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Femtosecond time-resolved dielectric function measurements
by dual-angle reflectometry
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We present a technique to measure the dielectric function of a material with femtosecond time
resolution over a broad photon energy range. The absolute reflectivity is measured at two angles of
incidence, and(w) is calculated by numerical inversion of Fresnel-like formulas. Using white-light
generation, the single-color probe is broadened from the near IR to the near UV, but femtosecond
time resolution is maintained. Calibration of the apparatus and error analysis are discussed. Finally,
measurements of isotropic, thin film, and uniaxial materials are presented and compared to
reflectivity-only studies to illustrate the merit of the technique. 2@03 American Institute of
Physics. [DOI: 10.1063/1.1582383

I. INTRODUCTION energies, which reveals the redistribution of bonding

. . . strengths as the material changes phase. The dielectric func-
Ultrafast optics has blossomed into a mature but still g ges p

idlv develobina field of sci ) bDi %on can also be used to determine the density of excited
rapidly developing Tield of SCience since SUBPICOSECONG., iars and even transient carrier distribution impace.
pulses were first generated in 1976he variety of ultrafast

; techni h ith the devel N In this article, we present a dual-angle-of-incidence
speclroscopy techniques has grown wi € cevelopmen (Hump—probe reflectometry technique for measuring the fem-
ultrafast laser sourcésMany of these techniqué$ are ex-

. = . f ... tosecond time-resolved dielectric function of a solid. In Sec.
quisitely sensitive to the perturbations induced by SpeCIfIC” we discuss how this technique can be used on various

excitations in material systems. At the same time, significang(’)"d materials. In Sec. Ill, we discuss the experimental de-

advances have been made in the development and COMMELiis of white-light pump—probe spectroscopy. In Sec. IV, we

cialization of ellipsometers, a review of which is given by how femtosecond time-resolved measurements of the di-
Collins® Materials scientists have used ellipsometry as a too lectric function of GaAsa-GeSb, and Te, and discuss them

to study the electrpmc structure of met&lag A NonINvasVe: i, relation to previous pump—probe reflectivity results.
probe of layer thicknesses and composition in multilayer
stack system§and as arin situ monitor of thin film growth
rates®

Recent interest in the dynamics of highly photoexcited”' DUAL-ANGLE REFLECTOMETRY METHOD
materials calls for measurement techniques that function as  he gielectric function fully describes the linear optical
monitors of both electron and lattice dynamics. Highly &X-properties of a material. In genera(w) consists of a real

cited solid state materials, especially semiconductors, are of,q an imaginary part. The imaginary part peaks at energies
interest for industrial applications as well as for fundamental,are the joint density of states is large, i.e., where a large

scientific reasons. Potential applications include micromap,mper of electronic transitions are available. The real part is

chining using femtosecond laser pulses and developments |5ted to the imaginary part through the Kramers—Kronig

modern high power laser diodes, in which the injection curyg|ations and exhibits a dispersive “wiggle” at each absorp-
rents generate very high carrier densities. The experimenta|,q peak in the imaginary paft.

challenge in understanding the physics of high carrier densi- |, 5 crystal, there is a direct relationship between the
ties lies in deducing the dominant process among the many, g structure and the dielectric functithFigure 1 shows
that occur and in tracking the phase state of the material. o hang structure and the dielectric function of GaAs. The
To meet this challenge, we have developed a techniqugnaracteristic absorption peaks in[lefw)] at 3.1 eV €;)
that measures the dielectric function of a material with fem-;,4 4 7 oy E,) are due in part to a large joint densities of
tosecond time resolution. By measuriag) with femtosec-  giates around thee andX valleys, as indicated by the shaded
ond time resolution, we can deduce the structural and elecr'egions in Fig. 1a). The real part shows the characteristic
tronic dynamics that occur during a photoinduced phasgjispersive structure for each absorption peak, in agreement
transition from the direct relationship between band structurgiih, the Kramers—Kronig relations. The direct relationship

and electron occupation an{w). Using a probe with &  pepyeen electronic properties aagt) allows monitoring of
broad spectral range provides information at many transition., ey dynamics through an accurate measuremeat of

in crystalline materials. Althoughk space cannot be defined
dElectronic mail: roeser@fas.harvard.edu in amorphous materials due to lack of crystal symmetry, the

0034-6748/2003/74(7)/3413/10/$20.00 3413 © 2003 American Institute of Physics



3414 Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 Roeser et al.

