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We have measured the subpicosecond optical response of a solid-state, semiconductor-to-metal
phase transition excited by femtosecond laser pulses. We have determined the dynamic response of
the complex refractive index of polycrystalline Y@hin-films by making pump-probe optical
transmission and reflection measurements at 780 nm. The phase transition was found to be largely
prompt with the optical properties very close to the high-temperature metallic state being attained
within about 5 ps. The equilibration of the metallic state after femtosecond excitation was modeled
by non-exponentially decaying perturbations in the metallic state electron density and collision
frequency. The decay of both these plasma parameters was well fit ls& tirhé dependence. This
indicated that a diffusion process governed the equilibration of the metallic phase,of@ Q996
American Institute of Physic§S0021-8976)06604-7

I. INTRODUCTION transition was observed, the speed was faster than the experi-

] ) - mental resolution dictated by 25—30 ps pulses. The important
The dynamics of solid-state phase transitions are amemeasurement of the switching time for the phase transition

nable to study by ultrashort pulsed lasers. Ultrafast opticay,5q not yet been made and was an important motivation for
techniques effectively probe the cooperative structuralr work.
change in the time domain in order to study precursors, soft |, the experiments reported here, we have measured the
modes, metastable states, and posttransition relaxations. Vgﬁbpicosecond response of the optical parameters of VO
have employed femtosecond laser pump-probe techniques i, fiims for laser excitation through the first-order phase
investigate the dynamics of the solid-state phase transition ifansition. Femtosecond laser excitation at 780 nm from an
VO, near 68 °C. This phase transition incorporates both &mpjified, self-mode-locked Ti:sapphire laser was used in a
lattice-type (symmetry change and an electronic band ,mp-probe configuration to excite the Y@im through the
change(semiconductor to metalFemtosecond laser pulses ppase transition, starting from the low-temperature equilib-
have previously been used to probe the dynamics of solidgm state, a semiconductor with a monoclinic unit cell, to
state phase transitions in the ferroelectric materials PRTIO e high-temperature state, a metal with a rutile unit cell. The
KNbO;, and BaTiQ.” In that case, there was a lattice Sym- yansient optical reflection and transmission were measured
metry change, but the transition was from a nonconducting, 5 femtosecond and picosecond time scale by a delayed
ferroelectric low-temperature phase to a similarly NONCONohe pulse at 780 nm. The slower behavior for nanosecond
ducting paraelectric phase. In another study of solids, thgq longer times was measured using a cw HeNe laser at 633
purely electronic Mott transition in CuCl had been investi- h, and a fast photodiode: . ~1 n9. We have transformed
gated using femtosecond laser pules. o the raw measurements of dynamic reflection and transmis-
‘The first attempt to measure the switching speed of thgjo 1o complex refractive index using a thin-film model. In
optically induced phase transition in VOvas made by 5 previous lette?,we reported picosecond time scale equili-
Roach and Balbefgexciting with 20 ns ruby laser pulses at pyation effects after the femtosecond pulsed laser excitation
694 nm and probing with a cw HeNe laser. They found theyt the phase transition. We suggested that perhaps this might
transition to be faster than their experimental resolution;qicate deviation of the metallic plasma from the equilib-
Subsequently, Beckeand Walset conducted the first pump- rium conditions described by Barket al’® and Berglund
probe measurements on the Yhase transition using 30 pS 4ng Guggenheift for metallic VO,. In this article, we fol-

pulses from a mode-locked Nd:YAG laser, exciting and probyq,y, this suggestion by modeling the transient behavior of the
ing at 1064 nm. Again, the transition was abrupt and proveq,ser-excited phase transition.

to be faster than the experimental resolution. Other experi-
ments in which VQ films were excited by picosecond pulses
at 532 and 1064 nm did not always show an abrupt transitioH- EXPERIMENTAL METHODS

to the metallic staté® In some cases an intermediate state The VO, samples used in these experiments were fabri-
was observed. However, in all the cases where an abru@ated by a new low-temperature process compatible with
polymer substrate’.In summary, the process involved sput-

dElectronic mail: becker@uts.utexas.edu tering vanadium in an oxygen—hydrogen—argon plasma at a
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film when excited by a femtosecond Ti:sapphire laser at 780 nm. L is a lens,
FIG. 1. VG, film resistivity vs temperature for increasing and decreasingB.S. is a beam splitter, and N.D. is a neutral density filter.
temperature scans.

