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In this report, we show that a new mechanism for carrier transport in solution-
processed colloidal semiconductor nanocrystal arrays exists at high excitation
intensity on ultra-fast timescales, and allows for facile intrinsic transport between
as-prepared nanocrystals over long distances. By combining a high speed

photoconductive switch with an ultra-fast laser excitation in a sub-40 ps

photoconductor, we observed transient photocurrents with peak densities of

3¢10%°—10°mA/cm? in self-assembled PbSe nanocrystals capped with long
native oleic acid ligands. The ratio between the transient photocurrent peak and

the steady-state dark current is ten orders of magnitude. The transient mobility

at the peak current is estimated to range between 0.5-17.5cm?/Vs for the

various nanocrystal sizes studied, which is 6 to 9 orders of magnitude higher than
the dark current steady-state mobility in PbSe, CdSe, and CdTe nanocrystals

capped with native ligands. The results are analyzed using a kinetic model which



attributes the ultra-high transient photocurrent to multiple photo-generated
excitons undergoing on-particle Auger recombination, followed by rapid tunneling
at high energies. This mechanism is demonstrated for a wide range of PbSe
nanocrystals sizes (diameters from 2.7nmto 7.1nm) and experimental
parameters. Our observations indicate that native ligand-capped nanocrystal
arrays are promising for optoelectronics applications wherein multiple carriers

are photo-injected to inter-band states.

Keywords: nanocrystals, native ligands, ultrafast, hot carrier, Auger

recombination, tunneling, transport

Electrical transport in colloidal nanocrystal arrays has advanced remarkably over
the last decade.! Today it is possible to prepare transistors,? solar cells,>* light
emitting diodes,” and photodetectors with solution process methods,®’ with
performance that continues to improve markedly. One unifying challenge in
these studies is how to assure strong coupling and facile transport between
nanocrystals.®'® One established approach to improve carrier transport is to
replace the long native ligands during wet chemistry synthesis with shorter
organic or inorganic ligands, thereby enhancing inter-nanocrystal coupling.
However, such surface treatments typically introduce high densities of defect

states or mid-gap states, leading to a significant reduction of the modulation ratio
in transistors (with gate bias/ without gate bias (10°) and photoconductivity

(photocurrent/dark-current (10).8'%* Here we show that the intrinsic inter-
nanocrystal transport is transiently dramatically altered at high carrier density,
because multi-exciton effects create a new pathway for efficient hot carrier

transport, similar to that proposed by Efros and collaborators.? This observation
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demonstrates that today’s nanocrystals can be used to study many interesting
transient intrinsic transport and collective phenomena in the high carrier density

regime in artificial solids built from colloidal nanocrystals.

Pioneering studies by Klimov,*** Nozik,'>'® Bawendi,!” and others have revealed
the rich transient behavior that occurs when small colloidal nanocrystals are
excited by strong fields, generating more than a single exciton per nanocrystal.
The resulting multiple excitons interact strongly, dramatically altering the energy
levels as well as the radiative and nonradiative rates of relaxation. Such effects
have often been attributed to limiting the practical uses of nanocrystals, as is the
case for lasing,* where enhanced Auger multiexciton nonradiative pathways
make it harder to achieve population inversion. Such multiexciton effects need
not be detrimental, of course, for instance they have been hypothesized to aid
the power conversion in solar cells under certain conditions.'?® Here we illustrate
clear evidence of how they can be useful for transient transport characteristics in
arrays of assembled PbSe nanocrystals, and how precisely the same mechanism
that makes colloidal nanocrystals turn dark at high excitation densities works in
favor of improving the transient transport between the nanocrystals, making

them ideal transient high-peak-power photoconductors.

