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Pump-probe optical spectroscopy was used to investigate proposed charge carrier multiplication
via impact ionization in the M; insulating phase of VO3. By comparing the transient reflectivities
of the film when pumped at less than and then more than twice the bandgap energy, we observed
a larger ultrafast response with the higher energy pump color while the film was still transiently in
the insulating phase. We additionally identified multiple timescales within the charge dynamics and
analyzed how these changed when the pump and probe wavelengths were varied. This experiment
provided evidence that a fast carrier multiplication process, i.e. impact ionization, acts efficiently in
this prototypical strongly-correlated insulator, as was recently predicted by theoretical calculations.

I. INTRODUCTION

Strong electron correlations are the source of novel
electronic phases and emergent phenomena that continue
to fuel scientific excitement over transition metal ox-
ides! and oxide heterostructure interfaces.?2 Advances
in the fabrication of these complex systems have made it
possible to envision devices exploiting such exotic phe-
nomena as multiferroicity, superconductivity, and colos-
sal magnetoresistance. Strong correlations, especially in
narrow-gap insulators, also may greatly enhance the rate
of impact ionization,42 which is a fast, hot-carrier relax-
ation pathway in which the absorption of a single photon
above an energy threshold excites multiple charge car-
riers. Here, we provide evidence of impact ionization
for the first time in a prototypical strongly-correlated
insulator (SCI), vanadium dioxide, using optical tran-
sient reflectivity spectroscopy. This observation leads to
a deeper understanding of the charge excitation dynam-
ics in SCIs and opens the door to further investigating
whether devices based on these materials could lead to
a new generation of clean energy technologies. These re-
sults will also further broaden interest in SCIs to explore
the novel properties strong electron correlations may en-
able in devices utilizing photoexcited charge.

Vanadium dioxide, VOo, has received much attention
for fundamental research since it has characteristics of
both Mott and Peierls insulators® as well as an insulator-
metal (I-M) transition at about 50 K above room tem-
perature. The fact that this I-M transition can be photo-
induced has made VO3 the subject of a number of pump-
probe optical studies.” 2% In these studies the mecha-
nisms and details of the photoinduced I-M transition have
been investigated and various scenarios of the dynam-
ics of the transition under different excitation conditions
have been discussed. The aim of the present paper is not
to confront any of these interpretations. It is rather to ex-
amine evidence for carrier multiplication which may have
occurred at a less than 100 fs timescale. While our laser
pulses cannot probe this regime directly, a careful analy-
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FIG. 1. (a) An incident solar photon promotes an electron
from the occupied band to the conduction band (i) with an
energy greater than twice the band gap or (ii) near the band
edge, creating an electron/hole pair in either case. (b) In
a typical conventional insulator, the electron/hole pair dissi-
pates its excess energy beyond the gap via phonon scattering
or phonon emission and relaxes to the band edge within a
timescale of the order of 0.1 to 1 ps. (c) In the case of a
strongly correlated insulator with incident photo-excitation
energy greater than twice the band gap (part (a), case (i)),
the electron, the hole, or both can give up their excess energy
to promote one or more electrons from the valence band to
the conduction band through their interaction with the elec-
trons of the occupied bands. (d) Auger recombination is the
reverse of impact ionization.

sis of our data can yield evidence for the effects of carrier
multiplication at longer time scales. Our interest con-
cerns what happens when, under a low fluence pump, the
sample, or parts of it, is in the insulating phase where the



meaning of carrier multiplication through impact ioniza-
tion makes sense. Therefore, we undertook a fundamen-
tally different study of non-equilibrium charge dynamics
in VOs, not out of interest in the I-M transition, but
rather to assess whether photons with energies in excess
of twice the bandgap in VO can excite multiple charge
carriers on short timescales while VO is still insulating.
By exciting a thin film with two different pump wave-
lengths, one above and one below the expected impact
ionization threshold, we observed changes in the ampli-
tude and decay timescale of the transient reflectivity near
the conduction band-edge that demonstrated a charge
carrier enhancement for the case of the above-threshold
pump wavelength. This observation represents the first
evidence that a photon can excite multiple electron/hole
pairs in an SCI via impact ionization.