4 both the real and imaginary part, which is an order of mag-
GaAs nitude greater than the error in our apparatus. In addition,
2___/\ - studying highly excited materials often involves pump flu-
E, [ E, ences above the threshold for permanent damage of the ma-
° terial, where sample size limits the number of measurements

that can be made. Thus, the two-angle reflectometry tech-
nique permits measurement of the dynamics of highly ex-

energy (eV)
(=]

—2r ] cited materials as over a wider range of excitation fluences
(a) and time delays than true ellipsometry without a significant

—4r T X sacrifice in accuracy.
In the remainder of this section, we discuss how to de-
40 : : : : sign a two-angle-of-incidence reflectometer. First, we con-

sider the case of an isotropic material, then expand the dis-
cussion to include multilayer systems and anisotropic
materials.

N
[=]

A. Determining e(w) of isotropic materials

Because the dielectric function of a material is not di-
rectly measurable, constitutive equations are necessary to re-
late measurable quantities, such as reflectivity and transmis-
= sivity, to e(w). In cw multiple-angle-of-incidence

energy (eV) ellipsometry, measurements are performed over a range of
incident angles, and(w) is found by numerical inversion of
FIG. 1. (a) Band structurésee Ref. 49and(b) dielectric function(see Ref.  the appropriate constitutive equation with high accuracy and
32) of GaAs. precision. For an isotropic material, the Fresnel forniéas
used to relate reflectivity te(w):

dielectric function is still determined by absorptive transi- € COS f— \/6_0 [Pp———" ey SIP? 0

dielectric function

-20

tions in the material and can be used to track carrier dynam- r , 1)
ics. € c0s 6+ eg\e— €q SI? 6

The most widespread method of measuria@») is
ellipsometry*! In standard continuous wavew) ellipsom- Veo cos 8- e— e, sir? 6 o

etry, reflectivity values are typically measured at a fixed 's= \/7
angle of incidence while the polarization of the incident light Veo cos 0+ Ve~ o sir? 6

(or the orientation of a polarization analyzes rotated wherer, andrg are the field reflectivities — the ratios of the
through 180°. A large number of data points allows an accureflected and incident compldxfields — forp ands polar-
rate determination of the real and imaginary pare@b) by  ization, respectively, and is the angle of incidence from
inverting the Fresnel reflectivity formulas. Alternatively, the medium “0.” The power reflectivityR is given by the abso-
Kramers—Kronig relations between [Réw) ] and Inf e(w) ] lute square of the Fresnel factors, eRy,= |rp|2. We extract
can be used to determine the full dielectric function from theboth R¢ e(w)] and Inf e(w) ] from two measurements of the
measurement of just one part. Previous experiments hawabsolute reflectivity. Using the minimum number of mea-
measured the real part of the refractive index over a vergurements to determine(w) by numerical inversion re-
wide frequency rang¥, and determined the imaginary part quires a careful choice of operating parameters — namely,
using the Kramers—Kronig relations. For an accurate calcuthe polarization and angle of incidence.
lation of the unknown quantity, it is necessary to measure the  To determine the optimum polarization and angle of in-
known quantity from dc to infinite frequency. cidence for the two measurements, we calculate reflectivity
In order to measure the dielectric function of highly ex- pairs over a range of dielectric constant values using @&gs.
cited materials, we employ a dual-angle-of-incidence reflecand(2). Figure Za) shows a grid of dielectric constant values
tometry technique. The finite bandwidth of the femtosecondas well as the dielectric functions of four materidiSb,
probe prohibits using the Kramers—Kronig relations, requir-GaAs, Si, and GeSbover the spectral range of our probe
ing measurement of at least two quantities to determingél.5-3.5 eV. If we choose to perform measurements at a
R e(w)] and Infe(w)]. If one knows the structure of the 45° angle of incidencep and s polarization, this grid of
sample to be investigated, two measurements are sufficient tmlues is mapped into the reflectivity space shown in Fig.
determinee(w). This should be contrasted with ellipsom- 2(b). With this choice operating parameters, the grid of di-
etry, where no prior knowledge of the sample is assumed anelectric values collapses onto a line, and so the experimental
where at least three measurements are needed to determimgcertainty in the measurement of absolute reflectivities will
its optical propertie$® Although a true ellipsometry-type translate into a large uncertainty in dielectric constant values
technique could produce results with smaller error than thafter numerical inversion. Although not shown here, the
technique described here, changes in the dielectric functiosame problem occurs whermandp polarized reflectivity are
of highly excited material§see Sec. I¥ can exceed 50% in measured at any single angle of incidence.
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FIG. 2. (Color) (a) Dielectric functions of Si, GaAs, GeSb, and 8tom 1.5 to 3.5 eV are plotted over a grid of dielectric constant values(dp (c), (d),
and(g), the Fresnel formulas are used to calculate reflectivity pairs at the angles and polarizations indicated for each of thégointsejrand(f), contour

plots represent the uncertainty in extracting §@) ] and Inf e(w) ], respectively, given a 1% error in measuring the reflectivity for the parameters indicated
in (d). Plots(h) and(i) are analogous t(e) and(f), but are calculated for the parameters indicate@)nIn all four contour plots, the representative materials
are overlayed as a reference.

