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Femtosecond pump-probe reflectivity study of silicon carrier dynamics
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We have studied the ultrafast optical response of native-oxide termina@@l)Sivith pump-probe reflec-
tivity using 800 nm, 28 fs pulses at an excitation density of £#353)x 10*® cm™ 2. Time-dependent reflec-
tivity changes comprise third-order-response coherent-transient variations arising from anisotropic state filling
and linear-response variations arising from excited free carriers, state filling, and lattice heating. A time
constant of 325 fs associated with momentum relaxation is extracted from the coherent-transient variations.
The state-filling and free-carrier responses are sensitive to carrier temperature, allowing an electron-phonon
energy relaxation time of 26030 fs to be measured. The recovery of the reflectivity signal back towards its
initial value is largely governed surface recombination: a surface recombination velocity -ofl)(3
X 10* cm s ! is deduced for native-oxide terminated@i1).
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. INTRODUCTION namical processes take place, diffusfbl¥ and/or band-
bending induced transport of the excited carriers may

The continuing miniaturization of semiconductor devicesoccur'8:19:21.23

into the nanoscale regime has emphasized the importance of Here we report on transient reflectivity measurements
understanding carrier dynamics on increasingly shorter tim&om Si(001) using nearly Gaussian 28l fs (FWHM)
scales. For example, in a nanoscale transistor electron trangltlses from a Ti:sapphire oscillator operating at a center
times can be a short as a few picoseconds. This time scale ¥§avelength A =800 nm fv=Ey,=1.55eV). The small
the domain of electron and phonon scattering, and in somBulse width combined with an excellent signal-to-noise ratio
cases bulk and surface recombination processes. In order Bsovides a detailed look at the ultrafast dynamics of hot car-
understand carrier behavior in ever smaller devices, sophigiers in Si on time scales from the laser pulse width up to our
ticated Monte Carlt* and hydrokinetic transportmodels ~maximum delay time of 120 ps. From the data we obtain
that incorporate both realistic band structure and carrierquantitative information on carrier momentum relaxation,
scattering processes have been developed. A significant rglectron-phonon energy relaxation, and surface mediated
sult from the hydrokinetic transport theory is that the ratio of€lectron-hole recombination. This ultrafast work determines
carrier momentum-relaxation time to energy-relaxation time2 momentum relaxation time in Si. Our measured electron-
has a significant impact on hot-carrier transport. phonon energy relaxation time is combined with earlier mea-
Ultrafast laser based pump-probe techniques have bedrements of the same quantity at different excess carrier
instrumental in probing carrier dynamics in crystalline Si.energies:®** The combined experimental results compare
Four techniques have been particularly useful: transient refavorably with recent Monte Carlo calculations of hole-
flectivity (and/or transmissioif ~*! transient-grating diffrac- €nergy relaxation in Si.From the extracted surface recom-
tion (including two-beam self-diffractiont?~*°photothermal  bination velocity we obtain an estimate for the surface defect
deflection®” and time resolved photoemissitit?®In all ~ density of native-oxide terminated(801).
of these techniques a relatively strong laser putsetwo
cro;sed pulses in the case of.transient gratin_g diffragtion Il. EXPERIMENTAL DETAILS
excites valence-band electrons into the conduction band. The
relaxation of these electrons and/or the redistribution of the The ultrafast pump-probe reflectivity measurements were
excess energy initially contained in these excited carriers iperformed with an in-house constructed Ti-sapphire oscilla-
then monitored with a time-resolved probe. From these studtor, based on the design of Asaii al*’ Interferometric au-
ies the following picture of carrier dynamics in Si has tocorrelation traces obtained with a rotating-mirror autocorr-
emerged. Initially, momentum-relaxing scattering processeglator are used to determine the laser-pulse widths and
dephase the excited-carrier states on a time scale signif¢onfirm the nearly Gaussian nature of the pufSedsing a
cantly shorter than 100 f$;?* theoretical calculations sug- half-wave plate and polarizing beam splitter the laser pulses
gest that both carrier-carrf@rand carrier-phonatf-?® scat-  are separated infe- ands-polarized pump and probe pulses,
tering contribute to the dephasing. Carrier-carrier scatteringespectively. The normally incident 2.8®.13 nJ pump
also produces a well-defined electron temperatarel pre- pulses are mechanically chopped and focused to a nearly
sumably hole temperaturen a time scale of approximately Gaussian shaped spot with a beam radigs-8.5 um and
100 to 300 f&123 Electron-phonon scattering also thermal- on-axis fluencef.=2.43+0.12 mJ cm?. The 33 times
izes the excited carriers with the lattice within a few hundredweaker probe beam, incident at an angle of 45°, is ellipti-
fs39140n longer time scales bulland surfack recombina-  cally shaped(at the samplewith Gaussian beam radii,
tion processes operate to transfer the excited electrons baek6.2um andw,=4.3 um. The reflected probe pulses pass
to the valence band. At the same time that these local dythrough a linear polarizer, which suppresses scattered light
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from the orthogonally polarized pump, and are detected with
a Si photoconductive detector. The phase-sensitive-detected
probe-beam signddivided by its dc componenis propor-
tional to AR/R (R is the reflectivity. Most of the runs were
obtained with the pumfpprobg beam polarization parallel to