A schematic representation of impact ionization is
shown in Fig. [l In this process, an electron from the va-
lence band is promoted to the conduction band via photo-
excitation, leaving a hole in the valence band. If the pho-
ton energy is significantly larger than the bandgap, the
incident photon can promote the electron either from a
deeply seated state in the valence band to the conduc-
tion band, or from the upper valence band to a highly
excited state of the conduction band. In a conventional
semiconductor (See Figs. [Th, [b) the excess energy of
the electron/hole pair is dissipated into phonons within
a timescale that depends on the material (on the order
of 10713-10712 secs), followed by subsequent relaxation
of the electron/hole pair to the band-edge.2? In the case
of an SCI, the strong Coulomb interaction between the
highly photo-excited electron or hole and the other elec-
trons occupying valence band states leads to the promo-
tion of another electron from the occupied states to the
conduction band by transferring part of its excess en-
ergy, as shown in Fig. .42 Finally, electron/hole pairs
created via impact ionization can undergo Auger recom-
bination (See Fig. [[Hd), which is the reverse process to
impact ionization.

While the identification of VO5 as a Mott-insulator
is still somewhat unsettled, VO, remains an excellent
candidate for a proof-of-concept demonstration of impact
ionization since the M; phase of VO, is a prototypical
SCI and theoretical calculations indicate fast impact ion-
ization rates (IIR) occur in this material. Some have
suggested that VOy is a Peierls insulator,® namely that
the gap opens due to a zig-zag distortion along the rutile
axis.2? Even so, it has been shown that the opening of the
Peierls gap is assisted by on-site Coulomb correlations.®
The ITR of the M7 phase of VO5 was computed from first
principles,2 and within the region of the solar spectrum
the ITR is more than two orders of magnitude faster in
VO3 than in Si, depending on the energy of the photo-
excited electron or hole. Furthermore, the IIR in VO,
is an order of magnitude higher than its corresponding
phonon decay rate. In Ref. |3, it was demonstrated that
the high impact ionization rate of VO, was associated
with the flat d-bands of nearly localized electrons. Vana-

dium dioxide is the only material that is both broadly
agreed to be an SCI and whose impact ionization rate
has been so well characterized theoretically. As such it
was the best choice for observing an enhanced IIR in a
strongly-correlated system.
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FIG. 2. (a) Resistance vs temperature curve of the VO, film.
The curve was measured while cooling and heating show-
ing (arrows) slight hysteresis at the metal-insulator transi-
tion (T = 345 K). Inset: Atomic force microscope image of
the 100 nm VO film grown on (111) SrTiOs substrate. The
scale bar is 4 pum, and the scan size is 10 x 10 pm. (b) 6-260
scan of a VO» film. The insets show enlarged regions around
the 111 and 222 SrTiOs peaks.

II. SAMPLE PREPARATION AND
CHARACTERIZATION

We performed our measurements on a 100 nm VOo
film grown onto a (111) SrTiO3 substrate by pulsed laser
deposition. A VOs sintered pellet was ablated using a



KrF excimer laser at a wavelength of 248 nm with a
laser fluence of about 1 J/cm?. The growth tempera-
ture was 600°C with an oxygen pressure during growth
of 25 mTorr.2827 After growth, the film’s topography was
characterized using a MFP-3D atomic force microscope
system from Asylum Research. DC transport proper-
ties were characterized using a physical properties mea-
surement system (Quantum Design) and structural char-
acterization was done using a four circle x-ray diffrac-
tometer (XRD) using Cu-Ka; radiation. The transport
properties shown in Fig. 2k display the typical resistance
vs. temperature behavior for VO, namely that the film
is insulating at room temperature with an I-M transi-
tion (accompanied by the monoclinic to rutile structural
transition) observed around T = 345 K. The topogra-
phy, in Fig. Bh inset, shows an RMS roughness of about
8 nm. Figure2b shows an XRD 6-26 scan of the 100 nm
VOsq film. In the XRD data, the film peaks are some-
what obscured by the very strong SrTiO3 peaks due to
similar lattice parameters. The insets show enlarged re-
gions around the substrate peaks which clearly indicate
the presence of the 020 and 040 VO, peaks. No other
peaks are observed, showing that the film is pure VOo
without the coexistence of parasitic oxide phases (such
as V203 and V305). The XRD data show that the film
has the typical monoclinic room temperature structure
expected for VOs.

