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ABSTRACT

Nanocrystal quantum dot (QD) films have been highlighted as unique building blocks of optoelectronic devices due to their unique properties
based on electronic interactions among close-packed QDs. Although the creation and annihilation processes of trions play important roles in
optical responses of isolated QDs, their contributions to photocurrent conversion processes in QD films are unclear. Here, we studied trion
dynamics in QD films by transient photocurrent measurements. We observed that the transient photocurrent signal has two decay components:
a fast trion component with a lifetime shorter than 1 ns and a slow exciton component with several tens of nanoseconds. Moreover, we control
the signal amplitude of the fast trion decay component by tuning extra charge doping to QDs. These results demonstrate the control of opto-
electronic responses of QD films via bias electric voltage and will pave the way for QD-based ultrafast optoelectronics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0154927

Colloidal semiconductor quantum dots (QDs) have attracted a
great deal of attention as active materials for optoelectronic devices.
One of the most significant advantages of colloidal semiconductor
QDs is the easy processability by solution methods with high sample
quality, e.g., almost 100% photoluminescence (PL) quantum yields at
room temperature because of confined excitons.'  In addition to exci-
tons, three-body or four-body bound states, such as trions or biexci-
tons, can also be generated in QDs because the spatial confinement of
photo-excited carriers leads to strong inter-carrier interactions. So far,
active and outstanding research works on II-VI compound semicon-
ductor QDs have deepened our understanding of their optical and
electronic properties and dynamics of multiple excitons.”” In addition,
an ionic crystal system called metal halide perovskite emerged as a
functional material for optoelectronic applications due to its superior
properties.” ' In fact, halide perovskite QDs have been studied widely
for applications, such as lasers,'' ** light-emitting diodes (LEDs),"*
quantum light sources,”” " and photovol'[aics,18 because of the
bandgap tunability based on the quantum confinement effect.
Ultrafast spectroscopic methods have revealed that unique optical pro-
cesses of QDs, such as low threshold lasing,lg’2 ! multiple exciton gen-
eration,””” and coherent processes of multiple excitons,”'*® can be
explained with the dynamics of excitons, trions, and biexcitons. In
perovskite QDs, their lowest energy levels of electrons and holes have

only twofold degeneracy due to their simple band structure. Hence,
high order multiple exciton states, such as triexcitons at the low energy
band, can be usually ignored. It is also known that the trion generation
and recombination dynamics play essential roles in optical responses
of halide perovskite.”” " Therefore, lead halide perovskite QDs are
one of the best materials for studying trions and biexcitons.

Most of the previous research works for photophysics of trions
and biexcitons are based on optical measurements for isolated QDs,
and the contribution of trions and biexcitons to electrical properties of
QD films, e.g.,, photocurrent conversion, remains unclear. That is
because the typical timescale of electric current measurements is in
order of 10 ns, which is too long to observe ultrafast dynamics of trions
and biexcitons in the timescale of 10 ps ~ several hundreds of picosec-
onds.””” Hence, photocurrent measurement methods with sub-
nanosecond time resolution are necessary to clarify the contribution of
trions to the photocurrent conversion process. In addition, as trions
are positively or negatively charged excitons, their properties differ
from that of charge-neutral excitons and biexcitons. Direct observation
of photocurrent conversion by electric measurements helps the under-
standing of the relaxation dynamics and transport process of trions,
which is vital for applications in photovoltaics and photodetectors.

Here, we performed transient photocurrent (TPC) measurements
with sub-nanosecond time resolution to study ultrafast photocurrent
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conversion dynamics in perovskite QD thin films. Due to the cubic
shape of perovskite QDs, close-packed QD thin films can be fabricated
easily. We found that a fast decay photocurrent signal appears in the
sub-nanosecond timeframe after photoexcitation. Considering the bias
voltage dependence and excitation fluence dependence of the TPC sig-
nals, we concluded that the fast decay component originates from trions.
In addition, applying bias voltage on QD films leads to excess charge
doping, which increases the number of trions and enhances the fast
decay current component. These results are essential for understanding
and applying the nonlinear photoelectric response of QD thin films.

