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ABSTRACT: We demonstrate the relation between the optical
blinking of colloidal semiconductor nanocrystals (NCs) and their
electrical charge blinking for which we provide the first
experimental observation of power-law statistics. To show this,
we harness the performance of CdSe/ZnS NCs coupled with
carbon nanotube field-effect transistors (CNTFETs), which act as
single charge-sensitive electrometers with submillisecond time
resolution, at room temperature. A random telegraph signal
(RTS) associated with the NC single-trap charging is observed
and exhibits power-law temporal statistics (z7% with a in the
range of ~1—3), and a Lorentzian current noise power spectrum
with a well-defined 1/f* corner. The spectroscopic analysis of the
NC—CNTEFET devices is consistent with the charging of NC
defect states with a charging energy of E. > 200 meV. These
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results pave the way for a deeper understanding of the physics and technology of nanocrystal-based optoelectronic devices.
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ptical blinking of semiconductor nanocrystals (NCs) is

one of the most fascinating observations of a two-state
system intermittency in which the light emission from a
nanocrystal is switched on and off by the fluctuation of the
charge occupation of a single electronic state." Early evidence
has indicated photoluminescence blinking at a time scale of ~1
s in cadmium selenide nanocrystals.” A charging model based
on NC photoionization has been proposed, whereas the related
on/off charge state intermittency has been directly demon-
strated at low blinking frequencies using electrostatic force
microscopy on individual nanocrystals.” However, more recent
work has shown that the physics associated with optical
blinking is more complex.m’5 In particular, a second type of
blinking, called B-type blinking, has been identified;" this type
of blinking exhibits typical power-law behavior for the
photoluminescence on/off dynamics on the 10 ms to 10 s
time scale with unchanged photoluminescence lifetime during
the on or off periods. Optical blinking has been attributed to
the intermittent occupancy of recombination centers (trap
states) in the NC band gap. However, no link has yet been
experimentally established between the power-law dynamics
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observed in fluorescence experiments and the actual dynamics
of the NC electrostatic charge population.

In this Letter, we investigate the charge fluctuation dynamics
of individual CdSe/ZnS semiconductor NCs using CNTFETSs
as single charge sensors. CNTFET devices have already been
investigated at low temperature to demonstrate and detect
single charging events in metallic NCs®” and to probe the
charging spectrum of semiconductor NCs.® In addition, they
have also been used as few-electron/single-electron charge
sensors at room temperature in ambient air’ and, very recently,
in a liquid environment.'” In the present work, to study the
charge fluctuation dynamics of individual semiconductor NCs
we probed individual semiconductor NCs attached to
CNTFETs with a submicrosecond time resolution and with
single-charge sensitivity at room temperature. Electrical
blinking manifests as a pronounced random telegraph signal
(RTS) associated with upper and lower current levels through
the CNTFET devices. The RTS analysis shows clear power-law
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Figure 1. Device A random telegraph signal. (a) Schematics of CNTFETs fabricated on an SiO, layer grown on a doped silicon wafer acting as a
back-gate. A bias Vp is applied between the source (S) and drain (D) contacts. The current through the nanotube I is probed as a function of the
back-gate bias V5. An NC is sketched along the CNTFET channel. (b) Atomic force microscopy topography images of Device A, which was
fabricated from a semiconducting nanotube grown by chemical vapor deposition on a 1 ym thick SiO, layer, before and after NC deposition (here, 4
nm outer diameter CdSe/ZnS NCs, see text). The topography image z-scale was set to 15 nm to enhance the topographic features in the vicinity of
the CNTFET channel. The source and drain contacts therefore correspond to the saturated S and D white areas in the topography images. A single
NC added via the deposition process is identified along the CNTFET; the NC exhibits a recorded height of 4 nm. (c) Transfer characteristics
Ins(Vgs) of the CNTEET before (orange) and after (blue) NC deposition. (d) Current time trace Ing(t), as recorded at fixed Vg, before (orange)
and after (blue) NC deposition. The NC deposition induced a pronounced intermittency between the two current levels labeled H and L. (e)
Corresponding current histograms before and after NC deposition. The current histogram probed before NC deposition is also shown for sake of

comparison.

temporal statistics of upper and lower current states (ie.,
statistics varying as 7% with @ in the ~1-3 range) and a
Lorentzian current noise power spectrum. The spectroscopic
analysis of the coupled NC-CNTFET devices shows that the
electrical blinking is due to the charging of the NC defect states
with a measured charging energy of E. > 200 meV. This origin
of the electrical blinking suggests that the power-law statistics of
optical blinking is governed by the population statistics of the
underlying NC trap states.