In order to investigate the transient transport between colloidal nanocrystals in
the high-energy density regime, we build on our recent practical demonstration
of PbSe nanocrystal-based photoconductive switches®2! in which an array of
nanocrystals can be addressed by two electrodes while retaining optical access
for a high power ultrafast pulsed laser, providing a means to study the dynamics
of excited charge carriers in the few tens of picoseconds after the nanocrystals

are excited. PbSe nanocrystals with native oleic acid capping ligands in hexane
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were spin-coated on a glass substrate to form a 1 um thick film (see Fig. 1A for
TEM image), which was integrated into a coplanar transmission lines device
structure to act as a high-speed photoresponse waveguide upon ultrafast laser
excitation to form a photoconductive Auston switch (Fig. 1B). A sub-40 ps system
response time was achieved (Fig. 1C). The fast time resolution is independent of
the nanocrystal size, as well as active semiconductor material, indicating that the
bandwidth of the instrument components (including coaxial cables, connectors,
and sampling oscilloscope) is the limiting factor for the time resolution. Detailed
nanocrystals, film, and device characterization are presented in the

Supplementary Information (Fig. S1-58).

A typical transient response under the photon flux of 4 mj/cm? is shown in
Fig. 1D, where a rapid increase in the transient photocurrent is followed by a
slower decrease to values of dark current. The photocurrent density peak is

shown to depend on the magnitude of the applied bias across the junction and

ranges between 10°mA/cm? and 10°mA/cm?. The transient peak value is ten
orders of magnitude larger than the steady state dark current (Fig. 1E) and 6-9
orders of magnitude larger than the steady-state photocurrent in PbSe, CdSe or
CdTe nanocrystals arrays capped with oleic acid and trioctylphosphine oxide

(TOPO) ligands, respectively.? > 722

Figure 1| Typical device structure and ultrafast transient photocurrent
characteristics. (A) Transmission electron microscopy (TEM) image of a representative
PbSe nanocrystal array, featuring a 10 nm scale bar. (B) Schematic of the
photoconductive Austin switch. The Au electrode spacing is 25 um and the bright area
indicates the laser illumination region onto the PbSe nanocrystal film. Inset: high
resolution TEM of two representative PbSe nanocrystals, indicating that the inter

nanocrystal distance is ~ 3.0 nm. The scale bar is 5 nm. (C) The system response time
(temporal difference between 10% and90%) is sub-40 ps. (D) Typical ultrafast
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transient photocurrent dependence on the bias voltage applied. The 800 nm wavelength
excitation laser has a flux of 4 mJ/cm2 iluminating the array of 5.4 nm diameter

nanocrystals at 78 K. (E) The peak transient photocurrent density and the dark current
density as a function of voltage in the same device.

To reveal the fundamental mechanism of carrier photo-generation and transient
transport which results in the observed ultra-high peak transient photocurrent
density and high transient carrier mobility, we study the transient photocurrent

dependence on the laser flux and temperature, as summarized in Fig. 2 for

various nanocrystal sizes. The nanocrystal diameters range from 2.7 nm to
7.1 nm, corresponding to a band gap energy E, that spans between 1.2 eV to

0.65 eV, respectively. All samples were excited with photon energy of 1.55 eV.
The excited carriers relax rapidly to the band edge on a picosecond timescale

(unresolvable in our measurements).?3

Figure 2| Typical laser flux and temperature dependence. (A) The peak transient
photocurrent dependence on laser flux for various size nanocrystals spanning from

2.7 nm to 7.1 nm diameters, for a bias voltage of V=100V and temperature

T = 78 K. The dashed line is the 4™ order power law for a guide. (B) Typical ultrafast
photocurrent dependence with temperature ranging from 78 K to 300 K, for a

nanocrystal diameter of 4.1 nm and a bias voltage of V_,=100V. The inset is the
photocurrent peak and decay time dependence with temperature. Note that the

oscillations are a result of impedance mismatch, which slightly varies with devices and do
not correspond to an internal physical process. Similar oscillations were observed in
reference GaAs photoconductive devices, shown in Supplementary Information (Fig. S7).