the (110 [(110)] direction. However, in order to confirm
the nonlinear-response nature of the observed initial tran-
sient, several runs were also obtained with the sample rotated
about its azimuth so that the purfjgrobg beam polarization
was along th€010) [(100)] direction.

The initially excited carrier density in the near-surface
region can be calculated from

a  B(1-Ryfeq
No=(1—R,)fes E_m1+m )

)

REFLECTIVITY CHANGE (arb. units)

where R,=0.328 is the normal-incidence reflectivity,
Trwnv=28 fs is the FWHM pulse width,f.z=1{[1

+ (W Wo) 2][ 1+ (wy/wp)?]} " 12=1.7620.08 mJcm? s
the effective incident pump fluence as seen by the prabe,
=1020 cm! is the linear absorption coefficieftt,and 8
=6.8 cm GW ! is the two-photon absorption-coefficient pa-
rameter. We have deduced this value@from previously oy
reported ultrafast measurements with 1.55 eV, 90 fs pulses U T——
which showed that linear and two photon absorption are 0.0 02 04
equal at 40 mJci? fluence'* Using Eq.(1) we calculate TIME DELAY (ps)

No=(5.5£0.3)X 10" em™*. FIG. 1. Time dependent reflectivity change of Si on a 2-ps time
Measurements were made on a total of foufO8L)  scale. Reflectivity is characterized by a coherent spig pulse-
samples, bot and p type with RT carrier concentrations width limited drop(B), continuing slower drogC), and subsequent
between 18 and 16° cm™3. The densities were chosen to rise (D). Inset illustrates coherent-phonon contribution to reflectiv-
be well below the laser excited concentratidp in order to  ity. Lower part of figure illustrates azimuthal-angle dependence of
simplify analysis of the reflectivity data. The RT carrier con- coherent-spike amplitude.
centration of each sample was determined from the
resistivity>® which was measured with a standard four-pointlation of the reflectivity with a peak-to-peak amplitude in
probe technique. Surface preparation prior to the resistivitAR/R of ~7x 10" 6. This modulation is caused by coherent
and reflectivity measurements consisted of dipping eaclexcitation of the zone-center optical phonon and is discussed
sample in concentrated HF acid for two minutes and therin detail elsewherd?
rinsing in ultrapure deionized water. A native oxide layer, Figure 2 shows data obtained from three of the samples
which has a terminal thickness ef0.6 nm, was then al- with 120-ps scans. These data indicate the range of variation
lowed to grow on each sample by exposure to ambient air foin recovery of the reflectivity back towards its initial value
at least 100 K! For our experiments this surface oxide is for the native-oxide terminated samples. P@it of Fig. 2
ideal since it is stable in ambient but also thin enough toshows the same data as in péat, with the ordinate ex-
permit the resistivity measurements to be made. panded to more clearly illustrate the time dependence of the
recovery.

