In the CdS shell the holes diffuse equally to the CdSe seed and the CNT (in the absence of an energy barrier
at the CNT/CdS junction). Excited electrons are predominantly diffuse to the CdSe seed, due to the energy
barrier at the CdS/CNT junction. These two oppositely CT processes result in a total negative charge in the
CdSe seed (and/or CdS traps) however this charge accumulation dynamic is much more random.

The description of band bending (or Ep shift) presented in figure 5 is based on the large difference of the
DOS near Ep between the SC-sNR (inside its band gap) in comparison to the small bandgap CNT. The
coupling between Er and the gate voltage is given by:

Cg

0Ep=e- ———4V, 3
F ECGJch fele (3)

where e = |e] is the elementary charge of the electron, and Cg and Cq are the geometrical and quantum
capacitances per unit length, respectively. Cg is taken to be constant, while Cq may vary considerably as a
function of energy around Ey. For a one-dimensional (1D) system Cq, is described as:

dg 1 0Q

Cqo =

= =I5 — 8P @

where L is the capacitor length, Q is the total charge and g(E) is the DOS per unit energy and length. From
equation (3) we find that if Cq < Cg, Er changes significantly with Vg, but on the other hand for

Cq > Cg, this change is very small. Since the DOS inside the bandgap is minuscule, equation (4) predicts a
very small Cq, which grows considerably at the bandgap edges. Therefore, the sSNR’s energy bands bend
much more than those of the CNT under Vg stresses, as depicted in figures 5(b) and (c).

Next, we analyze the temporal behavior of the LICT process. Figure 6(a) depicts the parameters extracted
from fitting equation (1) to the data presented in figure 4. For negative Vg, the temporal characteristics of
the LICT change very little for different V5 and 71 =~ 10 s. On the other hand, the CT magnitude, C,
increases almost linearly as a function of |Vgg|-

For positive Vg the raw data fluctuate and show non-monotonous behavior, hence, the fittings based on
equation (1) lose much of their validity, especially at the Vg range of 0.3-0.9 V, where the LICT changes
from negative LICT at negative Vg, to positive LICT for Vg larger than 1 V. Qualitatively, for Vgg > 1V
we see a clear tendency for higher CT and even larger time constant. We concentrate on the LICT under
negative Vg, where the quality of the fitting allows for more accurate analysis. Figure 6(b) depicts the
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Figure 6. Fitting parameters as a function of the applied gate voltage, Vg, during the LICT measurement. (a) Temporal
characteristics—7 (top panel) and the final absolute shift of the Dirac voltage—C; (bottom panel) parameters, extracted from
fitting the data presented in figure 4 to equation (1). (b) <C;> and <7> averages of five different devices (all comprise CNT and
sNRs_A) for negative gate voltages. Error bars depict the standard deviation of the whole data set.

averages (C)) and (71) extracted from a set of five measurements on different devices comprise sNRs_A and
CNTs. The error bars display the standard deviation, and their size reflects the inhomogeneous of the sSNRs
dispersion as well as the different CNTs (all small bandgap CN'Ts) in the various devices. Nevertheless,
qualitatively the data resemble the ones described in figure 6(a), where (1) varies little with Vg
({11) & 13s), while (C;) increases (almost) linearly with the |V gg| magnitude. These temporal characteristics
agree very well with previous publications of CT using direct electrical measurement [21, 35, 37], however,
they are much longer than time constants found in fluorescence decay measurements [7, 36, 44, 45].

In the electrical measurement of photo-response the Ipg modulations can result from two main sources:

(a) Photo-generated charge (electron or holes) transferred from the NCs to the CNT. These charges may
recombine with the majority carriers in the CNT (Ipg reduction) or be collected by the S/D electrodes.

(b) Photo-gating: after CT is taking place, the charged NCs (which are in very close proximity to the CNT)
effectively change the gate voltage or the electrostatic environment sensed by the CNT (causing Dirac-
point AV or threshold voltage AV ry shifts).