Fig. 2A shows a power law relation between the photocurrent peak and laser flux
in a log-log scale with a slope that approximately equals four, indicating that

within the initial detection time and for the limited range of incident laser

intensity studied here, each nanocrystal contributing to the transient

photocurrent in the photo-activated domain has an average of 4 excitons. The



four-photon absorption process is independent of nanocrystal size and is
persistent within the limited experimental variation range of about three-fold in
laser intensities studied, as indicated by Fig. 2A. Further discussion on the
observed excitation density required to activate the observed transient
phenomena is given in the Supplementary Information. We propose that the
effect of the increase in laser intensity can be described simply by an increase in
the photo-active domain (in which the excitation density is the same); higher
laser flux results in the deeper penetration of the photons into the nanocrystal
layer and an increase in the overall number of photo-excited nanocrystals.

The temperature dependence of the transient photocurrent is shown in Fig. 2B.
We find that the rapid rise, the slow decay, and the magnitude of the peak
(insets, Fig. 2B) are roughly temperature independent, although the photocurrent
decay curves are slightly different at various temperatures. While the response
itself depends on the nanocrystal size, a similar behavior with temperature was
found for all sizes studied (Fig. S9). This suggests that photo-activated transient
transport observed is governed by tunneling events rather than thermally
activated hopping from one nanocrystal to another as in the dark current. The
tunneling process therefore depends on the number of excitations produced
initially and on the size of the nanocrystals (through the size dependence of the

Auger recombination lifetime).?*



Multiple Photon Absorption Auger Recombination
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Figure 3| Carrier photogeneration and transport model. (A) Initially, each
nanocrystal contains several band-edge excitons distributed according to the Poisson
distribution. (B) These multiple excitons recombine non-radiatively via an Auger process (

ki\/;) to promote charge carriers to higher energies. Electron is an example to
demonstrate the one band gap promotion. (C) The excited charge carriers can decay

back to the band edge, with a timescale given by the phonon emission rate, kC or (D)

tunnel to a neighboring nanocrystal with a rate I'f//g (see text for the mathematical

expressions of all rates).

We propose a kinetic scheme to explain the experimental observations, sketched
in Fig. 3. Initially, several electron-hole pairs generated by the laser flux relax
rapidly to the band edge (Fig. 3A) on a sub-picosecond timescale.?> We assume
that the number of such pairs in each nanocrystal within the photo-activated
domain is distributed according to the Poisson distribution, which was well-

documented by various groups such as Klimov, Beard, and Siebbeles.?342628 |n



our case, the mean exciton pair value A=4 (consistent with the experimental
observation in Fig. 2A).

The charge carriers can tunnel to the nearest neighbor nanocrystal, but the band-
edge tunneling is rather slow for several reasons: (a) The band-edge states of the
nearest neighbor nanocrystal are filled by other carriers, blocking any transition
due to Pauli repulsion, (b) inhomogeneities in size of nanocrystals along with a
discrete density of accepting states (due to the quantum confinement effect)
imply off-resonant conditions, and (c) the tunneling matrix element is rather
small due to the large barrier and large distance between nanocrystals. Thus, we
neglect altogether tunneling of carriers at the band-edge, consistent with
previous measurements?>’2?2 where the photocurrent of the band-edge carriers
was 6-9 orders of magnitude smaller than the peak transient photocurrent

observed here.

The band edge carriers can recombine radiatively on a very long timescale
(several nanoseconds) or recombine nonradiatively via an Auger process to
generate hot carriers at higher quasiparticle energy level (reducing the number
of carriers by two). In this case, the excited carrier energy is one band gap above
the conduction band edge (Fig. 3B). The Auger recombination rate depends on
the number of carriers. For nanocrystals in the strong confinement limit where

interaction between the carriers can be ignored to lowest order in the Coulomb
. e __ 1 e
couplings, the Auger rate can be expressed as kAR—Ene(ne—l)nhkT for the

electrons and kZR:%nh(nh—l)nekI} for the holes,***?* where n,/n, are the



number of electrons/holes at the band edge for each nanocrystal, and k$/k7 is

the negative/positive trion annihilation rate, both scale roughly with the volume

of the nanocrystal.?* Only one carrier takes the excess energy (Eg) released by
the recombination of an electron-hole pair across the bandgap, while the others
remain spectators at the band edge. The mechanism up to this point is similar to
that proposed by the Efros group,'? with one important difference - the band gap
and ionization energies in the nanocrystals studied here do not allow for carrier
auto-ionization, but instead the hot carriers remain somewhat localized in the
nanocrystal (see Fig. S11 in the Supplementary Information and discussion

around it).