0.0 02 04

IIl. EXPERIMENTAL RESULTS
IV. CONTRIBUTIONS TO SILICON REFLECTIVITY

Reflectivity data obtained with 6.67 fs steps are shown in CHANGES

Fig. 1. Data from all four samples are essentially identical to
the data shown in the figure. Initially, there is a small, sharp In our measurements the 1.55 eV pump pulse excites elec-
increase in reflectivitylabeled A followed by a much larger trons from states close to the valence band maximum at the
pulse-width limited decreas®). After this fast decrease the Brillouin zone center ) to states near the conduction band
reflectivity continues to decrease, but at a much slower rateninimum, which is located at six equivalektspace posi-
(C). The reflectivity then begins to recover approximatelytions approximately 3/4 of the distance frdito X [along
500 fs after the initial excitatiofD). As is evident in com- the (001 and equivalent directiojsBecause the pump light
paring the data in the lower part of Fig. 1, the initial increaseis linearly polarized, initial excitation into the six electron
in reflectivity (A) is larger when the pump is polarized along pockets is anisotropit: This anisotropic distribution gives
(010 compared to the€110) direction. rise to a degenerate four-wave mixing response that is re-
As is emphasized in the inset in Fig. 1, data taken with thesponsible for the initial transient, part A of the reflectivity
pump polarized alon@l10) exhibit a small sinusoidal modu- curve shown in Fig. (). As we show below, this nonlinear
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o071 T T T T 7] We thus consider in detail free-carrier, state-filling, and
_0.2:_ (@ 3 lattice-temperature contributions to the reflectivity.

. ] In general, changes in reflectivity of a material can be
041 ] related to changes in the dielectric function. The preexcita-
-0.6F ] tion, room-temperature dielectric function of Si at 800 nm is
o0ab 3 £0=13.656+i0.0482° However, because Ref)>Im(zo)

t and for our experimental condition$Ae|<|eo| and
_10 ' 1 1 1 1 1 1 1 1 1

Re(Ag)=Im(Ag), (Ae is the change in the dielectric func-

tion) we only need to consider R&€) in calculating or
modeling the reflectivity changes. In terms of the complex

index of refractionn=n+ix=(g)*? this is equivalent to
only considering the contribution ain to the reflectivity
variations. Under these conditions the normalized change in
s-polarized reflectivityRs is related toAn with very little

loss of accuracy€0.1%) via

-0.7

-0.8

REFLECTIVITY CHANGE (arb. units)

0.9 AR 4nocog 6)

= A
Rs  (n3—1)[n3—sir?(6)]*? a

@

-1.0

pt

whered is the angle of incidence anty=Re(e§%). Because
the free-carrier (FC), state-filling (SFH, and lattice-

40 60 80 100 120 temperaturgLT) contributions toAn are all much smaller
TIME DELAY (ps) thann we can write the total change in refractive index as

FIG. 2. Time dependent reflectivity of Si on a 120-ps i e AN=ANect ANset ANy
- . 1Ime dependent reflectivity ot Ston a 120-ps ime SCale. oy the free-carrier and state-filling contributions to the
(a) The three curves illustrate the variation in measured reflectivity

for native-oxide covered 8101, (b) Measured(dots and calcu- reflectivity depend upon the time dependence of the excited

lated (solid curves reflectivity changes. The calculated curves cor- carrier densityN and carrier temperaturg.. The carrier

respond to values @equal to 2.0< 10%, 3.4x 10%, and 4.6x 10° density N first increases due to pump-pulse excitation and
emst ' T ' ' then decreases via recombination. As is evident below from