When both measurements are taken wiHpolarized where
light at different angles of incidence, the uncertainty in ex-

tracting e(w) can be reduced to reasonable levels. Figures 9t (61) M

2(c), 2(d), and 2g) show the mapping of the grid of dielec- dey Jd€z
tric constant values into reflectivity space for 45° angle of J= of(0,) af(6,) (4)
incidence paired with 60°, 75°, and 83°, respectively. As the g€, de,

second angle is increased, the grid of point§anspreads

over a larger range of reflectivities because _the p_seudqé a Jacobian matrix ane= e, +ie,. Inverting Eq.(3) yields
Brewster angle is approached for many of the dielectric cong,e ncertainty in the dielectric constant as a function of the

stant values. _ _ _uncertainty in reflectivity,

With the general notion of “a good spread” in reflectiv-
ity space in mind, we wish to fine-tune our choice of angles. Aey)  [AR(6) .
In addition, we desire a sense of “how good” our technique Aey) AR(6y) /" (5)

can be, given a certain amount of uncertainty in measurin
each reflectivity. Iff is the constitutive relation between re-
flectivity and dielectric constanR=1f (e, 8), then

%\ssuming a 1% uncertainty in each reflectivity measure-
ment, AR/R=0.01, Eq.(5) predicts the uncertainty in ex-
tracting the real or imaginary dielectric constant as a function

AR()) Aes of € ande,. Figures 2e) an_d 2h) are contour plot_s of th_e

( ) — ( ) , 3 relative uncertainty £ €, /¢€,) in the real part of the dielectric
AR(6>) Ae; constant for the angles and polarizations in Figsl) 2nd
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£ Wolf.® The system of interest is the multilayer stack depicted
- in Fig. 3. We define a characteristic matrix for each lalyer
€Ny
i

£,,h cospg — —sin

22 M, = | " A ©6)
e3Ny —ip, sin B Cos g

g . g where
8N’hN PI=ve—¢€g S|r\2 00 (7)
e and
w
B :Eh'p' : (8)

FIG. 3. Multilayer stack oN layers between the ambienty) and a semi-

infinite substrate . . . . .
e st bv+d) Variablese; andh, denote the dielectric constant and thick-

. . . . ness of layet, respectively, and), is the angle of incidence
2(g), respectively. The dielectric functions of the four refer- 10 the stack. If there ardl layers between the incident me-

fainty n the cilectric funcions of these materas. The de.uM (2beled “0") and the substratdabeled N1, the
. . ' characteristic matrix for the entire stack of layers is the ma-

crease in error at 83° versus that at 75° is more apparent Wi product

these figures than in Figs(® and Zg). At 75°, the uncer-

tainty in Ré e(w)] of silicon is as much as 20%, but remains N

below 2% at 83°. Similar improvements are seen for the M:|H1 M. 9

other reference materials. The uncertainty in the imaginary

part of the dielectric constant also improves in going fromThe reflectivity of the sample is calculated from the elements
75° to 83°, as shown in Figs(f2 and Zi). While the uncer-  of the 2x2 matrix M and the optical properties of the inci-
tainty is generally lower at 83° than at 75°, it does increasejent medium and the substrate:

for certain values of€;, €,), illustrating the fact that differ-

ent angle-of-incidence pairs are optimal for different materi- R=[r|?

als. 2
M+ M —(My+M
In order to finde(w) after performing pump—probe re- = (Mll M12PN+1)I30 (M21 Mzsz+1) . (10
flectivity measurements at the chosen angles of incidence, (M11+Ma2Pn1)Pot (Mart M2 Py )
we numerically invert the constitutive equatiofms the case Equation(10) is the constitutive equation that relates the

of an isotropic material, the Fresnel formulashe numeri-  sample reflectivity to the dielectric function and thickness of
cal inversion algorithm is based on the simplex downhilleach layer. For choosing angles of incidence and numerically
method,* which minimizes the difference between the mea-extracting the dielectric function of a thin film or substrate,
sured reflectivities and the reflectivities calculated via thehe role of Eq.(10) is identical to that of the Fresnel equa-
constitutive equations for trial values of R€w)] and  tions for isotropic materials, as described in Sec. Il A. The

Im[e(w)] at each wavelength and time delay. layer thickness is determined by continuous wave ellipsom-
etry or in the manner described in Sec. Il B; the thickness is
B. Extension to oxide layers, thin films, not determined from the numerical inversion.