Transient absorption (TA) measurements were performed to elu-
cidate ultrafast optical responses of halide perovskite FAPbI; QDs (FA:
formamidinium) at first. The transmission electron microscope image
and x-ray diffraction pattern of the QDs show that the crystal structure
was cubic, and the average edge length of the QDs was ~13 nm (see the
supplementary material). The samples were excited by a pump pulse
with an energy of 3.26 eV (wavelength at 380 nm), and TA spectra were
obtained with a white-light probe pulse. The details of the TA spectros-
copy method are described in the supplementary material. Figure 1(a)
shows a contour plot of a TA measurement where the photon fluence
of the excitation pulse, j=6.02 x 10" photons/cm®. A photobleaching
signal at around 1.64 eV originates from the state filling of the lowest
energy exciton level. Here, the bandgap energy of 1.64eV is obtained
from the photobleaching signal at delay time t=2.5ns because the
thermalized distribution has relaxed at this point. A strong photo-
bleaching signal appears at delay time t < 200 ps, and the lowest energy
photobleaching signal remains afterward.

To clarify the recombination processes of trions and biexcitons,
we measured the excitation fluence dependence of TA signals. Figure
1(b) shows TA signals at the photobleaching peak (1.64 eV) under dif-
ferent excitation intensities. Only the long lifetime component is
observed in the weak excitation regime (j=0.12 x 10" photons/cmz).
In contrast, fast lifetime components are observed at early delay time
under high excitation fluence (j >0.98 x 10" photons/cmz), and the
signal amplitudes of these components increase with excitation flu-
ence. To obtain the lifetime of each decay component, we performed a
global fitting analysis on the TA data with a triple exponential
function:

AT pep( =LY 4 exp( = 1) + asexp (- L),
7 = Aep( - 2exp| — sexp| =)

pubs.aip.org/aip/apl

Here, the parameters 1,, 73 were treated as global parameters and the
longest lifetime 7; was fixed to the PL lifetime of 37 ns [see Fig. S2(b)
in the supplementary material]. As a result, the lifetimes of two fast
decay components were obtained as 7, = 680 ps and 73 = 85 ps.

Since FAPbI; QDs have twofold degenerated band edge levels,
high order multiple exciton states, such as triexcitons, do not affect the
TA dynamics at the band edge level. Hence, the time constants 1, 1,
and 73 correspond to the recombination lifetimes of excitons, trions,
and biexcitons, respectively.zg’3()

To obtain photocurrent signals by TPC measurements, we pre-
pared QD thin films with these QDs. The surface of as-prepared QDs
is covered by ligand molecules to prevent aggregation of QDs, and
these ligands decrease electrical conductivity between QDs in thin
films. Therefore, removing these ligands is essential for photocurrent
measurement. In this study, we prepared QD films according to the
sample preparation method in Ref. 31. The details are described in the
supplementary material.

Figure 2(a) shows the excitation fluence dependence of the TPC
signal under the applied bias voltage of 25V, which corresponds to
50kV/cm electric field strength. The pump pulse energy was set to
3.26 eV, as same as that of TA measurements. TPC signals consist of
two decay components: a fast decay component within 2 ns after exci-
tation and a slow decay component. For further analysis, we employed
the following phenomenological model function to fit the obtained
TPC signal:

t t
I(t) = (Alongexp (— ) + Aghort€Xp (— > )
Tlong Tshort
x | 1—erf d X 1 ! X sin 2nt +1
e T 5 exp T, s T, .

2

Here, erf (x) is the error function and T indicates the time resolution of
the instrumental response function. The third term represents the tran-
sient ringing in the TPC signals due to impedance mismatch of the
components in the electric circuit, such as the device and cables.”” We
performed a global fitting analysis, where Tiong, Tshort> and T were treated
as global parameters for different excitation fluences. The details of the
fitting procedure are described in the supplementary material.

The fitting result of the long decay time was Tjoqg > 2.5 ns, which
is much larger than the time window of the measurements. Therefore,
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TPC measurements under the bias voltage of 25 V.

the long decay time component can be considered as constant in the
TPC signals. On the other hand, the short decay time was obtained
as Tshort = 350 ps. Since the biexciton lifetime (txx =85 ps) is
shorter than the time resolution T'=110 ps, we conclude that the
short and long decay time components in the TPC signals reflect
the recombination dynamics of trions and excitons, respectively. It
is worth noting that the short decay time of the TPC signal is
smaller than the trion lifetime obtained from the TA measurement.
This result can be attributed to charge separation processes into the
adjacent QDs.