the data analysis, at short times the recombination contribu-
rrgion to the time dependence bfis described very well by
exponential decayeffective relaxation time= 7g) to a non-

ero background. That is, for an initial excitation denity

e short-time time dependencedfcan be expressed as

(o]
N
(=]

optical response contains information on carrier momentu
relaxation in Si. The remaining variations in reflectivity are
linear-response induced, approximately sequentially due t
(1) free-carrier excitation(2) intraband carrier energy relax-
ation, and(3) conduction-band to valence-band recombina-
tion. As we discuss below, these three processes are respon- N(t)=N, 1+Crexp(—t/7g)
sible for parts B, C, and D, respectively, of the reflectivity n 1+Cgr '
curve in the upper part of Fig. 1. In the subsequent two

sections we detail the linear- and nonlinear-response contrivhere the constanCy defines the nonzero background for
butions to the reflectivity changes. Our primary goal in thesé¢he decay.

two sections is to obtain a quantitative description of the Just after initial excitation the carriers each have an aver-
contributions to the reflectivity changes in order to construc@ge excess energy of 0.30 dsbove the band edpd' As

a time-dependent model that can be used to analyze the réliscussed in detail in Sec. V. A, this excess energy becomes
flectivity data. thermalized among the carriers on a time scale that is signifi-

cantly longer than the laser pulse width, so that a true carrier
temperature only develops on a time scale comparable to the
carrier-lattice equilibration time. However, for simplicity in

There are two types of linear-response contributions to theur analysis we assume that the carriers can be described by
measured reflectivity changes: changes in the dielectric fun@an effective temperature. For Si the initial excess carrier en-
tion associated with the presence of free-carriers and changesgy of 0.3 eV corresponds to a hot-carrier temperature of
in the dielectric function associated with interband transi-1985 K3° The hot carriers equilibrate with the lattice with a
tions. The free-carrier contribution is commonly describedtime constantr_,—known as the electron-phonon energy
with the Drude model. The interband contribution can ariserelaxation time—which is on the order of a few hundred
from three separate effects: state filling, lattice temperaturés ®°* The carriers and lattice equilibrate very close to RT
changes, and band-gap renormalization. For our experimetecause of the relatively small number of carriers that are
tal conditions it appears band-gap renormalization changesxcited. The electron-phonon energy relaxation time is only a
are insignificant(see discussion at the end of this section very weak function of excess carrier temperattité®hence,

)

A. Linear-response contributions
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for an initial carrier temperatur€;, the time dependence of - ' i
the carrier temperature can be written as

Te(t)=(Tin—300 Kjexp —t/7¢pn)+300 K. (4)

Using the Drude model, the free carrier contributiong
to An can be expressed®s

2me®> N

S e —
Now m;pt(Te)

Electrons

Ango(N,To)=— 0.3

(5

CONDUCTIVITY MASS (m,)

where o is the (angulay laser frequencye is the electron

charge, anang(Te) = (1/mg +1/mf) " Lis the carrier effec- e ———

tive optical mass. Herm; andm/, are the electron and hole

conductivity effective masses, respectively. The depen- 0.20

dence ofmgpt arises from band nonparabolicity.Recently

we calculated the temperature dependencespfndmy ,

and thus m,.*" The calculation yieldsm},(1985 K)

=mMJggs=0.205m, and mg,(300 K)=m3p,=0.156m, (m,

is the free electron mapsWith N=N,, Eqg. (5) yields

Angc(Ng,1985 K)=—2.1x10"% and Angg(Ng,300 K)=

—2.8x10°3. Thus, the free carrier response initially pro-

duces a negative contribution to the reflectivity change, and

as the carriers cool the negative change increases in magni-

tude. At longer times, when recombination becomes impor- N T S S N N

tant, the decrease N, [Eq. (3)], serves to decrease the free- 0 1000 2000

carrier contribution to the reflectivity change. TEMPERATURE (K)
Theoretical results fomg,(T,) at other temperatures are

summarized in Fig. 3, which shows thmépt(Te) Increases (a) Conductivity effective masses of holes and electrénsOptical

nearly linearly vsT, above RT. Thereforeng,(Te) €Xponen-  gfective mass. The dashed line is a linear fit to the calculation
tially decays to its RT valuamj,, with the time constant petween RT and 2000 K.