and reflection versus wavelengtfiom 500 to 2000 nmof
temperature<250 °C, followed by annealing in a static ni- the semiconducting state to that calculated by a thin-film
trogen atmosphere at a temperate290 °C. The films were  model using reported values for the complex permitivity of a
verified to be polycrystalline, stoichiometric \y TEM/ VO, thin film.2#
TED (transmission electron microscopy/transmission elec- The optical setup used to conduct the pump-probe mea-
tron diffraction and x-ray analyses. The electrical resistivity surements was relatively conventiodaland the layout is
and optical transmission and reflection spectra were identicahown in Fig. 3. The laser source was a cw passively mode-
to those for conventionally processed Y@ms of similar  locked Ti:sapphire laser at 780 nm wavelength with a regen-
thickness:® The electrical resistivity of the tested film is erative amplifier operating at 20 Hz and a grating pulse
shown in Fig. 1 as a function of increasing and decreasingompressot®!’ The pulsewidth was measured by
temperature. The semiconducting-metallic phase transitiobackground-free, sum frequency generation in the sample
and its associated hysteresis are clearly shown. During thelane and was in the range of 450-550 fs full width at half
transient optical experiments, the film was held just belowmaximum (FWHM) [assuming a seétpulse intensity pro-
the phase transition onset temperature, between 39 arfile]. The femtosecond probe beam and the cw HeNe beam
41 °C, by an electrically heated substrate holder with an emdiameters at the sample plane were adjusted to be less than
bedded thermistor. The entire heater and sample assemhiye-third of the pump beam diameter. Beam overlap and the
was placed in a foam plastic container for thermal isolationbeam diameters at the sample plane were measured using a
The optical transmission and reflection spectra of the film areharge coupled devic€CCD) camera with neutral density
shown in Fig. 2 for both the colsemiconductingstate at filters. The pump beam average power was measured just
20 °C and the hotmetallic state at 90 °C. The Ti:sapphire after the focusing lens, and the power was adjusted to be just
and HeNe probe laser wavelengths are indicated on the spesdfficient to excite the complete phase transition. This re-
tra. The film used in our experiments was deposited on aulted in a pump fluence of 3.7 mJ/&at the sample plane,
glass microscope slide and was 32 nm thick. The film thickin good agreement with the film temperature, heat capacity,
ness was determined by fitting the measured transmissiaand the latent heat of the phase transition.
Experimental transient data for each run was recorded
either for transmission or reflection, and the nanosecond
633 780 nm transient wave form was recorded using a digitizing oscillo-

: scope and a fast photodiode. For each delay line position,
60 T both the desired peak voltageflection or transmissigrand

o 90T the peak reference voltage were measured using the digitiz-
§ 40 -, ing oscilloscope. In addition, frequent measurements were
$ 30 taken with the pump beam blocked and used to correct for
a 20 | | small changes as the delay was changed. Data for transmis-
10 I sion and reflection were first corrected for the probe pulse
ol b behavior with the pump beam blocked and then fit at large

400 800 1200 1600 2000 negative time delay to the transmission and reflection mea-

sured by the spectrometer at 780 nm.
Wavelength (nm)
FIG. 2. VO, film transmission and reflection spectra for the c@édmicon-  |Il. TRANSIENT OPTICAL PARAMETERS

ducting state at 20 °C and the h¢metallic state at 90 °C. The vertical . . . ..
lines denote the cw probe wavelength of 633 nm and the femtosecond  1h€ resulting data is a record of transient transmission

pump-probe wavelength of 780 nm. and reflection versus delay time from7 to 400 ps. It was
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633 nm cw HeNe laser.

The real part of the refractive inder, was just over
halfway to the metallic value by the end of the 500 fs exci-
tation pulse. It then decreased more slowly to around the
steady-state value by 5 ps. On the other hand, the imaginary
~—Im As part of the refractive indexXs, was equal to the metallic value
1 by the end of the excitation laser pulse and overshot by 36%
at 7 ps. After smaller fluctuations, bothandk had reached
their final values by 300 ps.