IIT. PUMP-PROBE OPTICAL
MEASUREMENTS

Pump-probe optical spectroscopy was used to measure
the transient reflectivity of a 100 nm VO3 film. These
measurements were accomplished using a 1 kHz regenera-
tively amplified Ti:Sapphire laser cavity producing 120 fs
pulses at 800 nm. This laser was used to pump a TOPAS
optical parametric amplifier in order to achieve the near-
infrared pump and probe wavelengths that were closer to
the energy gap of VOq (0.6 V). We measured the reflec-
tivity at two different probe wavelengths (i.e. 1968 nm
[0.63 eV] and 1761 nm [0.70 eV]) in each case varying
the excitation (pump) wavelength from below twice the
energy gap to above twice the energy gap, keeping the
incident fluence fixed for comparisons at the same probe
wavelength. The pump wavelengths used were 1348 nm
[0.92 eV] (1968 nm probe), 1466 nm [0.85 eV] (1761 nm
probe), and 800 nm [1.55 eV] (used with both probe
wavelengths). The pump and probe beams were focused
to 300 um diameter spots. The pump pulse energy den-
sity was varied from 0.85 mJ/cm? to 5 mJ/cm? and the
probe fluence was less than 100 mW /cm? in all cases.
The linearly polarized pump and probe beams were over-
lapped, cross-polarized, and randomly oriented in the
plane of the film. The reflected probe intensity was mea-
sured using a cooled extended range InGaAs photodiode,
and the time-resolved data were collected using standard
lockin techniques. All insulating state optical data were
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FIG. 3. Normalized VO transient reflectivities. (a) The rel-
ative reflectivity change for the 1968 nm probe. (b) The rel-
ative reflectivity change for the 1761 nm probe. The 800 nm
pump data is offset by 0.2 for clarity in both (a) and (b). In-
sets contain the same data as their respective panels plotted
on a linear time axis.

collected at room temperature.

The measured reflectivity transients exhibited three
timescales in either case of pumping below (1348 nm
and 1466 nm) or above (800 nm) the expected impact
ionization threshold (i.e. twice the bandgap), and only
the intermediate timescale changed significantly with
pump wavelength. FiguresBh and [Bb report the normal-
ized transient reflectivities for the probe wavelengths of
1968 nm and 1761 nm, respectively. The three timescales
in Fig. [3] were obtained by fitting the transients to a sum
of increasing exponentials. The results of this fitting with
95% confidence intervals are summarized in Table[l The
shortest timescale, 7, describes the nearly instantaneous
rise of the signal, corresponding to electronic excitation,
that completes essentially within the pump-probe over-
lap. Sample dynamics within the duration of the pulse
overlap cannot be resolved. The longest timescale, 73,
describes the slow rise of the reflectivity to its maxi-
mum value, which corresponds to thermal equilibration
between the lattice and hot phonons and occurs over 100-
200 ps. 21T Photo-excitation is thought to preferentially
stimulate 6 THz vibrational modes 191214 which have
a lifetime of 100-200 ps.2228 QOver this timescale, which
most closely corresponds in our data to 73, the rest of
the lattice thermalizes with the photo-stimulated phonon



population. a

TABLE I. Transient Reflectivity Rise Times

Pump [nm (eV)] Probe 71 [ps] T2 [ps] 73 [ps]

800 (1.55) > 2B, 1761 (0.70
1466 (0.85) < 2B, 1761 (0.70
800 (1.55) > 2E, 1968 (0.63
1348 (0.92) < 2E, 1968 (0.63

0.22£0.10 114+ 1.4 163 £25
0.25£0.16 17.0£ 1.3 188 £ 16
0.11+0.32 0.8£1.1 146 £59
0.09£0.01 10.1 £3.6 119+ 79

=D D

The intermediate timescale, 7o, was consistently
shorter when pumping with 800 nm (above 2E,) than
when pumping with the longer pump wavelengths (below
2E,) for comparisons at a fixed probe wavelength. This
timescale, 7o, likely corresponds to hot phonon diffusion
in the filmA? Nonetheless, this rate can be accelerated
above the limit for ballistic phonon transport through
the presence of additional charge carriers stimulated by
a faster process. Hence, the shortening of 7 could be
accomplished by a carrier enhancement via impact ion-
ization when the higher energy pump is used.