and uniaxial materials

To obtain the dielectric function of an isotropic material,
Egs. (1) and (2) are required to relate(w) to the sample 2 yniaxial materials

reflectivity. In practice, a single interface between the ) . ) .
vacuum and a semi-infinite isotropic sample is rare. In this  1he crystal symmetry of an isotropic material reduces its

section, we introduce constitutive equations that relate thé 3 dielectric tensor to a single dielectric function times the
observed reflectivity to the dielectric functions of multilayer identity matrix. Uniaxial, or birefringent, materials have

and nonisotropic materials. crystal symmetries that distinguish @ axis from anab
) plane. As a result, the dielectric tensor has two independent
1. Multilayer systems elements. The ordinary dielectric functieg,4 ») describes

Many solid materials develop a native oxide layer whenthe optical properties foE fields in theab plane while the
exposed to air. Typically, native oxide layers are 1-10 nmextraordinary dielectric functiog,,(w) describes the optical
thick with e(w) a real constant ranging from 4 to 10 in the properties fork fields along thec axis. For these materials,
visible 1® For optical experiments, especially at high anglesfull optical characterization requires measuring four quanti-
of incidence, the native oxide layer greatly affects the reflecties — the real and imaginary parts &f,((w) and eq ).
tivity of the sample. Earlier works®” have derived equations for the reflec-

A general procedure for calculating the reflectivity of a tivity of uniaxial materials in various geometries. A geometry
multilayer stack is the matrix method described by Born andf particular interest to our technique is the following. Con-
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FIG. 5. Schematic representation of the white-light pump—probe setup.

sider a three-layer structure of vacuum—oxide—substratéB,S = polarlZlng b_earT1 splitter; M= flat mirror; PM = parabolic mirror; L
. . . . = lens; P= polarizer; and\/2 = half-wave plate.
where the oxide layer is isotropic but the substrate is

uniaxial. The reflectivity is given by

) and the generation of the white-light probe. In Sec. Ill B, the

methods of calibration and of determination of the angle of

2iB
roitrqe”'Pt
(11) incidence and oxide layer parameters are presented.

1+rqyr 2P

wherery; andr ,, are the field reflectivities of the vacuum— A. White-light pump—probe setup

oxide and oxide—substrate interfaces, respectively,mnd Figure 5 shows a schematic representation of the experi-
calculated from Eq(8). The vacuum-oxide reflectivity is mental setup. We use a commercially available Ti:sapphire
given by the Fresnel formulas. The reflectivity of the oxide—oscillator to seed a home-built, 1 kHz repetition rate, Ti:sap-

substrate interface depends on the orientation ottwas. If  phire multipass amplifier which produces 50 fs, 0.5 mJ

the c axis lies along the interface and is perpendicular to theulses at 800 nm. The design of the amplifier follows that of

plane of incidence, as in Fig(@, thep-polarized reflectivity =~ Backuset al1®

is given by Eq.(1) with e— €,q. If the c axis lies along the As Fig. 5 shows, a femtosecond pulse is split into a
interface and in the plane of incidence, as in Figh)4the  pump and a probe pulse at the beamsplitBS). The pump
p-polarized reflectivity is given by pulse is directed to the sample via a variable delay stage,
R R allowing for adjustable time delays between the pump and
NN, €0S &= Noy VT — Ny SIN“H 12 the probe pulse. The pump pulse is focused onto the sample

- 2 2 . 2, using a slowly focusing len®.20 m focal length The pump
MNL €OS B+ Nox VL — Moy SIN °6 spot size can be adjusted according to specific experimental

wheren|= Ve, Ny = ega andng,=eq is the complex requirements by varying the distance from the lens to the

index of refraction of the oxide layer. sample, but remains at least four times larger than the probe

Of the possible field polarizations armaxis orienta- spot to ensure probing of a homogeneously excited region.
tions, the reflection geometries of Fig. 4 are the most sensiAfter the beamsplitter, the probe pulse passes through a
tive for two-angle-of-incidence measurementsgf(w) and  waveplate—polarizer combination. The polarizer in the probe
€oxi(w). For the geometry of Fig.(4), the reflectivity de- line is crossed to that of the pump line, and the waveplate-
pends solely on the ordinary dielectric function. Using thepolarizer combination in each arm allows for adjustment of
same analysis as in Sec. Il A, two angles of incidence aréhe probe- and pump-pulse energies.
chosen and the time-resolved ordinary dielectric function is A white-light probe pulse is generated by focusing the
measured. Then, in the geometry of Figh} the extraordi- 800 nm pulse into CgF A number of nonlinear optical pro-
nary part of the dielectric tensor can be extracted using Eccesses, including self-focusing and self-phase modulation,
(12), because the values e, ) have been measured for contribute to the generation of this white-light continutin.
each time delay and pump fluence. In addition to being senbue to the 10.2 eV band gap of CgRhe broadband con-
sitive to the two dielectric functions of interest in each casetinuum extends from the near infrared to the near
these measurement geometries have the advantage of beinkraviolet?® As shown in Fig. 6, the majority of the probe
related by a 90° rotation of the sample. pulse energy remains at the seed wavelength of 800 nm. A
1.5 mm Schott BG-40 filter is used to flatten the spectrum,
making it suitable for charge-coupled-device spectrometer
detection and preventing damage of the sample.