Samples were fabricated using standard nanofabrication
techniques (see Supporting Information). We worked both
with (i) single-walled carbon nanotubes directly grown by
chemical vapor deposition on oxidized silicon substrates and
with (ii) commercial semiconducting nanotubes (99% pure
semiconducting single-walled carbon nanotubes, Nanolntegris).
Atomic force microscopy (AFM) images and electrical
characteristics of the CNTFETs were systematically measured
prior to and after deposition of semiconducting nanocrystals to
ensure the deposition of individual semiconducting NCs along
the CNTFET channels. To guarantee that the observed power-
law electrical blinking statistics did not depend on the
CNTEET device fabrication, we also studied two types of
devices, labeled Device A and Device B hereafter, which were
fabricated using two different approaches. Device A consisted of
a CNTFET constructed from single-walled nanotubes grown
by chemical vapor deposition on a 1 um thick SiO, layer
thermally grown from a p-type degenerately doped silicon
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wafer. Source and drain contacts were deposited by Ti (S nm)/
Au (45 nm) metal evaporation, and a CNTFET channel of ~1
um length was defined. CdSe/ZnS NCs with 4 nm outer
diameter (purchased from MKNano) were subsequently
deposited by being drop-cast onto the fabricated CNTFET.
Device B consisted of a CNTFET constructed from
commercial semiconducting nanotubes (purchased from Nano-
Integris) deposited from a dichloromethane suspension onto a
thermally oxidized silicon wafer. This device exhibits a
geometry similar to that of Device A, except for the difference
in the SiO, thickness (300 nm thick thermal dioxide) and the
deposited NC size (CdSe/ZnS NCs with measured S nm outer
diameter, purchased from MKNano).

The devices (including the CNTFET wiring) are sketched in
Figure la. AFM images of Device A before and after NC
deposition are provided in Figure 1b. The comparison between
the two AFM images shows the presence of an isolated NC
adsorbed along the CNTFET channel, as a result of the NC
deposition process (see the white arrow as a guide to the
eye).'! The electrical characteristics Ipg(Vgs) of Device A
before and after NC deposition are shown in Figure 1c. Unlike
previously published experiments at low temperature,” which
reveal a series of individual jumps in the Ipg(V) characteristics
(“hole per hole”charging of the NC during the back-gate bias
sweep), such jumps are not clearly observed here. This lack of
observed jumps is a consequence of our devices operating at
room temperature and in ambient air, whereas previous
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experiments have been performed at temperatures much
smaller than the dot interlevel spacing (i.e., for kyT < AE, in
which AE ~ 25—50 meV® accounts for the electrostatic and
quantum confinement energies) and were performed in
vacuum. The main feature observable in the electrical
characteristics is a “flattening” of the Ing(Vgs) curve after a
NC is attached to the device (i.e., a gradual decrease of the
current level with increased negative back-gate bias V), as
shown in Figure lc. This feature is typical of coupled NC-
CNTEFET devices and is the global result of charge transfer
from the CNTFET to its environment upon the application of
a back-gate after NC deposition.” An increased noise (Figure
Ic) is also visible in the Ipg(Vgg) characteristics after NC
deposition compared to the characteristics prior to NC
deposition. To isolate this effect, current versus time Ipg(t)
data were recorded at fixed Vg and are shown in Figure 1d.
The data clearly show that the NC induces a pronounced
random telegraph noise in the CNTFET current, where higher
(H) and lower (L) current levels (with mean values of 3.6 and
1.5 nA, respectively) can unambiguously be identified at fixed
gate bias. The two-level intermittency between the H and L
levels corresponds to the semiconductor NC carrying N and N
+ 1 charges and is unambiguously revealed by the histogram of
the current levels in the Ipg(t) data, as shown in Figure le. This
RTS signal can be used to study the “electrical blinking” of the
NCs using the CNTFETs as charge detectors.

