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Multiple exciton generation (MEG) is a widely studied phenomenon in semiconductor nanocrystals and
quantum dots, aimed at improving the energy conversion efficiency of solar cells. MEG is the process wherein
incident photon energy is significantly larger than the band gap, and the resulting photoexcited carriers relax
by generating additional electron-hole pairs, rather than decaying by heat dissipation. Here, we present an
experimental demonstration of MEG in a prototype strongly correlated material, VO,, through photocurrent
spectroscopy and ultrafast transient reflectivity measurements, both of which are considered the most prominent
ways for detecting MEG in working devices. The key result of this paper is the observation of MEG at
room temperature (in a correlated insulating phase of VO,), and the estimated threshold for MEG is 3E,. We
demonstrate an escalated photocurrent due to MEG in VO,, and quantum efficiency is found to exceed 100%.
Our studies suggest that this phenomenon is a manifestation of expeditious impact ionization due to stronger
electron correlations and could be exploited in a large number of strongly correlated materials.
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I. INTRODUCTION

Optimized, large-scale manufacturing processes for the
fabrication of photovoltaic devices (PVs) have promoted solar
cell technologies to be on the verge of becoming the cheap-
est form of energy. While PVs based on materials such as
silicon continue to pass economic milestones due to reduced
fabrication costs and increased market penetration, the power
conversion efficiency of these devices is fundamentally lim-
ited to around 33% [1]. Several methods have been explored
to increase the power conversion efficiency of solar cells,
including the development of tandem cells, impurity bands
and intermediate band devices, hot electron extraction, and
carrier multiplication or multiple exciton generation (MEG)
[2—4]. Carrier multiplication or MEG is the process in which
the absorption of a single photon having energy above the
threshold energy [5,6] excites multiple electrons from the
valence band to the conduction band. It has been widely
studied in quantum dots, semiconductor nanocrystals, halide
perovskites, etc. [5,7-12]. Some theoretical studies have pre-
dicted that materials with strong electron correlation may also
exhibit MEG [13-15]. In a strongly correlated insulator (SCI),
the localized electron forms an electronic system in which an
effective electron-electron interaction can lead to the faster de-
cay of initially photoexcited electron-hole pairs into multiple
electron-hole pairs through a process called impact ionization

*dkshukla@csr.res.in

2469-9950/2023/108(12)/125133(6)

125133-1

(ID) [14], resulting in an effective MEG. MEG has the potential
to significantly enhance solar cell efficiency, which may lead
to the realization of next generation solar cells [7-9].

Manousakis et al. [16] theoretically studied the photo-
voltaic effect in narrow-gap Mott insulators and found that
quantum efficiency can be significantly enhanced due to im-
pact ionization (II) caused by photoexcited hot electron-hole
pairs. Coulter et al. [14] estimated that the II rate in a strongly
correlated insulator such as VO, is approximately two orders
of magnitude higher than in Si and much higher than the
rate of hot electron-hole decay arising due to electron-phonon
relaxation [14]. Werner et al. [13] calculated the role of II
in the thermalization of photoexcited Mott insulators and
emphasized that if the Mott gap is smaller than the width
of the Hubbard bands, the kinetic energy of the individual
carriers can be large enough to produce additional multiple
carriers via a process analogous to II [13]. In conventional
semiconductors, the typical timescale for II is much larger
than the timescale of electron-phonon scattering, therefore the
quantum efficiency (QE) value does not cross the Shockley-
Queisser (SQ) efficiency limit [13]. However, in SClIs, the
typical timescale for the II rate is much smaller than electron-
phonon scattering [1], therefore the QE may be enhanced
significantly (see Fig. 1) and can overcome the SQ limit.

VO, is one of the most widely studied strongly correlated
electron materials and is famous for its near room-temperature
reversible first-order insulator-to-metal transition (IMT). It
transits from a low-temperature insulating monoclinic (P2 /c)
state to a high-temperature metallic rutile (P4,/mnm) state
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FIG. 1. (a) In conventional semiconductors, an incident photon
with sufficient energy (hv) generates a hot carrier. The excess energy
of the excited “hot” electron beyond the energy gap is converted
into waste heat by phonon emission and the electron relaxes to its
band edge. (b) The typical timescale for electron-phonon relaxation
is shorter than the impact ionization, so the faster electron-phonon
relaxation rate in conventional semiconductors results in lower quan-
tum efficiency. (c) In a strongly correlated material, the photoexcited
electron may use its strong Coulomb interaction (shown by blue
zigzag line) with another valence electron to promote it to the
conduction band, thus creating a second electron-hole pair using
the energy of the same photon. (d) A faster impact ionization rate
in strongly correlated materials can thus lead to higher quantum
efficiency.

at ~68°C [17,18]. The IMT of VO, is one of the most
intriguing phenomenon because both the structure and the
electron correlation contribute to it [19-22]. A large number
of experimental and theoretical investigations on VO, have
shown the importance of strong electron correlations [23,24].