The dual-angle technique described above can be used in  The broadband pulse is split into a probe and a “refer-
conjunction with any femtosecond-pulse laser source to meance” pulse with a 1-mm-thick piece of sapphire. The probe
sure the dielectric constant at a single wavelength. By usingulse is focused on the sample with a parabolic mirror and
a white-light pump—probe design, we maintain femtosecondecollimated with an acromatic lens. Both the probe and ref-
time resolution while probing a broad spectral rariie88—  erence pulses are directed into a 1-to-1 imaging spectrom-
3.4 eV). In Sec. lll A, we describe the pump—probe setupeter. A broadband polarizer is inserted between the sample

IIl. EXPERIMENTAL SETUP AND CALIBRATION
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FIG. 6. Spectrum of the white-light generated in aFhe solid and e EBFIPNF!
dashed curves show the spectrum of the white-light pulse before and after = T:'F"‘
passing through the BG-40 filter, respectively.
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o
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FS
T

and the spectrometer to prevent scattered pump light from
reaching the detector and to ensure that opgolarized
light is measured. We monitor the reference pulse spectrum
to correct for shot-to-shot probe fluctuations. 0.1 | . !
S . X . . 25 3.0 35
Maintaining femtosecond time resolution with the large energy (gV)
bandwidth of the white-light probe pulses requires specific

attention. While reflective OptiCS are used to deliver theFIG' _8. (Color) (a) Contour plot of the uncertamty in the callbrat!on‘ as a
function of photon energy for a range of possible angles of incidence.

V_Vhite'light pU|Se fr.om the C?E':to the gample_, the BG'flO The best agreement occurs at 82(sftted ling, and the calibration is
filter and the Cak itself contribute to dispersive stretching shown in(b).

(chirp) of the probe. In order to regain the original time

resolution, the measured reflectivities at each wavelength are, -
. . . . ) . d can be used to calibrate our system. For a par-
time shifted to correct for this chirp. The chirp of our white- Seefl )] y P

. . . ticular sample, the ratio of the detected spectra is
light probe pulse, measured using two-photon absorption, P P

is shown in Fig. 7. Pump—probe cross correlations using  Sprobd @) _ g(w)R
two-photon absorption indicate that the time resolution of the S (w) h(w) (@),

apparatus is no greater than 50 fs for all wavelengths of the . .
pfopb e 9 9 whereh(w) accounts for the absorptive losses in the refer-

ence beamline ang(w) accounts for the losses in the probe
beamline, separate from the sample reflectiRty). In or-
B. Measuring absolute reflectivities der to calibrate the system we must measg(e)/h(v),

o ) ) _ ~which is independent of the sample under investigation.
The constitutive relations in Sec. Il relate the d|electr|c|:rom the above equation

function to absolute reflectivity. This poses the experimental
challenge of measuring the absolute reflectivity of a sample 9(w) _ Sprobd @) 1
when reflective and transmissive optical elements modify the h(w)  Sed®w) R(w)’

spectrum of.the probe pulse .before it reaches the detethv—;‘or a sample of known optical properties, we can calibrate
The calibration of the detection system must account fo‘ihe apparatus by measurifigosd ) andS,(w) and taking
ro €

these e}bsorptive losses. Since the probe and reference beaﬁtsw) to be the calculated reflectivity of the sample for a
are split from the same pulse, the detected spé&iiand ) given angle of incidence. When multiple reference samples

are used, the quality of the sample of interest can be verified

SIm:u"srﬂtﬂ’ar x 1/Reale
ta
T

&
b
T
L

(13

(14

28 T T T T T and the confidence in the calibration can be improved.
The above-described method of calibration can also be
261 ' used to measure the angle of incidence of the white-light
Zoal i probe and the thickness and dielectric constant of any oxide
- layers. To perform such a measurement, more reference
52_2_ i samples are used than there are unknowns. All reference
o samples are aligned to the safpessibly unknowhangle of
20 . incidence using a HeNe laser. The values S¥fqpe/ Srer
X 1/R(w) for different samples only agree when the reflec-
L Y w—T 300 tivity is calculated at the correct angle of incidence and with