A similar behavior is observed for Device B, as shown in
Figure 2. Device B topography is shown in Figure 2a, where the
circled area corresponds to a NC (measured height ~5 nm)
identified after the deposition of CdSe/ZnS NCs. The transfer
characteristics Ipg(Vgg) of the device before and after NC
deposition are shown in Figure 2b for a source-drain bias Vg =
150 mV. A very similar flattening effect in the Ing(Vgs) is
observed compared to that observed for Device A. We also
recorded the back-and-forth back-gate bias sweeps for the
Ing(Vgs), showing an increased hysteresis in the presence of the
NC along the CNTFET channel. This effect is not expected
from a purely reversible NC charging effect but may be due to
charge exchange processes with slow time-scale dynamics at the
NC/SiO, substrate interface'” upon changes in the gate bias
Vgs. Current time traces Ipg(t), shown in Figure 2c after the
NC deposition (Vpg = 150 mV, Vg = —8 V) display a
pronounced RTS after the NC deposition, similar to Device A,
with L and H current levels of 0.8 and 1.5 nA, respectively. The
corresponding histogram is shown in Figure 2d, which shows
an asymmetry between the occupation of the two levels.

To gain insight into the statistics of the charge jumps, we
measured the Ing(#) time traces of the devices using a recording
bin time of 7., = 1 ms and a total integration time of 7, =S s
for Device A and 7,,;, = 0.1 ms and 7,,,, = 1 s for Device B to
explore NC charging dynamics on shorter time scales. An
example of raw experimental Ig(t) traces are shown in Figure
3a,d. Idealized time traces were also computed (data not
shown), where the introduction of a threshold enables the
transformation of the experimental Ipg(t) traces into a pure
RTS signal between L and H levels with amplitudes 0 and 1,
respectively. From the idealized time traces, we derive the
statistics of the levels L and H, which are plotted as a function
of the event duration in Figure 3b,e. This plot shows a clear
power-law behavior for the NC charging events (probabilities
P, y(7) for the high/low events proportional to 7 3"). The
associated measured exponents are o = 1.3 + 0.3, oy = 2.1 +
0.3 (Device A), and a; = 3.1 + 0.4, ap; = 1.3 + 0.4 (Device B).
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Figure 2. Device B random telegraph signal. (a) Atomic force
microscopy image of Device B after the deposition of CdSe/ZnS NCs
(see text). The highlighted feature corresponds to a NC (height S nm)
identified after the deposition process. The image z-scale is 1S nm. (b)
Transfer characteristics Ipg(Vgs) of the CNTFET (here, under dry
atmosphere) before (orange) and after (blue) NC deposition, using
Vps = 150 mV. The hysteresis upper branches correspond to gate bias
sweeps toward negative V. (c) Current signal plotted as a function of
time Ipg (t) at fixed Vg = —8 V after NC deposition; the signal shows
two current levels (L and H). The graph also contains a parasitic
current oscillation at S0 Hz. (d) Current histograms after the NC
deposition, corresponding to the graph of Ing(f) shown in (c).