According to Goodenough, in VO, the oxygen octahedral
crystal field splits the V 3d degenerate orbitals into dou-
bly degenerate ¢y and triply degenerate 1,, orbitals [21,25].
The 1, orbitals further split and the orbital which lies
along the rutile Cg axis (ai,) is shifted to a lower energy
relative to the other two (e7 ) orbitals of tetragonal symmetry
(of the rutile phase) [21,25]. In the insulating phase, pairing
and tilting of the vanadium atoms along the rutile Cr axis
results in splitting of the a;, band into filled bonding and
antibonding orbitals. Therefore, the insulating phase of VO,
shows an optical band gap of ~0.6 eV [26] corresponding to
the gap between the a;, and the eg* bands [27,28]. Due to its
unique band structure, VO, absorbs light from the visible to
the infrared (IR) range.

Major studies have used ultrafast transient absorption spec-
troscopy (TAS) to infer the number of electron-hole pairs
produced per absorbed photon. However, due to the indirect
nature of measurements and the requirement of high photon
fluences, quantum yields determined from TAS have been
found to be conflicting [5,29-31]. Furthermore, disagree-
ments have arisen over the impact that MEG can have on

solar energy conversion [29,32]. Therefore, some reports have
utilized the conventional photocurrent measurement method
for demonstrating MEG in working devices [33-35].

Here, we report the observation of MEG in VO, by us-
ing a conventional photocurrent spectroscopy approach and
scrutinized the underlying processes via ultrafast transient
reflectivity measurements. A quantum efficiency exceeding
~130% 1is observed, and we are able to achieve such a
high quantum efficiency under the application of small bias
voltages, as has been suggested by earlier reports [34,36].
Photon fluence-dependent photocurrent generation showed
nonlinearity, confirming a typical signature of MEG. Tran-
sient reflectivity showed Auger recombination with a typical
timescale of less than 10 ps. Intensity-dependent transient
reflectivity confirmed the MEG occurrence in a sample with
a continuous decrement of a multiexciton lifetime with in-
creasing intensity. Our results show that the threshold photon
energy for carrier multiplication is 3E, (~1.8 eV) in VOs,.

II. EXPERIMENTAL DETAILS

The VO, thin film used in this study was grown on a Si
[100] substrate using the pulsed laser deposition technique. A
KrF excimer laser with a wavelength of 248 nm, a repetition
rate of 5 Hz, and a pulse energy of 370 mJ was focused onto
the V,0s target with a fluence of ~1.1 J/cm?. During depo-
sition, the ultrasonically cleaned Si substrate was maintained
at a temperature of ~670 °C. Deposition was performed for
about 40 min in an oxygen partial pressure of ~8 mTorr. A
Bruker D8 x-ray diffractometer with Cu K« radiation was
utilized to confirm the VO, phase. Temperature-dependent
four-probe resistivity measurements were performed to con-
firm the insulator-to-metal transition in the grown VO, thin
film using a home developed setup that utilized a Cryocon 22C
temperature controller, a Keithley 2401 source meter, and a
Keithley 2182 A nanovoltmeter. Raman spectra were collected
in backscattering geometry using a 10 mW Art (473 nm)
laser as an excitation source coupled with a LABRAM-HR
micro-Raman spectrometer equipped with a 50x objective.
Absorption spectra were obtained from spectroscopic el-
lipsometry measurements with the help of a spectroscopic
ellipsometer (model M2000, J. A. Woollam). Measurements
were carried out at three different angles of incidences (50°,
60°, 70°) in an energy range of 0.7-5 eV. The dc photocurrent
measurements were performed using the Keithley 6430 signal
measurement unit, and an EKSPLA NT342 Nd:YAG-based
optical parametric oscillator (OPO) laser of 5 ns pulse width
was used. The laser excitation energy was used in the range of
1.77-2.85 eV.