Time (ps) For delay times longer than 1 ns, the film behavior was
determined by the reflection and transmission of the cw
FIG. 4. Cc?mFljl'ext_i”gexngftfffr:aﬁ:i_on_f‘;r g\t/ﬂ]j”: ‘t’s t"p; det“é;; Trloonc]) tthe HeNe probe laser. If the pump-laser energy was not in excess
Toeoazl;rin&%)efsloto 6;.5 ps’f1 Nsottlasfr:c;t thetleeilm?agi\rl1va?ryI pe?rtS of thi refra?:tive of that required ff” the phase transition, thd(_)O ns de_cay
index,k, is plotted on the right-hand scale and that the direction of this scald?@Ck to the semiconducting state was consistent with heat
is inverted. Arrows and horizontal lines denote the asymptotic values of conduction to the substrate. A typical nanosecond time scale
andk (determined at 400 psThe laser excitation fluence was 3.7 m¥cm excitation and cooling curve for ViQtransmission is shown
in Fig. 5. The pump-laser fluence was 3.7 mJcjust suf-
ficient to excite the complete phase transition. If excess ex-
citation (greater than about 1.5 times the energy required for
immediately apparent that the V@ilm reached an optical the phase transitiorwas applied to the sample, additional
state very close to the final state in less than 5 ps. The olpvershoot and equilibration effects were observed on this
served change at 400 ps was equal to the change observeghe scale, especially in the reflection transient.
when the sample was heated through the phase transition by
static means. This Was'(jetermlned by heatlng the sampll%l ANALYSIS AND PLASMA MODEL
through the phase transition, with and without femtosecond
excitation applied, while monitoring the nanosecond and  For the interval from 0.5 to 15 ps in Fig(l®, bothn and
static optical parameters with the cw HeNe laser. Thus, th& are greater in magnitude than their corresponding equilib-
final reflection and transmission state reached by pulsed laséum metallic values:n lies closer to the semiconducting
excitation was identical to that reached by equilibrium heatvalue, andk has overshot the metallic value. This deviation
ing. of both n andk could be explained by the presence of an

Conversion of the data to a refractive index format waselectron plasma of both higher electron density and higher
done using a thin-film model for the \\3ilm and substrate. electron collision frequency than the equilibrium metallic-
A coherent reflection was assumed from the film-substratphase plasma. We take the permittivity of Y@ be of the
interface, and an incoherent reflection was assumed for thigrm of a constant contribution due to lattice vibrations and
substrate rear interface since the 500 fs pulse was shortetectronic transitions, plus a contribution due to free carries
than the substrate thickness. A numerical solver routine wathat is dependent on optical frequeney This is written as
used to obtain a value for andk at each delay time given _N&
the measured values of transmission and reflection. The en- g=¢ + ¢ =6+ e —5—>—
tire data set for complex refractive inder=n-—jk, is €om* (v + w°)
shown in Fig. 4a) while the time interval near zero delay is Ne2y
expanded in Fig. @). In the expanded graph, asymptotic =
values(at 400 p$ for bothn andk are shown as horizontal
lines. Note that the scale for the imaginary index is invertedvhereg, is the contribution due to phonon and electron tran-
on both graphs. sitions, &, is the contribution due to the free carrier plasma,

Imaginary

, )

eoM* o (V2 + w?)

2406 J. Appl. Phys., Vol. 79, No. 5, 1 March 1996 Becker et al.



10.00 pendence of the formAN(t)=1.8 t %4 (shown in Fig. 6
—0— AN(Y) and Ap(t)=1.9 t %% (not shown in Fig. & A time depen-
dence of 14t is suggested by this data.

Two possible physical interpretations are suggested by
this time dependence foAN and Av. The first is that a
1/\ﬁ dependence is observed as the time dependent part of
many diffusion problems. This suggests that diffusion of ei-
ther carriers or a related hidden variable might play a role in
the equilibration of the metallic phase of YOThe electron
collision frequency is presumably connected to the same pro-
cess. The second possibility is thaN(t)=N(1)t *?is an
explicit solution to the differential Eq.