The average times spent on the levels L and H are provided in
Figure 3b,e but will not be further analyzed because they
depend on the bin time 7,;;, and total integration time 7,,,, for a
power-law behavior. The o values may also depend to a smaller
extent on 7,;, and 7,,. These effects have previously been
studied."*™'® However, our purpose here is to clearly
demonstrate the existence of power-law behaviors in the
charging dynamics of NCs, as shown in Figure 3b,e, rather than
to provide a refined measurement of the a coefficients.
Furthermore, we computed the power spectrum noise (in
A?/Hz) from the Ing(t) time traces for Devices A and B, which
are shown in Figure 3c¢f. This approach is common in
characterizations of the RTS arisin% in field-effect transistors
with small (sub-ym) dimensions'”’® as well as for RTS in
CNTFETs at low temperatures.'” It has also been used to
characterize the power-law exponents at hand in optical
blinking experiments.”’ Here, we observe for both samples a
clear Lorentzian shape for the current trace power spectrum,
that is, a saturation plateau below the corner frequency f, and a
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Figure 3. Power-law temporal statistics. Statistical analysis of the RTS noise for Device A (top) and Device B (bottom). (a,d) Experimental time
traces of the current I, as recorded at fixed gate bias (Vg3 = —19 V and Vg = —10 V for Devices A and B, respectively). Current histograms are
provided to show the separation between the L and H levels. The time bin and integration times are 7,;, = 1 ms and 7,,,, = S s (Device A) and 7,,;, =
0.1 ms and 7,,,, = 1 s (Device B), respectively. (b,e) Statistical analysis of the time spent in the L and H levels; the analysis indicates power-law
behaviors (see text). (c,f) Power spectra of the experimental Ing(t) time traces, showing Lorentzian shapes with well-defined corner frequencies f.
and 1/f* slopes (the red lines are Lorentzian fits to the experimental data).

1/f* slope (slope —2 in the logarithmic representation of Figure
3¢,f). We extract from these graphs the RTS corner frequency f.
from a Lorentzian fit to the current trace power spectrum. This
yields f. = 5 Hz for Device A and f, = 48 Hz for Device B. The
corner frequencies differ significantly, but they are also related
to the average times (7; ;) spent on each of the levels L and H
and therefore depend both on @y 3; and on the choice of the bin
time 7.;, and maximum integration times Tmax.m_m However,
the observation of such a clear Lorentzian spectrum from
electrical experiments is striking compared, for example, to
nanowire field-effect transistor devices with an RTS caused by a
few oxide traps'® for which the Lorentzian shape of the RTS
power spectrum appears as a deviation from or a shoulder to
the dominant 1/f background noise. We associate this effect
with the large amplitude of the RTS observed in our
experiments (up to a factor of 2 between the L and H current
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levels) compared to the work of ref 18 (ie. less than 10%
difference between the L and H current levels, at most).

The observation of a power-law behavior is consistent with
the optical blinking of similar CdSe NCs capped with ZnS, as
observed from fluorescence experiments,13 or for different
colloidal NCs.""*** We experimentally verified that the NCs
used in this work exhibited fluorescence blinking (see the
Supporting Information) either on insulators or when
deposited onto a dense carbon nanotube layer.”' Notably,
however, electrical blinking in our work was observed in the
dark. Only the NC electrostatic charge state is indeed probed
here in the absence of optical excitation, which separates
electrostatic issues from the optical processes associated with
NC blinking." To our knowledge, these experiments are the
first demonstration of electrostatic experiments in which a
power-law statistical distribution of the NC charge state is
observed. Indeed, pioneering work probing single charge
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Figure 4. RTS back-gate dependence for Device A. (a) Histograms of I,s current levels recorded as a function of the back-gate bias V. The device
current was recorded for each plot using a recording bin time 7,,;, = 10 ms. The total recording time was 7, = S's (Vgg = —10 V) or 7, = 105 (Vg

—12 V to —19 V). Insets show the RTS of the current traces. (b) Schematics of the charge transfer between the CNTFET and the NC trap. (c)

Energy diagram showing charge transfers between the CNTFET (treated as a metal electrode) and NC band gap traps with charging energy E.. E .4
and E, refer to the NC conduction and valence bands, respectively. In this picture, we only take into account the trap electrostatic charging energy
E_ by assuming that the energy difference between trap levels AEy stays small as compared to E. (AE; < E,, see text).

fluctuations of CdSe NCs by electrostatic force microscopy’
suffered from intrinsic bandwidth limitations and could not
reveal NC blinking statistics. Previous experiments based on
single charge detection using CNTFETSs were neither focused
on NC blinking nor on the statistical aspects of charge
fluctuations.”'® Finally, recent work has focused on current
blinking in the transport through colloidal dots, either from
transport measurements using static electrodes™ in the case of
CdSe/CdS NCs or using conductive AFM in the case of PbS or
PbSe dots.”” Such measurements revealed ON and OFF
current states with power-law statistics or a Lorentzian power
spectrum but did not demonstrate experimentally the
fluctuation statistics of the single charge state involved in
their interpretation.