The transient reflectivity measurement is performed using
the pump-probe technique [37,38]. The pump-probe reflectiv-
ity measurement is done in a nondegenerate geometry. The
femtosecond laser used in the pump-probe measurement is
from Spectra Physics, model MAI-Tai, which is a tunable
femtosecond oscillator. The pulse width is ~100 fs, and the
repetition rate is 80 MHz. The fundamental femtosecond laser
is split into two laser pulses, the pump and the probe. The sam-
ple is excited well above 3E, at ~400 nm (3.1 eV) using the
second harmonic conversion of the fundamental wavelength
at nearly 800 nm (1.55 eV) using one of the laser pulses
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FIG. 2. (a) The 6-26 XRD pattern of a VO, thin film on a [100]
Si substrate, with * denoting the peaks from the Si substrate. The
inset shows the XRD peak corresponding to the (011) reflection
of VO,. Raman spectra of the VO, thin film is shown in (b). The
inset shows the characteristic w,; and w,, modes corresponding to
the V-V vibrations. (c) Temperature dependence of linear four-probe
resistivity measurements in heating and cooling cycles is shown. The
inset shows derivatives of the InR vs T plots. (d) Shows the band
diagrams across the Fermi level, in insulating and metallic states of
VO,.

(the pump pulse). The probe pulse is used for supercontin-
uum generation using an NKT fiber module, with which the
probe wavelength peak is tuned at ~617 nm (2 eV), which is
near 3E, and also matches nearly with the d-d transition of
VO, [39]. The pump and the probe beam spectrum is shown
in Supplemental Fig. S2 [40]. The detection of the time-
resolved change in reflectivity AR of the sample is measured
using the standard photodiode lock-in amplifier detection
technique [37].

III. RESULTS AND DISCUSSIONS

The phase purity of the film has been confirmed by com-
bining x-ray diffraction (XRD) and Raman spectroscopy.
The XRD peak in the thin film at ~28° corresponds to the
(011) reflection of the VO, M1 phase [Fig. 2(a)]. VO, ex-
hibits various structural polymorphs [41], and XRD data of
the thin film alone cannot confirm the phase; therefore, we
have also performed Raman measurement [Fig. 2(b)]. The
VO, thin film shows five A, and two B, Raman modes at
~195, ~223, ~309, ~390, and ~616 cm~!, and ~261 and
~441 cm™', respectively, which belong to the monoclinic M 1
phase [42]. The A, symmetry Raman modes w,; and o,
at ~195 and ~223 cm™! are assigned to the V-V vibrations
[inset of Fig. 2(b)], while the rest of the observed Raman
peaks are related to V-O vibrations [43,44]. Figure 2(c) shows
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FIG. 3. (a) Variations of the current density and the absorption
coefficient with varying photon energy. (b) To quantify the carrier
multiplication, the current density is normalized by the absorption
coefficient. (c) The quantum efficiency (%) is plotted with varying
photon energy, where the QE is found to exceed 100% in the photon
energy range of 1.8-2.4 eV. (d) The generated carrier flux ((N,))
is plotted with varying intensity at (d) 2.75 eV and (e) 1.87 eV
excitation energies.

the temperature-dependent four-probe electrical resistivity
measurement of the VO, thin film. A temperature-induced
phase transition from a low-temperature insulating phase to
a high-temperature metallic phase is observed. The hysteresis
in the resistivity data manifests the first-order nature of this
transition. In order to better characterize the IMT, differential
curves of In R vs T are plotted [see inset of Fig. 2(c)]. The IMT
can be characterized by the transition temperature 7, defined
as the average of the centers of the differential curves of In R
vs T obtained during heating and cooling cycles, which is
found to be ~334 K. The reduced IMT temperature compared
to that of the bulk VO, (~340K) is attributed to the strain
present in the thin film.