Beyond the reduction in 79, Fig. Bl further reveals that
the fractional contribution to the amplitude of AR/R in-
creased for the fastest component of the transient when
using the 800 nm pump. This means that the charge
population excited using 800 nm accounted for a larger
fraction of the total change in reflectivity than for either
of the longer wavelength pumps. This increase is well-
illustrated in Fig.d which displays the ratio of the reflec-
tivity transients in Fig. Bl The ratios of the normalized
transients in Fig. [@h provide estimates of the maximum
reflectivity change, which are 1.20 +0.03 (1761 nm) and
1.17 £ 0.03 (1968 nm), for the case in which the ampli-
tudes of AR/R are equal. These ratios and the 95% con-
fidence intervals were determined by fitting with double
(1761 nm probe) and single (1968 nm probe) exponen-
tial decays. Therefore, the 800 nm pump produced an
increase in the size of the ultrafast component of AR/R,
corresponding to a larger photo-excited carrier density.

The reduction of 7 and the increase in the fractional
amplitude of the 7 component caused by the 800 nm
pump indicate an enhancement of the photo-excited car-
rier population over that created by both longer wave-
lengths. Our AR/R measurements revealed three sub-
processes consisting of (from fastest to slowest) electronic
excitation (71), hot phonon diffusion (72), and thermal
equilibration between the lattice and hot phonons (73).
These measurements confirm that the nearly instanta-
neous response in AR/R is larger for 800 nm photons
than it is for the lower energy pump photons.

The dynamics measured in ultrafast optical measure-
ments are often conceptually understood using a two-
temperature model?? where the optical energy is first
imparted to the charge carriers, which then thermalize
with the lattice and warm it. In the case of VO, lat-
tice heating due to the thermalization of hot carriers oc-
curs on a timescale of 100 fs to 1 ps.t!:2¢ The amount
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FIG. 4. VOs2 transient reflectivity ratios and metallic state
comparison. (a) The ratios of the transient reflectivities for
both sets of data in Fig. Bl (b) The normalized transient re-
flectivities in the metallic state. The sign of the reflectivity
is inverted from the insulating phase. Inset: The 800/1466
pump ratio of the normalized data in (b). The data in (a)
and (b) were smoothed using moving averages. (c) Normal-
ized transient reflectivities in the insulating state taken at
2.6 mJ/cm? for the 1466 nm pump and 1.45 mJ/cm? for the
800 nm pump.

of lattice heating can also be expected to increase with
the use of more energetic photons, which might also con-
tribute to an increased dynamical response. With our
laser pulses, we are not able to observe the characteristic
times for dynamics that occur in less than 100 fs. How-
ever, based on the results of ab initio calculations,® and
even on more general grounds,? we expect that on an ap-
proximate timescale of 10 fs, impact ionization will act as
a carrier multiplication process, provided that the pho-
toexcited electron or hole has sufficient energy beyond
the gap. Therefore, guided by this theoretical work, we
looked for evidence of impact ionization in ultrafast op-
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FIG. 5. (a)-(c) The normalized transient reflectivities taken
with pump energy densities of 5.0 mJ/cm?, 3.8 mJ/cm?, and
2.6 mJ/cm?, respectively.

tical reflectivity measurements.