0.01 L . ! dAN(t) 1
0.1 1 10 100 1000 __ 3

1.00 |

AN(t) (x 1021 cm-3)
Av(t) (x1015s-1)

Time (ps)
This kind of decay can have a physical significance; it is the
FIG. 6. AN andAv vs delay time as derived from modeling the behayior of dependence observed for decay dominated by a three-body
B B s cebendnce desctbed Molision process. For comparison, a single body process
leads to the familiar exponential decay and a decay rate pro-
portional to the concentration of the decaying specie. A two-
N is the electron densityn* is the electron effective mass, body relaxation process, such as Auger recombination, has a
andv is the electron collision frequendg@amping or energy- decay rate proportional to the product of two specie concen-
loss rate. In the model,m* is assumed to be the free- trations. And likewise, the decay rate for a three-body decay
electron rest massm,, since its effect cannot be separatedis proportional to a triple product of concentrations. For each
from N. Values ofm* reported for metallic VQ are near additional body in the collision process, the collision rate is
me.1% The phonon and electron transition part of the per-multiplied by the probability of finding another particle si-
mittivity, &, was calculated using the equations and empirinultaneously present in the collision interaction volume,
cally fit parameters of Verledf: Then the electron plasma Probability=(AN) (Interaction Volumg which is expected
parameterdN and v were adjusted at each value of optical to be a small number. We consider that the probability is very
delay such that the computed values ¥ofandn) matched low for decay arising from a three-body collision of excess
the experimentally derived ones. carriers to completely dominate one- and two-body decay
It is expected that at 780 nm, the fitted steady-state valprocesses. Thus, we select diffusion as the more likely ex-
ues forN and v (at 400 p3 should be relatively close to those Planation for the observed behavior.
derived in Verleur's modéf and those measured by Thomas
and Chaif® us_ing electron epergy—loss spectrosc@ELS). V. CONCLUSIONS
A small error is expected since our spectroscopic values for
€' and ¢’ differ slightly from Verleur's values. In fact, the It appears that a metallic plasma model for /€an
fitted steady-state values from our data at 780 nm wersuccessfully fit the transient behavior of the optical param-
N=6.3x10?* cm 2 and »=2.1x10'° s in good agreement eters after the femtosecond optical excitation pulse. The
with Verleur’'s values of 8.810°* cm 2 and »=1.0x10"® model fit implies a small(<20%) increase in the electron
s ! (converted from esu and electron volt upigsd Thomas density, along with a larger>200% increase in the electron
and Chain’s values ol=5.5x10?* cm 2 and »=1.4x10"®  collision frequency at the end of the excitation laser pulse
s L (t=0.5 p9. The decay of both of these parameters back to
The fitted plasma parameter data are displayed in termtheir equilibrium values of N=6.3x10"1 cm® and
of deviation from the steady-state valueAN(t)=N(t) »=2.1x10" s ! follows the same, nearly monotonic time
—Nsteady sta@Nd similarly forAx(t). The fitted parameters dependence. Thus, the decay of these two plasma parameters
from 300 fs to 400 ps are shown in Fig. 6. Data for delayis connected to the same physical mechan{am apparent
times less than zero could not be fit with any valuedlafnd  variable such as excess carrier density or perhaps a hidden
v, and data during the pump-probe overlap time are not relivariable.
able because of pulse coupling effects. First, one notices that Fitting the time dependence &N and Av yielded a
the decay of both parameters is globally monotonic. Excepl/ﬁ dependence and two possible interpretations, but we
tions forN andAN after 60 ps and andAv after 20 ps are believe a diffusion process to be the more probable of the
small and are likely less than the experimental error. Secondwo. The involvement of a diffusion process in the equilibra-
both a large percentage increase in electron collision fretion of metallic VO, is also physically plausible since diffu-
guency and a proportionally smaller percentage increase ision from micro-inhomogeneities in the phase transition is
the electron density are required to fit the transient datapossible. Although no anomalous optical scattering from
Third, the decay cannot be represented by an exponential such inhomogeneities was observed on passing through the
sum of exponential terms. However, as plotted in a log—lodaser excited phase transition, this only rules out inhomoge-
format, the data can be least-squares fit to a power law deseities larger than the optical wavelength. Two articles sug-
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