The current density and absorption coefficients with
varying incident photon energies have been plotted in
Fig. 3(a). The photocurrent value is found to increase
anomalously near ~1.87 eV. The optical absorption spectra
were extracted from the simultaneous fitting of the v and
A at all three angles (details are given in the Supplemental
Material [40]; see also Ref. [45] therein). In a strongly
correlated insulator, the photoexcited electron (or hole)
may utilize its strong Coulomb interaction with another
valence electron for multiple carrier generation [14]. To
correctly estimate the generated carriers in the material, the
photocurrent must be normalized by an absorption coefficient
(). Figure 3(b) shows the normalized photocurrent density
in VO,. Surprisingly, a peaklike feature in the photocurrent is
observed at ~1.87 eV [which is approximately three times the
band gap (3E,); E, ~ 0.6 €V is the optical band gap which
is expected to be originated due to electronic correlation
in VO, [19,46]]. Such an enhancement in photocurrent is
only possible due to carrier multiplication/MEG because the
number of generated carriers exceeds the number of absorbed
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photons. This is also supported by the quantum efficiency
(QE) calculation [see Fig. 3(c)]. The QE calculation is detailed
in the Supplemental Material [40] (see also Ref. [47] therein).
The QE exceeds 100% for a photon energy larger than 3E,,
which gives a hint about the threshold energy requirement
for the carrier multiplication in VO,. Note that above 4FE,,
the QE starts to decrease. A similar peak quantum efficiency
exceeding 100% in a significant photon energy range has
been observed in a previous study [34]. These photocurrent
measurements have been performed at room temperature with
a 0.2 V bias. The reason for using such a small amount of
bias voltage is to pull out the generated charge carriers in
the circuit. Earlier studies have utilized the power-dependent
photocurrent measurement technique and used the slope
change to quantify the carrier multiplication [35,48]. We
have chosen two photon energies for intensity-dependent
photocurrent measurements, one ~1.87eV (where we
observed the QE is exceeding by 100%) and another
~2.75 eV (where the QE is lower). Results at these two
different energies have striking differences. For ~2.75 eV, a
linear relationship is observed between the generated carrier
flux and power [Fig. 3(d)]. It shows that with increasing
photon flux, the generated carrier flux is also linearly
increasing. For ~1.87 eV excitation energy [Fig. 3(e)], up
to a specific intensity (~0.8 mW), when the photon flux is
increasing, the corresponding carrier flux is also increasing.
However, when the intensity is increased further due to
increased initial hot carrier density, the carrier multiplication
dynamics becomes faster and the slope is suddenly changed.
This is identified as the nonlinear dependence of the generated
carriers on intensity [see Fig. 3(e)] [35,48,49].

The peaklike behavior of the photocurrent signal and quan-
tum efficiency with varying photon energy could be explained
from the absorption processes in VO,. The absorption spectra
of VO, along with involved transitions (deconvoluted by uti-
lizing an arctan background) are shown in Fig. 4. The hump
feature in Fig. 4 labeled as “A” at ~1.3 eV is due to an
optical transition from the filled lower a;, band to the empty
;" bands (d-d transition) across an optical band gap (E,)
of ~0.6 eV. All other features “B,” “C,” and “D” (at ~2.8,
~3.5, and ~4.9 eV) are attributed to p-d transitions [S0-54].
We have observed the peaklike feature in the normalized
current density at ~1.87 eV and above this photon energy
the photocurrent signal is decreasing. At the lower photon
energies (<1.87 eV) there is only one optical transition (A,
arising due to electron-electron correlation) which occurs,
ie., the aj, to eg* and nE, (n > 2) condition required for
MEG is satisfied. At higher photon energies (>1.87 eV) B/C
transitions involving p-d transitions start to occur [51,54] due
to which the hot carrier generation and impact ionization will
stop. It is also to be noted that the theoretical calculations have
suggested that highly correlated bands originate from vana-
dium d orbitals, while the conventional bands are made up of
oxygen p orbitals [14]. Moreover, Coulter et al. theoretically
demonstrated that the highly correlated electrons provide a
high impact ionization rate, which is the basis of multiple
exciton generation in VO, [14]. The generated multiexciton
due to impact ionization is associated with the subbands of d
electrons (correlated electrons), while p bands show a similar
character as a conventional semiconductor.
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FIG. 4. Absorption spectrum of VO, plotted as a function of
photon energy for the insulating phase (at room temperature). The
labels in uppercase letters refer to the transitions (defined in the
legend) in VO,. The dashed rectangular box depicts the range of
photon energy utilized in photocurrent spectroscopy measurements.