Carriers that are injected to energies E, above the conduction band minimum or

below the valance band maximum can undergo two processes. First, they can

relax to the band edge by phonon emission, with a rate given by the cooling rate

K< (Fig. 3C). This occurs on timescales of =1.5 ps for PbSe nanocrystals?*?> and
is referred to as a “cooling process”. In addition to the cooling process, excited
carriers at high energy states can tunnel to neighboring nanocrystals (Fig. 3D).
This tunneling process is much faster than the tunneling at the band edge for
several reasons: (a) The carriers tunnel to neighboring nanocrystals at energies
with low occupancy probability and thus are not blocked by Pauli repulsion, (b)
the tunneling is on-resonance (off-resonance tunneling can also contribute, but

requires coupling to phonon, and thus is slower), since the density of states at

energies E, above the conduction band minimum or below the valance band
maximum is rather high and inhomogeneities do not play a significant role at

these higher energies, and (c) the barrier for tunneling is lower than that for



band-edge carriers. Since measurements of the tunneling rate are difficult, we
use a semi-classical (WKB) approximation for the tunneling rate (see
Supplementary Information for more details).

We assume that tunneling only occurs between nanocrystals and ignore the
dynamics of the carriers within the nanocrystals themselves. This assumption is

valid for the strong quantum confinement limit, which is indeed the case for all

nanocrystal sizes studied here. The tunneling rates I'f,’Z(D,VSD) (L/R for

tunneling to the Left/Right, e/h for electron/hole tunneling) are given by Fermi’s

golden rule:
2n
FED. Vo= VERID, V| pan(EolDI], (0)
1 2m[’/h 3/2
where /oe,h(E):l)2 5 ﬁ—ze JVE is the density of states for the conduction
n

(e)/valance (h) bands in energies in the low occupancy probability regime, with

m . . &
:€D3 the volume of the nanocrystal (D is the nanocrystal diameter), and Mg,

the effective mass of the electron/hole (m.=~0.256m_ and m;=0.145m_).* The

coupling strengths, VL,R, are difficult to compute or measure.? We model these

as:

|Vf//g D VSD| _‘V‘ i//g( (D

Vep)s (2)

where V=1.5meV is assumed to be a constant, independent of the effective
mass or size of the nanocrystal, and is the only fitting parameter used, with a

single value for all fitted measurements. The voltage dependence is introduced
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in the unitless factor, yf,”,;(Eg(D),VSD), which is given by (see Supplementary

Information for more details):

=2 Z
Yf/h(Eg(D)’VSD)_eXp 76D¢2m6,h voiév(VSD,D)—Eg(D)))
elh - .
ya E,lD], Vg exp %wpmg,h v0¢6v(v5D,D)—Eg(D)))

(3)
We use the Gillespie algorithm?3? to solve the nonlinear master equations for an
array of N, X Ny nanocrystals in 2D (see Supplementary Information for further
information about the nonlinear master equations, the effective rates for each
process and our use of the Gillespie algorithm). 5000 trajectories were used to

average over the initial distribution of electron-hole pairs in the photo-activated

domain. The coupling to the metallic contacts is modeled by a contact resistance

with a tunneling time given by I, for both electrons and holes. We find that
only electron-hole pairs near the contacts contribute significantly to the current.
Furthermore, the peak of the transient photocurrent depends nearly linearly on

the lateral dimension of the device (for both trends, see Fig. S12). This allows us

to use a relatively small nanocrystal array (N,=100,N,=10) to converge the
results. The interpretation of the dependence on the contact-to-contact distance
is confirmed by mean path displacement calculations performed at zero bias, in
which excitations were found to diffuse (on average) ~ 10 sites (see Fig. S13),

corresponding to ~50-100 nm depending on the nanocrystal dimensions.