If we consider a CNTFET with a single CNT (2 nm diameter), and SiO, gate oxide of 300 nm thick, one
finds geometrical gate capacitance of Cg ~ 40 aF um ™. The resulted shift of the Dirac voltage is given by the
following expression: AVpire = AQ/Cgg. Hence, a density of ~250 electrons (or holes) per 1 ym trapped
close to the CNT will cause AV pjrac ~ 1 V. The Alpg depends on the transfer characteristics slope at the
working point (Vg value) in which the photo-response was measured. The main point is that the
photo-gating effect is specifically sensitive to the net CT between the SC-NCs and the CNT, and in our
measurement is dominant. The large difference between our results and fast decay in fluorescence intensity
measurements may be explained in the following way: CNTs typically report low quantum yields which
indicate that more than 90% of the energy absorbed is dissipated through nonradiative processes [46, 47].
Isolated metallic nanotubes which have no band gap have an efficient nonradiative recombination pathway,
as an excited electron-hole particle can relax to the ground state through a series of transitions mediated by
acoustic phonons. As a result, excitons have short lifetimes and the quantum yield of a metallic nanotube is
effectively zero [47-49]. The exciton relaxation rate of 10'! s~! was measured in isolated CNTs by Wang et al
[50]. Federspiel et al [51] attributed the energy transfer between CdSe/CdS/ZnS NCs and bare graphene to a
nonradiative Forster-type resonant energy transfer (FRET) with the frequency of ~6 x 10® Hz. The same
conclusion is shared by Biju et al [52] for systems with conjugated CdSe-ZnS QDs and single-wall CNTs.
Fluorescence decay measurements may include apart from CT a dominant energy transfer process that leads
to very short time constants. Unlike these experiments, the photo-gating effect measured in this study
provides a reliable estimation for the temporal characteristics of CT in SC-NCs/CNT devices.

To find any dependence of the LICT on the SC-NCs’ sizes, we consider three more combinations of
small-bandgap CNT and different CdSe/CdS (core/shell) nanoparticles. The NCs differ in their dimensions
(diameter, thickness) as well as in their dimensionality (1D sNRs and 0D QDs). Table 1 presents the
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Table 1. CT—fitting parameters. The data presented in the table is the average of the parameters: <7,> (independent for V5 < 0), and
C, for a selection of discrete Vg values, applied during the LICT measurements. L—the NCs length, d—the NCs diameter (see table S2
of the SI).

Shell thickness
NCs size (nm) (nm) 71 (s) C1, =2V (V) Cy1, —0.9V (V) C1,0V (V)
QDs d=3.3 0.25 9.54 1.91 1.40 0.87
sNRs_A L=30,d=4 0.45 13 1.49 0.89 0.5
sNRs_B L=65d=35 0.2 6.11 1.03 0.53 0.25
sNRs_C L=80,d=3.6 0.1 3.59 0.76 0.50 0.15
600
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500t Q‘"“@\_ -> sNRs A 1
\-\‘)_ _____ s -o-sNRs B
—400f o . #SNRsC
c 3
=.300¢
z
200t
1007
0

-2 -1.5 -1 -0.5 0
VGG[V]

Figure 7. Density of trapped charge within the different NCs at the end of the LICT period. The data presented are the average
number of charges <N> (holes) trapped in the NCs per a 1 um length. The different curves are attributed to the various types of
NCs, and the charge density is presented as a function of the applied Vg during the LICT measurements.

parameters’ averages extracted from fitting the data of all the different measurements according to
equation (1):

The value of C;, which corresponds to the LICT magnitude is inversely proportional to the NCs size. This
is opposite to previous publications which incorporated DWCNT, CdSe QDs, and MTH linker [32, 33]. This
difference may originate from the variation of the density of sSNRs/QDs coverage. In our devices, the coverage
of sNRs_A around the CNTs is typically denser than sNRs_B. Unfortunately, in devices that incorporate QDs
and CNT (called QDs in table 1), the QDs are too small to be detected in a SEM scan. The typical-time
constants 7, show a direct relation to the sNRs size and to the shell thickness (around the seed). The
relatively small size-variation of the sNRs seeds in our study prevents us from drawing strong conclusions
regarding the seed-size effect on the LICT (described for instance by Zang et al [53]). However, we observe
that 7 is directly correlated to the CdS shell thickness around the seed (the shells thickness goes as:
sNRs_A = 0.45 nm > QDs = 0.4 nm > sNRs_B = 0.2 nm > sNRs_C = 0.1 nm). This is consistent with a
thinner barrier that assists the core electrons to tunnel through the sNR’s shell and may suggest that the
majority of the detected LICT originates from the charge in the CdSe core. Using equation (2) we can
estimate the density of charge accumulated on the different NCs. Figure 7 depicts the effect of Vg on the
amount of (positive) charge accumulated in the different NCs at the end of the LICT period. The presented
data are the average of accumulated charge in the NCs, where for negative Vg, (N) stands for the number of
holes trapped in the NCs per 1 pm length. The average is calculated over two or three devices for each
CNT-NGCs type.