In SCIs the impact ionization process occurs due to the
presence of a strong electron-electron interaction. Therefore
initially a photogenerated exciton induces the generation of a
multiexciton. Finally, the generated multiexciton via impact
ionization can relax through the nonradiative Auger recom-
bination (AR) process, which is the most dominant pathway
for multiexciton recombination. To study the recombination
dynamics in an ultrafast timescale in VO,, we tracked the
AR dynamics through the transient reflectivity measurement,
which complements to the signature of MEG. To investigate
the AR process in VO,, we used a pump beam of 3.1 eV
excitation energy, which is sufficiently larger than the band
gap of VO,. As discussed earlier, we obtained a maximum
efficiency at ~1.87 eV in a photocurrent measurement, so for
further investigation, we explored the AR dynamics near this
energy range. We utilized white light as a probe beam, with a
maximum intensity at ~2 eV [pump and probe beam spectra
can be seen in Figs. S2(a) and S2(b), respectively] which is
nearer to ~1.87 eV. Due to the experimental limitation, we
could only probe near 2 eV, and not beyond that. Interestingly,
with the help of this pump and probe beam, we obtained clear
signatures of the decay of the photoexcited carriers in VO,
which is discussed below.

AR is the inverse process of impact ionization and has
been characterized by a fast intrinsic AR rate with a cor-
responding effective recombination time of less than 10 ps
[49]. Depending on the nature of the photoexcited species
or initial hot carrier density, the AR process follows second-
or third-order kinetics [49,55]. The transient reflectivity data
have been fitted with a combination of an error function and
exponential decaying function,

AR (t —1,) —(t —1,)
- O.5|:erf<S—r) + 1:| |:Aexp (T) +Bi|,
ey
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FIG. 5. (a) Fitted differential transient reflectivity curve (red
curve) at a fluence of 9.5 mW with raw data (purple circles).
(b) Power dependence of differential transient reflectivity curves.
(c) Amplitude and (d) decay time obtained from fitting the transient
reflectivity data [Eq. (1)] as a function of fluence.

with 95% confidence bounds. An error function has been used
to take into account the rise time of the carrier excitation (S,)
and the exponential decay function (A;) gives the details of
the initial fast decay time of the carriers. Our transient dif-
ferential reflectivity (AR) fitting results also clearly indicate
that Auger recombination has occurred in less than 10 ps
[Figs. 5(a) and 5(b)] at each fluence. The valuable parameters
such as rise time (S,), amplitude (A), decay time (A,), and
background (B) are extracted from the fitting using the above
discussed equation [see the representative fitting for 9.5 mW
in Fig. 5(a)]. In Fig. 5(c), increasing amplitude with increasing
fluence represents the enhancement of the photoexcited carrier
density with fluence. The decrement of the decay time (A;)
with increasing fluence [see Fig. 5(d)] might be a fingerprint
of the AR which results in MEG [13,49]. Moreover, the exper-

imental dynamics become faster with an increase in the initial
carrier density, which is in agreement with the enhancement of
the effective linear AR rates with the excitation fluence. This
expresses a nonlinear dependence of the kinetics related to the
multiexciton dynamics depending on the exciton density. An
almost similar background has been observed at each power
for the transient reflectivity data (see Table S1) which can be
explained with the help of a similar timescale of the single ex-
citonic decay [49,56]. We have fitted with the one exponential
decay function because the measurement was performed for
a small timescale, up to 120 ps. If one measures for longer
delays, then information related to the relaxed carrier features
can also be obtained.

IV. CONCLUSIONS

In conclusion, photoinduced MEG has been investigated
in the correlated electron system VO, by means of a di-
rect method of dc photocurrent spectroscopy and an indirect
method of ultrafast transient reflectivity. Photocurrent spec-
troscopy exhibits an enhanced photocurrent and the resultant
QE is found to increase up to as high as ~130%. A nonlin-
ear dependence of the generated carrier flux with increasing
photon flux clearly indicates MEG in VO,. Photon fluence-
dependent ultrafast transient reflectivity measurements show
a decrement of Auger recombination time from 3.95 to 2.4
ps with increasing photon fluence as the exciton density
increases. This is accompanied by an amplitude enhance-
ment from 1.6 to 3.96 by increasing the fluence from 6.5 to
9.5 mW. These results are manifestation that Auger re-
combination is occurring within the the VO, thin film and
complements to the MEG findings in photocurrent spec-
troscopy. Our photocurrent results confirm that the MEG
threshold for VO, is 3E,. In the case of VO,, the MEG
threshold may vary with temperature because the band gap
and correlation strength decrease with increasing temperature
[57,58]. This study may set off an era of strongly correlated
material-based high-performance optoelectronic devices, such
as solar cells and photodetectors, in the near future.
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