IV. OPTICAL PENETRATION DEPTH
ANALYSIS

Analysis of the penetration depths in VOs indicated
that similar numbers of photons should be absorbed at
each pump color when similar incident pump energy den-
sities were used. Using the results of Verleur, et al.,2%
we obtained the real and imaginary parts of the dielec-
tric constant for a 100 nm film of VOs. Using these
values, the refractive indices and penetration depths for
the various pump wavelengths were calculated. We used
the expression for the penetration depth, d: d = \/47k,
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FIG. 6. (a)-(c) The 800/1466 ratios of the transients shown
in Fig. Bl respectively. The data in (a) and (b), but not (c)
were smoothed using moving averages.

of the light intensity for our calculations, where lambda
was the wavelength and kappa was the extinction coef-
ficient. The penetration depth for the probe and each
pump wavelength in the insulating state was more than
100 nm. The results of this analysis revealed that approx-
imately 48% of the 800 nm pump and 26% of the 1466 nm
pump were absorbed in the 100 nm depth of the film.
Since the ratio (1466,/800) of incident pump photons was
1.83, the film absorbed roughly the same number of pho-
tons at each pump color. This was similarly true for
the 1348 nm pump. We also did not observe significant
differences in the reflection losses from the film. As a
result, though we consistently use the incident pump en-
ergy density (mJ/cm?) to label the transient reflectivity
comparisons made in this discussion, the analysis does



take into account the expected total number of absorbed
photons within the film depth and therefore considers the
total absorbed energy density (mJ/cm?) as the important
parameter of the excitation.

We repeated the 800/1466 transient reflectivity com-
parison at 360 K and found that the reflectivity enhance-
ment did not occur in the metallic phase. The transient
reflectivities measured with the 1761 nm probe are shown
in Fig. @b where the signals at long delay have been nor-
malized to —1 because the sign of the response was in-
verted in the metallic phase. Re-analysis of the pene-
tration depths for the metallic state2? indicated that the
probe wavelength had a penetration depth shorter than
either pump beam, about 50 nm. With these changes
caused by the phase transition, approximately half as
many 800 nm photons were absorbed as 1466 nm pho-
tons in the metallic state. The 1466 nm pump in Fig. @b
produced a larger response than the 800 nm pump near
zero delay. The inset shows the 800/1466 nm ratio, which
was 0.67 4+ 0.03. For comparison, we performed a simi-
lar test in the insulating phase (Fig. @k) to approximate
the absorbed energy densities in the metallic conditions
where less 800 nm than 1466 nm photons were absorbed.
We observed a ratio of unity in the insulating phase under
these conditions.

The fitting of the reflectivity ratios for the insulating
and metallic states (Fig. @) produced decay constants
reasonable for Auger relaxation only in the insulating
state. The ratios in Fig. @h show exponential decays of
the reflectivity enhancements for the 800 nm pump over
a period lasting 15 &+ 3 ps (1968 nm probe) or 27 + 4 ps
and 223 + 61 ps (1761 nm probe). The two shorter time
constants may be attributable, in part, to Auger recom-
bination (see Fig. 1), which has been observed in other
systems.3! In contrast, the metallic ratio in Fig. @b inset
shows only a single long decay of 318 4+ 60 ps, with no
shorter component that would be more typically observed
in Auger recombination. The longer time constants, mea-
suring a few hundred ps, seem to correspond more closely
with the lattice coming to thermal equilibrium with the
photostimulated phonons.

V. PUMP WAVELENGTH AND PULSE
ENERGY DENSITY DEPENDENCES

We performed additional reflectivity comparisons us-
ing the 800/1466 nm pump pair and discovered that the
peak values of the 800/1466 reflectivity ratios decreased
with increasing pump pulse energy density. In each com-
parison, the pump pulse energy densities for 800 nm
and 1466 nm were the same. Figure [l shows normal-
ized reflectivity comparisons collected at incident pump
pulse energy densities of 5.0 mJ/cm?, 3.8 mJ/cm?, and
2.6 mJ/cm?. The ratios of these comparisons are shown
in Fig. [6 where the ratios were fit with double exponen-
tial decays. The ratios in Figs. [Bh-c near zero delay were,
respectively, 1.11 4+ 0.03, 1.24 + 0.03, and 1.46 + 0.04.