time delay (fs) the correct oxide layer thicknesses and dielectric constant
FIG. 7. Temporal chirp of the white-light pulse. The full circles indicate values. Using as many reference materials as unknowns en-

data points measured using two-photon absorption. The solid curve showsSHres that a”_curves agree for only the CorreCt_Valu_es of the
second order polynomial fit through the data. unknowns. Figure @) is a plot of the uncertainty in the
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i
(=)

calibration among three reference samplemndard devia- T T T
tion divided by meahat each photon energy in the probe for no pump (a)

w
(=)

a range of possible incident angles. The reference samples 5
are sapphire, GaAs with an oxide layer of known thickness, ‘§ 20
and Te in the geometry of Fig(d. The mean uncertainty is “;::
lowest for the angle indicated by the dotted line in Fi(p)8 E10
marking the actual angle of incidence of the probe (82.5°) 3

o

for the case presented here. Figutk)&hows the agreement

between the three samples for this angle of incidence. The
calibration is taken to be the average of the three curves in —1‘1)_5
Fig. 8b). Using this method of analysis, the angle of inci-

dence and oxide layer thicknesses can be determined to an
accuracy of 0.1° and 0.5 nm, respectively. These uncertain-
ties do not significantly affect the final assigned uncertainty 30

in e(w). They can be folded into the analysis of Sec. Il to §
minimize their effects. Whenever possible, oxide layers are €20
determined in a separate measurement to avoid the effects of T:;
parameter correlatioh?? 10
The uncertainty in measurements of the absolute reflec- 2

tivity depend on both the accuracy of the calibration and
shot-to-shot fluctuations of the probe. If the experiment is

| | | | |
carried out at pump fluences below the threshold for perma- 1(1)-5 2.0 2-5ener5é§3(ev)3-5 40 45
nent damage, multiple shots can be averaged at the repetition
rate of the laser source. The resolution of our setup in this 80 T T T T T
multiple-shot mode is better thahR/R=10 3. However, °16 Fir (©)
this is not the accuracy in measuring the absolute reflectivity s 60 2ps 7
due to the approximate 1% uncertainty in the calibration. For S 40 foo o |
experiments at pump fluences near or above the damage 2 [
threshold, the sample must be translated between sths o) ;;%20:\\(@0 . |
that each pulse strikes a new spot on the sample. The single- 3 ~ %00 9001%
shot operation mode carries larger uncertaintidsR/IR ) — s
~5%) than that of the calibration because sample area limits ® e - N
the number of spectra that can be accumulated at each time —20 2!0 2f5 3!0 st 4f0 25
delay and pump fluence. On the other hand, the dynamics of energy (eV)

highly excited materialde.g., the semiconductor-to-metal

transitions in GaAsare accompanied by signal variations of 7' 9 Dielectric function data for GaAs -@=Ree], O=Imle]. (@

Under no excitatione(w) matches literature values of the dielectric func-

AR/R~200%, so the signal_—to-n_oise rat_io is S_ti” high. tion, represented by the solid and dashed cutses Ref. 32 An example
To calculate the uncertainty ia( @), dielectric constant of changes ine(w) due to the presence of excited carriers is showtbjn
values for the four pairs of reflectivitigR(8,) = AR(6,), (o) At sufficiently high pump fluences, a semiconductor-to-metal transition

is observed, as evidenced by the fit to the Drude moagH13.0 eV and

R(6,) £AR(6,)] are extracted from the numerical inversion =018 19

algorithm. Error bars are taken from the two values maxi-
mally displaced from the dielectric constant value associated

with [R(61), R(62)]. and second harmonic measureméfité/ and pump—probe

microscopy’®?° While a laser-induced phase transition was
IV. TIME-RESOLVED DIELECTRIC FUNCTION observed in each experiment with high precision, the nature
MEASUREMENTS

of the resulting phase and the changes in the band structure
As an illustration of our technique, we present measurewere difficult to determine. This difficulty is due to the fact
ments of the femtosecond time-resolved dielectric functiorthat many different values af(w), and hence many differ-
for three representative materials: an isotropic materiagnt band structures and material phases, can yield the same
(GaAs, a thin film (a-GeSb, and an uniaxial materidlTe).  reflectivity at a particular angle of incidence.
We briefly discuss the importance of these results and com- We performed single-shot femtosecond time-resolved di-
pare them to other measurements of the material dynamicslectric function measurements of GaAs to investigate carrier
and lattice dynamics associated with its ultrafast
semiconductor-to-metal transition under intense
Shortly after the introduction of femtosecond laserphotoexcitatior’®3! Figure 9 shows dielectric function mea-
sources, humerous experiments were conducted on semicasrements of GaAs. Without excitation of the samplgy)
ductors where a transition to a metallic state was observethatches literature valu&sof the dielectric function, con-
upon laser irradiation. Experimental techniques includedirming that our technique measures the dielectric function
pump—probe reflectivity measuremefitsboth reflectivity — correctly. Figure &) shows e(w) 500 fs after excitation