Telph+ PUtting together the expected time dependences of
andmg,, we obtain a time dependent free-carrier respons
function (defined fort>0)

OPTICAL MASS (m,)

o
-y
wm

FIG. 3. Calculated carrier effective masses versus temperature.

%eriment the noncolinearity and finite spot sizes of the pump
and probe beams introduce a small correction that results in
1 a slightly larger effectiver,. For our experimental geometry
Arc(t)= _Agc we calculate a 6% correction factor, which results in an ef-
1+ (Amgp M3a0) €Xpl — t/ 7oy pr) fective 7,= 25+ 1 fs.) Using this form forE(t), Eq. (6) for
1+ Crexp —t/7g) Aec(t), and the relationships,< Tel-phs Tp_< =, EQ.(7) can
(6) be expressed, to very good approximation, as

1+Cq ’
where Amg ;= miggs— M3y, and A% is a positive constant.
The free-carrier, time-dependent contribution to the mea- ARFC(At)_A FC [erf(At/ 7,) + 1]/2
sured reflectivity change is calculated frofac(t) via R  Rs 1 +( Amgp M%) exXp( — At/ 7o)

Rrc
Rs

1+ Crexp(—At/7g)
1+Cg

(an= [ alEP-avp ®

t
X | dtAst—t)[EPD 12 (7 : -
fo rel IS @) The termAREEYR; is the Drude contribution to the change

in reflectivity for N=Ngy and T,=300 K.

Here E{?(t) andE{P)(t) are the(envelopg electric fields Pump-pulse excitation also modifies the interband dielec-
associated with the excitatiofpump and probe pulses, re- tric function due to redistribution of electrons from the va-
spectively, andAt is the time delay between these two lence to conduction band: after excitation there are fewer
pulses. In our experiment the excitation and probe electrielectrons that can be excited from the valence band and
fields are well approximated by the Gaussian functigm) fewer empty states in the conduction band that can be filled.
=Eoexq—(t/rp)2], wherer, is related to the pulse intensity In general this state filling effect decreases the absorption
FWHM 7eypm Via 7p= Trywum/ 2IN(2)=24+1 fs. (In our ex-  coefficienta (=4m«/\) for photon energies above the band
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gap. Since the excited electro_n and hole distribgti_ons depend ARg. ARZ erf(At/7p) +1 ANiggs

upon N and T, the change ine due to state filling also R i > + An -1
depends onN and T,, i.e., Aage=Aas{N,T,). Via a s s 300
Kramers-Kronig relationship the change in the real part of 1+ Crexp — At/ 7R)
the index of refractiomng(N,T,) can be calculated from X exp(— At/ 7e pn) 15C

the photon energyH,,) dependence o as{N,T,).* In R

order to estimaté\ ag{(N,T,) andAng{N,T,), we assume (10

that a=K ,(Epp— Eg)z, which is theoretically expected for
|nd|rec9t (phc_mon assistad abgorptlon between_ parabolic The lattice-temperature contribution to the reflectivity
band$® and is observed for Si for photon energies between _ . .
: . variations can be deduced from experimental measurements
1.5 and 2.1 e¥° Here K, is a constantwhich we have B o
X " . - of dn/dT, . We usedn/dT =3.4x10 * K™+, which we
determined by fitting absorption coefficient d&jaand Eq h btained b lati d valuedrgtiT
=1.12 eV is the indirect RT band gap of Si. ?ve ° Itam(:h gtextrapaggng (;nsgcs)ljﬁr?rew va ule lat tlﬁ
With this model we have calculated agN,T.) and at wavelengmns between an e cajcuiate the