a
2.0+ -
o | X nsX
3
o
1.5 i
o4
<
1.0 295 K B

0 -

2 4 6
Pulse Energy Density (mJ/cm )

b
s 64 saturation Level L] -
g
) A 800 nm
5 44 B 1466 nm N
%-
S
< 2- 5
o
5
0 295K

o) -

2 4 2
Pulse Energy Density (mJ/cm")

FIG. 7. (a) Pulse energy dependence of the reflectivity en-
hancement for 800/1466 nm pump comparisons. Filled cir-
cles (crosses) represent measurements when incident energy
densities were the same (different) for both colors. (b) AR/R
amplitudes (1761 nm probe) occurring at long delays greater
than 100 ps. The saturation level was estimated as the av-
erage of the two trends. The lines in both (a) and (b) are
guides for the eyes.

The faster time constants in Figs. Bh-c were 29 ps, 25 ps,
and 29 ps, for an average of 28 ps. The slower time con-
stants were 210 ps, 241 ps, and 182 ps, for an average of
211 ps. These numbers are very similar to what was ob-
served in the data of Fig. @h. We found the largest ratios
for pump energy densities less than 2 mJ/cm? (Fig. [Th)
while the ratio decayed toward unity as the pulse en-
ergy density increased. Figure [[b demonstrates that a
long-lived (greater than 100 ps) AR/R component be-
gan to appear around 1 mJ/cm?. This long-lived compo-
nent in the reflectivity has been attributed to the photo-
excited metallic phase,’11:12:14:17 therefore the decline in
the reflectivity ratio correlated with the photo-excitation
threshold for transiently exciting metallic clusters in the
film. So, approaching unity in the ratio corresponded
to approaching an incident pulse energy density capable
of driving the entire probed volume transiently into the
metallic phase. The threshold to the appearance of the
metallic phase was also lower using the 800 nm pump
(Fig. [b).

Finally, it has been noted in prior literature!®17 that
there is a specific change that occurs in the transient
reflectivity of VOgy for a threshold pump pulse energy
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density. Below the threshold, the transient reflectivity
is short-lived (less than 100 ps duration) and exhibits a
typical decay response for a semiconductor. As the pump
energy density rises above the threshold, the initial fast
decay becomes a long-lived (greater than 1 ns) transient
as a sufficient carrier density is photo-excited to initiate
a longer-lived conductivity. This threshold for a long-
lived transient likely corresponds to the point at which
metallic clusters begin to form. We controlled the inci-
dent energy at both pump wavelengths to find where this
change in the transient reflectivity occurred. In Fig. 8
this change occurred for the 1466 nm pump at an en-
ergy density of 1.5 mJ/cm? and at 0.85 mJ/cm? for the
800 nm pump. As demonstrated in Fig. 8] and similarly
to Fig. [k, the normalized transients had the same shape
and there was no evidence of a difference based on the
pump wavelength. This comparison makes a strong link
between matching the shape of the reflectivity transients
and photo-exciting similar dynamics in the film, since
it was done at a specific threshold where the same pro-
cess was occurring but excited by different pump colors.
Figures [k & [ were used in Fig. [fh of the manuscript

to calculate the ratios shown by the two crosses. Since
these data were not collected at the same incident pump
pulse energies densities, the ratio was approximated by
dividing the pump pulse energy densities for the 800 nm
and 1466 nm data of Figs.[dkc & Bl

VI. CONCLUSION

In conclusion, the time-resolved reflectivity in a 100 nm
film of VO2 was measured for pump wavelengths which
corresponded to photon energies above and below twice
the gap. The normalized transients revealed an enhance-
ment in the reflectivity ratio due to an additional carrier
population appearing within the pulse overlap for the
pump wavelength above the impact ionization thresh-
old. This enhancement decayed on timescales reasonable
for Auger recombination for both probe wavelengths and
provided evidence for carrier multiplication via impact
ionization in thin films of VO3 as predicted previously .42
Though the insulator-metal transition of VO5 makes it
unappealing for use in photovoltaic devices, this proof-of-
concept study nonetheless opens a new direction of future
research: it suggests that the class of strongly correlated
insulators, which remain insulators under illumination,
could be investigated to find those which fulfill the other
requirements for efficient photovoltaic applications.
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