From SEM images, we roughly estimate ~150 sNRs_A per 1 um length involve in the LICT, results in a
(Vg dependent) charge of 1-3 holes per sNR.

4.2. Charge recovery

A large amount of charge remaining stored in the NCs at the end of the illumination cycle raises a major
interest in charge retention, how quickly it disappears, and to what extent. We investigate this charge recovery
process by applying one minute ‘write’ (illumination) pulse under fixed bias and Vg, followed by a long
period in which we relax the Vg to 0 V and turn off the light while keeping the bias as is and monitoring the
current through the CNT. We probe the Ips with ‘read” Vgg-pulses (see figure 2(b) in the experimental
methods section) and employ the same data analysis as in the charge-transfer measurements section and
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Figure 8. AVpj,c temporal recovery is measured after 60 s of LICT period (illumination), for sNRs_A and small band gap CNT
device, at T = 290 K and N, atmosphere. (a) Temporal dependence of the AV pj,. recovery. Raw data are depicted by blue
diamonds, red triangles, and green circles for the charge-recovery after the LICT period under Vgg = —1, —2, —3 V, respectively.
The fitting of the data to equation (5) is presented by lines with matching colors. (b) The temporal recovery of AV pjrac is
presented as a percentage of the initial AV pjr, at the end of the ‘writing stage’.

convert the Ipg evolution into temporal dependence of AV ;. Figure 8(a) depicts the temporal dependence
of AVpjirac recovery behavior of a device that comprises CNT and sNRs_A for a set of measurements
performs under N, atmosphere at room temperature. A substantial recovery is observed after one hour.
Contrary to the LICT described earlier, the dynamic of AV, recovery shows poor agreement to a single
exponential model. However, an excellent agreement is found when one considers two charge recovery
processes with different relaxation times as described by the biexponential kinetic equation of the following
form:

Fit2:C1 . (1—6_(1:/7—1)) +C2 <l—e_(t/7—2)) (5)

where, C; and C, correspond to the magnitude of AV, and 7 and 7, are the temporal characteristic
timescale describing two distinct ‘fast’ and ‘slow” charge recovery processes. The fitting of AV pjr,c temporal
recovery to equation (5) is depicted in figure 8(a) by colored lines (dashed, dotted, and full for measurements
after ‘write’ at Vgg = —1, —2, and —3 V, respectively) with matching colors to the raw data. The parameters
extracted from the fitting reflect a mix of ‘fast’ and ‘slow’ charge-recovery processes, with approximately two
orders of magnitude difference in their time constants. There is no clear dependence of the time constants on
the Vg value during the ‘writing’ stage, nor on the amount of the charge stored in the sNRs at the end of the
writing cycle. In general, the magnitude of the charge recovery (<A Vi) is higher for the larger initial
charge stored in the sNRs (which scales according to the ‘writing voltage’). Surprisingly, when drawing the
recovery percentage relative to the initial charge stored in the sNRs at the end of the ‘writing stage’ the three
curves for the different ‘writing voltages’ almost collapse to a single curve (see figure 8(b)). For this specific
device, over 50% of the initial charge was recovered after one hour. This was the largest charge-recovery
percentage that we have measured, and evidently, after one hour the AV, recovery process is yet to
saturate (figure 8(a)).