In Fig. 4 we analyze the timescales governing the photocurrent response. We find

that the rise time is mainly determined by the response time of the device (we

convolute the raw data from simulation with a Gaussian response of width 40 ps)
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and the cooling rate (Fig. 4A). Larger cooling rates also result in a smaller peak
value, since excited carriers lose energy before they can tunnel to the
neighboring sites and contribute to the overall current. It is interesting to note
that the cooling time that provides the best fit to the experimental transient
photocurrent is also consistent with the experimental cooling rate measured
directly (see inset of Fig. 4A)), which was subsequently used in all the following

model simulations.

The long-time decay dynamics are analyzed in Fig. 4B. The long-time relaxation
is governed by the slowest timescale in the system. In the experiments reported
here, this corresponds to the timescale of tunneling between the sites in the
array and the contacts (given by the contact tunneling rate), leading to a long-
time decay that is independent of the size of nanocrystals. The asymptotic decay
>k®?, but this limit is

depends solely on the Auger recombination rate when I,

not observed in the experiments (see Figs. S14-517).

Figure 4| Timescales. The dependence of the transient photocurrent on the cooling rate
(A) and on the contact resistance (B) obtained from the master equations. The insets
show the width of the photocurrent peak as a function of the cooling lifetime (A) and the
asymptotic decay time as a function of the contact resistance rate (B). The calculations
were made for an array of 7 nm nanocrystals (for additional simulation parameters, see
Table S2).

In Fig. 5 we show comparisons between the experimental and theoretical results
for the transient photocurrent dependence on the laser flux and electrical field.
Clearly, the model captures both the role of laser intensity as well as the effect of
bias voltage. An increase in the right/left tunneling rates ratio given by Eq. (1)
reproduces the effect of an increase in bias voltage, and an increase in the

number of photo-activated sites reproduces the effect of increasing the laser
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intensity. In comparing the theoretical results to the experiments, we have used

the coupling strength V as the only fitting parameter, choosing a reasonable
value in the 1 meV range (see Supplementary Information for more details). The
other parameters were determined from previous experiments (cooling and
Auger recombination rates)? or from the longtime decay of the experimental

photocurrent governed by the contact resistance.

intensity voltage

]IExprin‘lental‘

photo-activated |
domain B

Photocurrent (a.u.)

Mo&el

L ‘ L | 1 | 1 —T 1 | 1 ‘ 1 Il |
0 250 500 750 1000 O 250 500 750 1000
time (ps) time (ps)

Figure 5| Recovering the experimental behavior. The dependence of the transient
photocurrent on the laser intensity (left panels) and on the bias voltage (right panels).

Upper panel are the experimental results for a 7 nm nanocrystals array at T=300 K,
and lower panels are simulation results with parameters kC=0.66,DS_:L and

k?/h:0.009 ps ', corresponding to a 7nm nanocrystal. The contact tunneling rates are
determined from the decay of the corresponding experimental photocurrent,
k.. .=3x10°ps ' (bottom left panel) and k__,=4.5x10>ps ' (bottom right

panel). On the left, experimental dependence on laser flux ranging from 1.6 m) /cm2 to

cont cont

3.6 mJ/cm2 (top) is compared to simulation results for increasing photo-activated
domains in the 2D case (bottom). On the right, dependence on bias voltage ranging from
10V to 80V (top) is compared to simulation results for increasing right/left tunneling
rate ratios. For additional simulation parameters, see Table S2 in the Supplementary
Information.