To further assess the physical mechanisms associated with
the NC electrostatic blinking, we performed a spectroscopic
analysis of the devices to measure the charging energy E.
associated with the RTS. In Figure 4, we show the RTS
properties of Device A probed as a function of the CNTFET
back-gate, which is varied by AV steps of 2 or 3 V. Such large
AV steps were chosen to explore the full Vg range of the
device in which the RTS could be observed (see the discussion
hereafter). The observed RTS histograms are presented in
Figure 4a (the insets illustrate the associated current jump
events over a reduced time range) for Vg values where the
RTS could be observed. We verified that the RTS could not be
identified beyond the Vg range of Figure 4 in the recording
conditions. Figure 4a shows that the RTS definitely varied upon
changes to the back-gate bias, although a monotonous trend for
the relative histogram weights of the L and H current levels was
not observed. This effect likely arises because the steps in AV
induce shifts of the NC electrostatic potential larger than the
NC charging energy. This effect can also be explained in part by
the fact that the application of a sudden change in V5 can alter
the global device gating properties;  alternatively, it can be
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explained by the presence of different trap centers in the
charging process for different Vg (see the discussion
hereafter).

To estimate the NC charging properties from the RTS data
in Figure 4a, we followed the approach used to model the RTS
induced by trap states in early sub-um Si FET devices.”* This
approach relates the ratio between the trap capture and
emission times to the trap charging energy. This model
describes the statistics of the trap center in equilibrium with the
Fermi level of the electronic device channel (see the schematics
in Figure 4b). This model can be adapted here to compute the
energy difference between the NC electronic state with energy
Er involved in the RTS process, as well as the local Fermi level
Eg in the CNTFET, from the average times spent on the L and
H current levels

] (1)

)
()

We used this equation and the average times (7;) and (7y)
derived from the RTS plots in Figure 4 to analyze the variations
of Er — Ep when the back-gate bias Vg was swept in Device A.
Results are shown in Table 1. The trap charging energy shows a
large dispersion with positive and negative values and a
maximum absolute value of |E; — Egl,.., ® 70 meV. To explain
these variations, we propose that the RTS is due to the charging
of a NC band gap trap with energy E; in equilibrium with the
CNTFET channel (here, in a metallic representation) with
local Fermi level Ep. The charging process is illustrated in
Figure 4b together with a simplified energy diagram provided in
Figure 4c in which we consider that the trap charging energy E_
is much larger than the energy difference AE; between two
different traps (this quantity is therefore not represented in
Figure 4c). This leads to a simple picture of energy levels
organized in the form of a “ladder” separated by E. (E. > AEr

ET - EF
kT

DOI: 10.1021/acs.nanolett.5b01338
Nano Lett. 2015, 15, 6349—-6356


http://dx.doi.org/10.1021/acs.nanolett.5b01338

Nano Letters

Table 1. Analysis of the RTS in Device A“

Vs (m)/(ma) 2(Er — Ep) AVg(L — H) eAVgs(L — H)/p
-10V 16 144 meV 0.80 V 215 meV
-12V 0.90 —6 meV 083V 225 meV
-15V 1.8 30 meV 08V 215 meV
=17V 0.14 —100 meV 1.0V 270 meV
-19V 0.47 —38 meV 1.0V 270 meV

“The table shows the operation back-gate bias Vg, the ratio between
the average times (7;) and () (data from Figure 4), the trap energy
with respect to the CNTFET Fermi level E; — Ep. (see text), the back-
gate voltage difference between the current levels I}, and Iy associated
with the L and H states (obtained from the transfer characteristics of
Device A without NC), and the corresponding charging energy
obtained using the lever arm f = 3.7 taken from ref 8.

prevents the simultaneous charging of several traps). In this
most simple picture, the energy mismatch between Eg and Ey is
necessarily limited by E./2, as shown in Figure 4c. Using the
measured value of |[E — Egl,,.. & 70 meV, this yields E. > 2 |Ey
— Egl,. ® 140 meV. Such a value is large compared to the
charging energy already observed in the case of metal NCs (E,
~ 5 meV’) or to that reported for CdSe NCs of similar size (E,
~ 20—40 meV®). It is, however, consistent with the charging of
NC band gap trap states and is furthermore in agreement with
our observation of two-level RTS at 300 K.