A. Ultrafast carrier and lattice dynamics in GaAs
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below the threshold for permanent damagg,€ 1.0 kJ/nf). 60 l l l

Shortly after excitation, before the ions of the lattice can (a) 320 J/m?
-1 ps

move, changes ir(w) are due to the presence of excited
carriers in the conduction band, which can be seen in the
decrease of Ifre(w)] around theE; critical point. At higher
excitation fluences, a transition to a metallic state is ob-
served, an example of which is shown in Figc)9 This data

are well fit by the Drude model, which describes free-
electron (metallic behavior. The parameters of the fa

i
(=)
T

‘'

dielectric function

plasma frequency of 13 eV and a relaxation time of 0.18 fs ‘20_

reveal that virtually all of the valence electrons are free and

that the band gap has completely collapsed. Theoretical cal- 60 : : :
culations of the evolution of the dielectric function of GaAs (b) 320 Jim?

after femtosecond-pulse excitation agree with our experi-
mental resultg3-3°

N
(=)

L ﬂﬂ 200 fs

! Eg}ﬁﬁﬁﬁﬁm

dielectric function
N
(=)

B. Ultrafast phase changes in  a-GeSb ;;;;;;§3§E§_
The speed of ultrafast phase transitions and the large 0 < — ]

reflectivity variations associated with them make materials Ty yanapparagspp R SRR

that display such transitions good candidates for optical -20 ' ' '

switches and high speed optical data storage. Thin films of 15 20 eneré'ys(ev) 30 35

a-GeSb allow optically induced, optically reversible _

amorphous-to-crystalline transitions. In 1998, Sokolowski- 2070 , — ,

Tinten and coworkers presented normal-incidence reflectivity x (c) ';m~ RN

measurements which suggested that femtosecond pulses *§ 0.65 _\3"'\,3‘30‘.’2“ c-GeSbr . ]

above the threshold for permanent crystallization can induce E [GeSb T " e

an ultrafast disorder-to-order transition in amorphous ® 233‘.".’0

Gey 0eShy o4 films within 200 fs*® The suggestion of a sub- g 000 . 4'0";""',,,"' . ‘?.}2 1

picosecond amorphous-to-crystalline phase transition raises é 016 Fz: Y '"""v,v, °

an important question: how can lattice ordering occur in less 8055 %/W"vel‘

time than it takes to establish thermal equilibrium between E 200 fs e v

the laser-excited electrons and the lattice? 5050 2!0 2f5 3f0 *35

We performed single-shot dielectric function measure- energy (eV)

ments of a 50 nm thin film o&-Ge, oSk 94 t0 determine the
nature of the phase during its ultrafast phase transffion. FIG. 10.(@.(b) Dielectric function data for aGeSb thin films

. . — @=Rde(w)], O=Im[e(w)]: (8) e(w) under no excitation 1000 fs time
Flgure 1@a) shows the agrgement betweefw) Obt‘j’“ned f"‘t delay), and(b) e(w) 200 fs after excitation of 320 JAmIn both plots, the
a time delay of-1 ps and literature valu&sof the dielectric  solid and dashed curves show the real and imaginary pargwf for the
function. As a reference, the dielectric function of the crys-amorphous phase from previous measuremésets Ref. 50 and the dotted
talline phase is also showhBecause the film was optically and dash-dotted curves show the real and imaginary pareg« of the

thin and covered by a 1.25 nm Sh®xide Iayer?g this crystalline phasec) Normal-incidence reflectivity calculated from the time-
resolvede(w) data.

sample is considered a four-medium system: air, oxide,

a-GeSb thin film, and fused silica substrate. . . -
Figure 1h) shows the response of the dielectric func- ton energy of the experiments in Ref. 38 does the reflectivity
at 200 fs after excitation abowe,, match that of the crystal-

tion 200 fs after arrival of a pump pulse of fluenge= 320 . .
J/n?, which is 60% above the threshold for permanent crys—lme phase. Furthermore, even at 2.01 eV, we find that for

tallization (F). At this excitation fluence, the dielectric angles of incidence near or above the pseudo-Brewster, the

function remains unchanged from 200 fs to 475 ps. The Samreeflectlwty does not go to the crystalline level for pump flu-