With the kinetic model shown to reproduce the experimental results, we can

extract other physical quantities not directly accessible experimentally. Of
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importance is the average transient mobility of the photo-generated carriers at
the peak photocurrent. At low fields, consistent with the voltages applied in the

experiment, the hot carrier transient mobility within the nanocrystal array can be

'h
X

e/h__/, \elh

defined as ut"=(v|., /E, where (v);, is the average velocity of the excited

electrons/holes in the array and E is the electric field applied on the device
(assumed uniform). This definition is similar to that used in steady-state linear-
response measurements, however, since the transient photocurrent decays in
time, so does the transient mobility of carrier. The time-dependent average
velocity for all nanocrystal arrays follows the same pattern (see Figs. S18-521):
An extremely fast rise time (sub-picosecond) followed by a plateau, decaying
exponentially to zero on the timescale of the Auger recombination lifetime. The
transient mobility is shown to be bias independent (see Figs. S18-521), consistent
with the linear regime assumption. As a function of nanocrystal size (see Fig.
S22), the transient mobility at the plateau region (where it evaluates solely the

inter-nanocrystal tunneling events, and not the number of carriers available)

ranges from 0.49cm?/Vs (for 2.7nm nanocrystals) to 17.5cm?/Vs (for 7nm
nanocrystals). The nanocrystal size dependence is due to the increase in
tunneling rate (Fig. S10) as well as the increase in tunneling length with
nanocrystal size. This strong dependence may be a result of the assumption
made for the tunneling rates, taking the transition matrix element to be roughly

size independent.

Notably, the above transient mobility values are about eight orders of magnitude
higher than steady state mobilities previously reported for native ligand-capped

PbSe nanocrystal arrays obtained by field effect transistor measurements (
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10 'cm?/Vs).2 This suggests that carrier tunneling at the band edge,
characteristic of the dark current, is estimated to be about eight orders of
magnitude slower than the effective rate observed here. This is in full agreement

with electronic structure calculations performed for a CdSe nanocrystal, showing

that when the energy of the carriers approaches E, above the conduction band
minimum (below the valence band maximum), the carrier density outside the
nanocrystal increases dramatically and is over 4 orders of magnitude larger than
that of carriers at the band edge at ~ 1 nm away from the nanocrystal surface
(see Fig. S11 in the Supplementary Information and discussion thereafter).
Similar values for the steady state mobility have been observed, but only for
doped nanocrystal arrays where some of the semiconductor nanocrystals have

been exchanged by metal nanoparticles.

In summary, this study shows that the strong interaction between excitons in
colloidal nanocrystals naturally produces high tunneling current between
nanocrystals in an array, the precise inverse of the limits it imposes on light
emission. The light-matter interaction between a strong ultrafast laser with a
high electric field with strongly quantum confined materials enables direct,
unambiguous observation of an extremely large peak transient photocurrent
density, resulting from multiple exciton recombination exciting carriers to excited
quasiparticle states, and leading to resonant tunneling transport with a high
transient carrier mobility at these high-energy states. To this end, transient off
resonant electric fields of laser light may be used to gate the carrier transport in
nanocrystals arrays, providing means to switch high currents in electronic circuits

at terahertz (THz) frequency, and possibly enabling innovative optoelectronic
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technologies for data processing.** Furthermore, colloidal nanocrystals can be
used as artificial atoms to investigate intrinsic transport mechanisms in artificial

solids.

Supplementary Information

(1) Materials and Methods: PbSe Synthesis, PbSe nanocrystal optical and
structure properties characterization (Fig. S1), PbSe nanocrystal film structure
properties characterization (Figs. S2-S5), device fabrication and characterization
(Figs. S6-S8); (2) Temperature dependence (Fig. S9); (3) Photon absorption
characterization; (4) Model simulation - Methods and parametrization: nonlinear
master equations (Table S1), calculation of the tunneling rates and (Figs. S10),
the tunneling coupling matrix (Fig. S11), characterization of the 2D array
simulation results (Fig. S12), analysis of average distance charge carriers
transverse in the device (Fig.S13), simulation parameters (Table S2); (5)
Reproducing the experimental behavior for different sized nanocrystals
(Figs. S14-S17); (6) Transient mobility (Figs. S18-22).
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