To support this claim, we estimated E_ using an alternative
method. We consider for each gate voltage Vg the values of the
L and H average current levels, as extracted from the
histograms in Figure 4. We then use the CNTFET character-
istics of Device A prior to NC deposition to estimate the back
gate voltage shift AVgg(L — H) corresponding to the switch
between the two current values. Raw values of AVg(L — H)
are presented in Table 1 and exhibit relatively stable values in
the range of 0.8—1 V. These values, however, refer to the
voltage applied to the CNTFET back-gate, which is related to
the real NC electrostatic energy by a lever arm f. This lever
arm has been estimated as # = 3.7 in a previous work® for a
CNTFET device geometry (ie, channel length and oxide
thickness) similar to that of Device A. We therefore extract the
NC charging energy as eAVyg (L — H)/p, as provided in Table
1. Remarkably, these values are rather constant (in the 215—
270 meV range) as a function of V5 and remain above the 140
meV value extracted from the maximum value of E; — Eg in the
RTS analysis. This result is fully consistent with the fact that E_
> 2lEr — Egl,, in the trap-charging RTS model. It is also
consistent with the fact that the measured E; — Ep values
shown in Table 1 were randomly observed to be positive or
negative, which is a consequence of the fact that the back-gate
bias steps applied to the device eAVs/f are larger than E..

These results support our model of a two-level RTS
associated with the population of NC band gap traps with a
charging energy E_ 200 meV for Device A. The same
methodology has also been applied to Device B (detailed
analysis provided in the Supporting Information), which yields
a trap charging energy E. & 225 meV, which is in good
agreement with the value obtained for Device A. The
attribution of the RTS to trap states is more generally
consistent with the following arguments. First, and in contrast
with the NC spectroscopy prev1ously performed using
CNTFETs at low temperature,” we do not observe single
charge events out of a back-gate bias “gap” corresponding to
the NC band gap but rather within a given range of Vg values

~
~
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with amplitude of 9 V (Device A) and 3 V (Device B). Both
amplitudes, when normalized by the lever arm f, fall within the
expected band gap of the CdSe/ZnS NCs derived from the
absorption peak at 500 nm (Device A) and 620 nm (Device B).
Second, the value of the NC charging energy estimated in our
work for the two samples and two methods was observed to be
close to 200 meV. This value is large compared to the charging
energy associated with NC quantum levels® (40—50 meV at
most, including quantum confinement and Coulomb effects),
which underscores the fact that, in our work, the NC charging
is not due to the charging of the NC valence-band quantum
levels. Finally, the charging mechanism observed is close to the
trap charging observed from scanning-tunnelling spectroscopy
experiments on CdSe/ZnS NCs™ in which a trap charging
energy of 65 meV has been observed. Notably, this value has
been measured for a NC in the gap between a metal tip and an
Au substrate; this metallic environment likely explains the
larger trap charging energy in our work in which the NCs were
inserted into an electronic device constructed on an insulating
layer.