) ) o . : ences abové . Our measurements thus show that broad-
dielectric function is observed on subpicosecond time scal

e T
for all fluences abové&,, indicating the existence of a non- Band measurements 6fw) enable one to distinguish phases

thermal phase after femtosecond-pulse excitation. The existhat may appear the same based on reflectivity or transmis-

tence of a new phase at ultrashort time delays for all fluenced " for a single photon energy at a single angle of incidence.
aboveF ., was rightly identified by the authors of Ref. 36, o , ,

however, the material is not crystalline, as evidenced by th&: nvestigation of a displaced lattice: Coherent

discrepancy between the measured dielectric function anehonons in Te

that of the crystalline phadgesee Fig. 1(b)]. This discrep- Ultrashort-pulse excitation of Te instantaneously weak-
ancy is brought out by Fig. 16), which shows the normal- ens lattice bonding, establishing new equilibrium lattice po-
incidence reflectivity as calculated from our time-resolvedsitions around which the lattice ions vibréfe*! Because
dielectric function measurements. Only at the 2.01 eV phothe phase of the generated lattice oscillations is the same in
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FIG. 11. Dielectric tensor data for Te -@ =Rde], O=Im[e]. At —500 fs -500
time delay, both theéa) ordinary and(b) extraordinary dielectric function
agree with literature values for the dielectric tensor, represented by the soliflG. 12. (Color) Dynamics of the ordinary dielectric function of Te for
and dashed curvesee Ref. 32 excitation with a fluence of 120 JAimBoth (a) the real part andb) the
imaginary part show oscillatory behavior due the excitation of coherent
phonons.
the entire pumped volume, probe pulses of shorter duration ) ) .
than the phonon period can be used to observe changes in tme_ error of the measgrement, dielectric functlon_values re-
optical properties of Tétypically, AR/R~10%) at different Main cpnstant at gll times befqre the pump arrives. After
degrees of lattice distortioil:*2 Experimental work by excitation, the oscillatory behavior of the optical properties
Bardeef® and other® found a pressure-induced indicate the presence of coherent phonons. A decaying offset
semiconductor-to-metal transition in Te. These resultdfom the initial values, separate from the oscillation, repre-
coupled with investigations of coherent phonons in otherSENts thg relaxation of the equilibrium I{:\ttice spacing as elec-
material4® suggest that modification or even control of the ons diffuse from the probed region. In contrast to
phase(semiconducting versus semimetallif Te is possible reflectivity-only studies of coherent phonons in materials, the
at a rate equal to the phonon frequeneyd TH2) for pump dielectric function data clearly indicate a shift of absorption
fluences below the threshold for permanent damage. To if€Sonances to lower photon energies. The broad resonance
vestigate this possibility, we measured the response of TB&a" 2 €V has moved to lower energies, as indicated by the
with a multiple-shot acquisition systeff. shift in the .peak of Irﬁeqrd(w_)] and the zero of Re&yg(w)].
Since Te is uniaxial, two independent elements of the! "€ magnitude and direction of the shift suggest that the
dielectric tensor must be measured to fully characterize théttice may be sufficiently displaced at the peak of the pho-
ultrafast material response, as described in Sec. Il B 2. Fig?on oscillation to cross the conduction and valence bands,
ure 11 shows the excellent agreement between measured g;'dt that the short duration of the crossing could prohibit any
literature value¥ of both the ordinary and extraordinary di- Metallic character from emergn_‘f@.ln addition, we observe
electric functions. This agreement not only validates thd@9er changes irey(w) than in eew), which may be
technique for uniaxial materials, it also shows that no cumuattributed to the fact that the motion of the coherent phonons
lative effects arise from operating in the multiple-shot mode/S confined to theb plane.
where the sample is not translated between laser pulses. Be-DISCUSSION
cause Te is a soft material, requiring a combined chemical’
and mechanical polishing proceé¥sa small degree of sur- The time-resolved dielectric function measured with this
face roughness is unavoidable. To take this roughness int@flectometry technique provides the most information of any
account, we assume a single layer between air and substratear optical probe, revealing changes in the lattice bonding,
whose thickness varied depending on the sample quality afarrier distribution, and phase of a material. We avoid the
the probed regiof® With a dielectric constant value of 5, the necessity of assuming a particular model of the material dy-
layer thickness varied from 5 to 10 nm among various dataamics as well as the potential pitfalls of other methods that
sets. measure changes in reflectivity at a single photon energy.
The dynamics ofe,((w) are shown in Fig. 12. Within  While a representative set of sample types is presented, this
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