Figure 2(b) shows the excitation fluence dependence of the
amplitudes of two decay components. The results can be explained
based on the generation process of excitons and trions. Since the TPC
measurements are performed under a bias voltage, some QDs are elec-
trically charged in TPC measurements. Excitons are generated when
electrically neutral QDs absorb more than one photon. On the other
hand, trions are generated when electrically charged QDs absorb more
than one photon, or electrically neutral QDs absorb more than two
photons.™ If the average number of absorbed photons per QD is (N)
in a QD ensemble, the possibility that one QD absorbs N photons is
described with the Poisson distribution.”™ Since Along and Agnor reflect
the recombination process of excitons and trions, the excitation flu-
ence dependencies are written as follows:

Along(j) = AN(l - eig‘j), (3)
Ashort(j) = BC(1 - @70']') + BN(I - 6707 — 0 ] . eic‘j)A (4)

Here, ¢ and j indicate the absorption cross section and excitation
photon fluence. In the above equations, the product ¢ -j corre-
sponds to (N). The fitting results are shown as solid curves in Fig.
2(b). The obtained value of ¢ is (1.93 + 0.31) x 10" cm?, which
is a similar value to the previous research.’” Regarding the signal
amplitudes, the obtained fitting results are Ay =0.18, B¢ = 0.29,
and By = 0.06. Ajong and Agpore correspond to the number of gen-
erated excitons and trions immediately after the photoexcitation.
Therefore, the sum of Ay and By corresponds to the number of
neutral QDs, while B¢ corresponds to the number of charged QDs
before the photoexcitation. Since Bc/(Bc + Anx + By) =55%,
more than half of QDs in the film are in the steady charged state
due to the applied bias voltage.

In addition to the charging via the applied bias voltage, the exci-
tation fluence dependence of the trion generation can be analyzed
from the ratio of the amplitudes of two decay components. In Fig.
2(c), the ratio Aghort/Along is plotted as a function of photon fluence.
The solid curve is the fitting result obtained by using the following
equation:

Aghort . _ E BN(l _e % _ g ] . e—o-j)
Along AN AN(I _ e—g‘.j)

()

The first term corresponds to the contribution of the electrically
charged QDs to the trion generation: more than one photon absorp-
tion by electrically charged QDs. On the other hand, the second term
corresponds to the multiple photon absorption by electrically neutral
QDs. Since the first term is constant, the gradual increase in the ratio
indicates the increasing contribution of the multiple photon absorp-
tion process by electrically neutral QDs. As the highest limit of the
ratio is Bc/An + Bn/An, the fraction of the neutral QDs’ contribu-
tion can increase up to (Bn/An)/(Bc/An + Bn/AN) = Bn/
(Bc +Bn) =17% in the strong photoexcitation conditions. This
value is significantly smaller than the contribution of the steady
charging by the applied bias voltage, Bc/(Bc + Bx) = 83%. Thus,
applying bias voltage can be an efficient way to tune the trion gener-
ation ratios.

Figure 3 shows the TPC dynamics under different bias voltages
of 5, 15, and 25V, which correspond to the electric field strength of
10, 30, and 50kV/cm, respectively. Here, the excitation fluence is
j=0.49 x 10" photons/cm? which corresponds to (N)=0.95. In
Fig. 3(a), the slow decay component shows a small increase, while
the fast decay component increases more drastically. This result
indicates that the trion contribution gets pronounced with the
increase in the bias voltage. The signal amplitudes of trion and exci-
ton components, Agort and Ajopg, and the ratio of these amplitudes,
Ashort/Along, are plotted in Figs. 3(b) and 3(c). The ratio shows a lin-
ear increase with the applied bias voltage and reaches 1.90 at 25V.
The ratio under zero bias voltage was obtained as 1.01 = 0.33 by
extrapolating the experimental results. Thus, the bias voltage of 25V
enhances the ratio by 1.88 times. This enhancement indicates that
trions are generated with the assistance of carrier doping via apply-
ing the bias voltage.
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In conclusion, we studied the photocurrent conversion pro-
cess in FAPbI; QD films using TA and TPC measurements. Based
on the comparison between the TA and TPC dynamics, we clari-
fied that short and long decay time components of TPC signals
reflect the recombination processes of trions and excitons, respec-
tively. In addition, we demonstrated that the TPC dynamics can
be controlled by applying bias voltage on a QD film and doping
extra charges on QDs. These results provide important insights
into the wultrafast operation of QD-based photodetector.
Moreover, steady charging of QDs by carrier doping from electro-
des has potential applications in low-threshold lasers by trion
generation and ultrafast electronics with tunable electrical or laser
pulse widths.”"*°

See the supplementary material for fabrication and characteriza-
tion of the samples, spectroscopic measurements, and transient photo-
current signal analysis.
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