We finally discuss in the following our results on a more
general basis and in view of future developments. This covers
the aspects of NC trap state spectroscopy and the link of our
results with NC blinking experiments. As for the spectroscopy
of NC trap states, our electrostatic results indicate that NC trap
states are energetically disbributed within the NC band gap, but
this analysis should be extended in order to determine the trap
actual energy distribution. Hence, we determined in the case of
Device A that the RTS associated with traps occurs within a
back-gate bias range AV = 9V, corresponding to a 2.4 eV NC
energy range using the lever arm f = 3.7 for Device A. This
range is remarkably close to the NC band gap as deduced from
the NC absorption peak at 500 nm. Our measurements are thus
consistent for Device A with a picture in which traps would be
energetically distributed over the whole NC band gap (in that
case, the NC band edges can also be deduced from the charge
spectroscopy). This picture is however different for Device B
for which traps are observed on a reduced energy range of AV
~ 3V (~1 eV NC energy range using a lever arm ' = 2.95, see
the Supporting Information). This value is smaller than the
expected NC band gap, suggesting that traps are localized over
a reduced band of energies within the band gap, whlch is in
agreement with typical photoluminescence experiments.” ® One
cannot so far position here this band of energy with respect to
the NC conduction valence and conduction band edges. One
way to circumvent this using CNTFET charge detectors would
be to lower the device temperature, as done in previous work,”
and to probe the onset of single electron jumps associated with
the charging of the NC conduction and valence electronic
states. Such an analysis is however restricted to low
temperatures due to the much reduced charging energies (E,
~ 20—40 meV) associated with these states, which cannot be
observed at room temperature. A second aspect would be the
determination of the donor or acceptor character of the trap
states within the band gap. Here again, further developments
are required, since experiments using CNTFET as charge
sensors only provide measurement of relative changes in the
NC charge state (ie., detecting jumps between N and N + 1
elementary charges) but not of its absolute charge state N. This
type of identification would be likely possible by coupling
CNTEET charge sensing with, for example, charge or potential
sensing from scanning-probe microscopy, either by Kelvin
probe force microscopy or, similarly, by electrostatic force
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microscopy. The latter technique has been used originally to
probe the blinking of an NC from its charge state compared to
an HOPG substrate;® the two techniques have been more
recently used to probe the electrostatics of CNTFETS in the
presence of few electron charge spots at the vicinity of the
device channel’ and could be readily extended to probe
coupled CNTFET-NC devices such as those of our work. One
would here probe directly the electrostatic potential or charge
state of a blinking NC with respect to the CNTFET channel
potential and thus provide an intrinsic reference for the NC
charge state. It should be noted however that scanning-probe
techniques have intrinsic bandwidth limitations, especially while
preserving the charge detection sensitivity better than the
elementary charge in air at 300 K.* This is why we primarily
used CNTFETs in our work rather than scanning-probe
techniques to enable single charge detection with a submilli-
second time resolution to record the NC charge blinking
statistics.

Finally, the key point in our experiments beyond
spectroscopic issues is the identification of the power-law
behavior of the electrostatic charge blinking of NCs. Following
the discussion of Marcus et al. in the case of optical blinking,
this observation rules out possible charging mechanisms based
on a single trap filled at a fixed charge transfer rate, or a static
distribution of trap states with a distribution of charge transfer
times, because in both cases an exponential statistics would be
expected, at least for one of the H and/or L states.”” The
observation of power-law statistics in the NC charge blinking
thus favors scenarios based on environmentally induced
fluctuations of charge transfer rates or from diffusion-controlled
models.”” The use of a sensitive electrostatic NC-CNTFET
device to study blinking effects may help in dissociating
between both processes, because it is by essence based on the
tunneling of single charges from the CNTFET channel to the
NC, and on the other hand sensitive to the electrostatic
environment of the CNTFET and of the NC. If fluctuations of
charge transfer rates would be induced by changes in the NC
electrostatic environment, then this would also be detected
from the current level flowing through the CNTFET, while the
current level is observed as constant within the measurement
accuracy and dynamic range. We therefore speculate that the
physics behind the observation of the power-laws in the charge
blinking statistics is related to diffusion controlled models in
which the trap energy is the parameter exhibiting a random
walk and creating the observed power-law statistics.

In conclusion, we have observed the charge blinking behavior
of CdSe/ZnS NCs at room temperature on the basis of their
coupling with CNTFETs used as single charge-sensitive
electrometers. The RTS associated with electrical blinking
exhibits characteristics typical of optical blinking, that is, power-
law temporal statistics (z™% with @ in the range of ~1—3) and a
Lorentzian current noise power spectrum. We performed a
spectroscopic analysis of the coupled NC-CNTFET devices,
showing either a thermal activation or an out-of-equilibrium
population of NC trap states with a measured charging energy
of E. & 200 meV, which is attributed to trap states within the
NC band gap. This work offers the possibility of more
sophisticated studies either at lower temperatures for trap state
spectroscopy issues, or by directly combining NC trap state
spectroscopy using nanoscale charge detectors and individual
NC fluorescence dynamics.
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