Figure 9(a) presents the parameters extracted from fitting equation (5) to the data depicted in figure 8(a).
The average of the time constants, for fast and slow AV pj,c-recovery processes presented in figure 9(a), are
(11) & 40s, (12) == 3100s, respectively. The magnitude of the slow recovery process (C,) is 5-10 times larger
than the magnitude of the fast recovery process (C; ). Figure 9(b) depicts the fitting parameters of AVpjp,c
recovery measured on another device comprise SC-CNT and the same sNRs_A. The sum of the AV pj,c
recovery parameters (C; + C,) is comparable to the one in figure 9(a). The averages of the time constants for
the fast and slow recovery processes in figure 9(b) are almost twice as large with respect to figure 9(a) and
found to be (1) &~ 655, (1) & 61005, respectively. The reason for the large difference in the temporal
characteristics of the two charge-recovery processes is not clear. We speculate that it may be explained by a
‘double-layer recovery” hopping path. The fast recovery process reflects electrons tunneling from the CNT
and recombining with excess holes in the sSNRs which are in direct contact with the CNT. The slow recovery
process includes charge hopping from sNRs in the first layer into adjacent sNRs which are not in direct
contact with the CNT. Moreover, we observed that the temporal dependence of AV pjr,c-recovery is almost
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Figure 9. Fitting A Vpjr.c-recovery to equation (5). (a) Fitting parameters corresponding to the data presented in figure 8(a)
(small bandgap CNT). The top panel depicts the temporal dependence of the two distinct processes which contribute to
AVpirac-recovery. The ‘fast’ process described by 7 and Cj, is approximately two orders of magnitude faster than the ‘slow’
process characterized by 7, and Cs. The bottom panel displays C; and C,, which are the contribution of each recovery process
(fast or slow) to the magnitude of AV pjr,c-recovery. (b) Fitting parameters corresponding to measurements performed on the
device of sSNRs_A combined with SC-CNT. The top panel presents the fast and slow temporal characteristics parameters, 71, and

7, with approximately two orders of magnitude difference. The bottom panel presents the recovery-magnitude parameters
C1 and Cz.

Table 2. Recovery—time constants: 71 and 7 are the typical recovery time constants for the ‘fast’ and ‘slow’ recovery processes,
respectively. The recovery measurements were performed immediately after LICT under different Vgg values (—1, =2, =3 V).

NCs 71 =1V, (s) 71 =2V, (s) 71 =3V, (s) T2 —1V, (s) T2 =2V, (s) T2 =3V, (s)
QDs 67.8 45.6 37.3 2.84 x 10° 2.16 x 10° 2.24 x 10°
sNRs_A 41.56 36.34 53.03 2.50 x 10° 4.52 x 10° 4.67 x 10°

Table 3. Recovery magnitude: C; and C; are the recovery magnitude associated with the ‘fast’ and ‘slow’ recovery processes, respectively.
The recovery measurements were performed immediately after LICT under different Vg values (—1, —2, =3 V).

NCs Ci—1V,(V) Ci -2V, (V) Ci—3V, (V) C, —1V, (V) C, =2V, (V) C,—3V, (V)
QDs 0.146 0.302 0.286 0.302 0.702 0.503
sNRs_A 0.17 0.16 0.22 0.53 0.73 0.96

unaffected by the DOS in the small bandgap CNTs. However, if the LICT shifts the Fermi energy deep into
the bandgap of a SC-CNT, the recovery process slows down dramatically. This is presented in figure 9(b),
where at the end of the LICT interval for Vgg = —2 or —3 V, Ep is situated well inside the CNT’s bandgap
(due to substantial n-doping). Both 71 and 7, are over three times larger, compared to the case at the end of
the LICT period under Vg = —1V, where Ey is situated closer to the edge of the valance energy band (due
to lower n-doping).

We apply the same AVp;,.-recovery measurements on a set of devices, where CdSe/CdS (core/shell)
QDs replace sNRs_A. A comparison between devices incorporating sNRs_A and QDs (three devices of each
type) are presented in the following tables which include the averages of the extracted parameters using
equation (5), as well as the percentage of the charge recovery.

Table 2 shows comparable recovery time-constants for QDs and sNRs_A devices which suggest that the
size of the shell is irrelevant for the recovery process and that most of the charge in the NC is located in its
core. In both types of devices there exist two distinct recovery processes, characterized by time constants two
orders of magnitude apart. From table 3 we calculate the recovery-magnitude ratio of the ‘fast’ and ‘slow’
process, C,/C;. For the sNRs_A devices C,/C; ~ 3—4, while for QDs devices C,/C; = 2. These ratios indicate
a more substantial ‘second layer’ in the case of sNRs_A compared to the QDs. Hence, despite having
analogous time constants, the ‘fast’ recovery of sNRs_A is responsible for a significantly lower portion of the
charge recovery compared to the QDs. Using our ‘double-layer’ recovery model, this can be explained by the
difference in the coverage of the CNTs by the NCs. The QDs are densely packed along the CNT, with
relatively diluted 2nd layer’ compared to the sNRs_A, which has fewer NCs attached to the CNT compared
to the QDs (due to their size). However, each ‘Ist layer’ sNRs is in contact with a few other sNRs which
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Table 4. Recovery percentage: The percentage is calculated as (A Vpjrac—recovery after 60 min)/(A Vi at the end of the LICT
sequence).

NCs Rec —1V, (%) Rec -2V, (%) Rec —3V, (%)
QDs 21.8 27.4 30
sNRs_A 49 42 37

constitute the 2nd layer’. Hence, for the QDs a significant part of the charge recovery is associated with direct
tunneling to the CNT, whereas for the sNRs_A this recovery channel is less dominant. Table 4 presents an
opposite tendency for the charge-recovery percentage as a function of the ‘charging voltage’ (Vg during the
LICT) between the two types of NCs. The data in table 4 also emphasize the slightly longer charge retention
for the QDs with respect to the sNRs_A. This may result from charge occupying traps inside the CdS shell or
CdSe/CdS interface [54-56], which are more abundant for larger sNRs_A. This property may play an
important role in the future generation of electro-optic memory cells.

5. Summary

We present a hybrid opto-electronic device that comprises single CNT and CdSe/CdS—core/shell NCs in a
field-effect transistor geometry. Nano-liter droplets of SC-NCs solution were drop-casted on top of the CNT
without any CNT functionalization or resist residues. We measure and characterize the effect of different gate
voltages stress—V g (both negative and positive) on the LICT between the CNT and the NCs. Surprisingly,
the negative-LICT which was reported in several publications (overall electrons transfer from NCs to CNT)
is not exclusive and positive LICT (net holes transfer from the NCs to the CNT) also appears for sufficient
high positive V. We specify a correlation between Ipg measurement during LICT and AV, and use it to
extract the charge accumulated in the NCs (charge transferred to the CNT). The principal contributors to
the LICT processes were qualitatively explained and presented by an energy-bands alignment model. The
effect of LICT on the Ips can be misleading since it depends on both the LICT type (positive or negative) as
well as on the CNT’s transfer characteristics and the applied gate voltage. Hence, to measure the dynamics of
the LICT we translated the Ipg evolution during the ‘light on’ period, to a shift in the Dirac-point voltage
(AVpirac). The AV pirac vs time for negative-LICT was fitted to an exponential dynamic-equation, while
positive-LICT (although substantial) was noisy, non-monotonous and allowed for only limited impression
on its dynamics and Vg dependence. Under negative Vg, the LICT temporal characteristics of the sNRs_A
(d =4 nm, L = 30 nm) is almost unaffected by the Vg variation and is estimated to be 13 s. The magnitude
of the CT increases (almost) linearly with the magnitude of V. The amount of charge occupying each sSNR
at the end of the LICT is Vgg-dependent and estimated to be between 1-3 holes (for Vg =0V to

Vee = —2V, respectively).

We measure and compare the LICT process between CNTs and four different types of sNCs. The
temporal characteristic has both a direct correlation to the CdS thickness around the CdSe core (thinner shell
around core < faster charging) and is inversely proportional to the sNRs size. The LICT magnitude shows an
inverse relation to the NCs size (but this parameter may be also related to the sSNCs coverage density). We
further investigate the charge retention in the sSNCs and propose a recovery model that considers CNT
coverage with two layers of sNCs. We compare a set of devices comprise of two different types of sNCs and
found that CdSe/CdS QDs (d = 3.3 nm) retain their charge longer than sNRs_A (d = 4 nm, L = 30 nm).
Following a LICT sequence, the charge recovery process was characterized by a combination of two slow and
fast temporal processes with two different time scales. For the fast process, 7; ~ 45 s while the slow process is
characterized by 7, of more than 45 min. These two distinct recovery processes are related to recovery from
the 1st and 2nd NCs layers, respectively.

In conclusion, this study presents the influence of gate-voltage and sNCs-size on LICT between NCs and
CNTs. The model and data processing presented here may be utilized for electrically analyzed CT and
electrostatic correlation of various hybrid devices. Furthermore, can assist in the optimization and control of
LICT processes in hybrid nanostructures, thus improving the future performance of optoelectronic devices.
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