AngN,T). The calculated value fohag(N,T) at Ey, rise in lattice temperature due to the excited electrons and

; : . .hol laxi hei i .
=1.55 eV is expected to be quite accurate since 1.55 eV |;o es relaxing fo their respective band edges to be 0.30

in the range wheree=K ,(Epn— Eg)2 is valid. However, be- =0.02 K. Using

cause the Kramers-Kronig calculation afngd(N,T.) de-

pends upon values & asN,T,) at photon energies much dn

greater thanE,,=1.55 eV where a=K,(Ey;n—Eg)? no AnLT=d—TLATL , (11)

longer holds, the calculated values dhg(N,T,.) are only
semiquantitative in nature. FON=N, the model yields
Ang(Ny,1985 K)=—5.0x10"* and Ang{N,,300 K)= this rise in temperature producas, ;=1.0x10 4. Thus, a
—2.4x10"%. Although these values are only semiquantita-rise in lattice temperature serves to increase the reflectivity.
tive, we expect that the negative sign associated witdHowever, the lattice-temperature contribution is negligible
Angg(N,T,) and the increase in magnitude with temperaturecompared to the free-carrier and state-filling contributions, at
to be robust results. Thus, state filling also produces an inileast before recombination becomes important. We thus ne-
tially negative contribution to the reflectivity change. How- glect this contribution in analysis of the short-time reflectiv-
ever, in contrast to the free-carrier contribution the negativety. At longer times when recombination dominates the dy-
change becomes smaller in magnitude as the carriers cool t&tmics and the band-gap energy is transferred back to the
RT. Comparing the Drude-model calculations of lattice with each recombination event, the lattice-temperature
Ang(Ng,Te) vs T, and these estimations fang(Ng,Te) contribution to the reflectivity can become significant. Thus
vs T, We expect thénegative free-carrier change to domi- in analyzing the 120-ps scalsee Sec. V Bwe include the
nate the(positive state-filling change as the carriers cool. lattice-temperature contribution.
Thus the calculations indicate that the reflectivity should Any contribution to the reflectivity changes from band-
continue to decrease as the carriers cool. This is in agreeme@@p renormalization is rather difficult to quantify. In prin-
with the experimental observation of a continued decrease igiple, at high enough excitation densities carrier many-body
reflectivity up to a time delay of-500 fs as shown in part C effects can effectively reduce the optical band gap, resulting
of the reflectivity curve in Fig. 1. in a change in dielectric function that is equivalent to an
In order to derive a response function due to state-fillingincrease in the photon enerdy.**For Si this would produce
we note that our calculation ok as(N,T,) is also quite a positive change in.2° However, this effect is significantly
linear as a function of , between 300 and 2000 K. With the different than the effects discussed above in thathere is
assumption that\nsg(N,T,) is also linear as a function of €xpected to be a critical carrier densl, (slightly larger
T, We obtain a state-filling response function of the form than the Mott densitybelow which band-gap renormaliza-
tion is absent! and(2) for densities abovél,, the change in
refractive index is expected to slowly vary with typically
Anjggs asN¥3 or NV4.44 Using the expression of Bennett al.,** we
_1) calculateN,=6x 10" cm™3, slightly above our excitation
density. Thus, the effect of band-gap renormalization on the
1+ Crexp(—t/7r) reflectivity may not be significant. Further, at excitation den-
1+Cpg O sities close to or significantly exceedimNy,, prior ultrafast
experiments on Si show no evidence of a band-gap renormal-
ization contribution to the change in optical const&rm®t’
where AgF is a positive constant andnt=Ang(Ng,T). We thus adopt the viewpoint that any band-gap renormaliza-
Here we have also assumed that the response function i®n contribution to the reflectivity is minimal and can thus
proportional toN, which is valid at nondegenerate excitation be neglected in modeling our measured reflectivity changes.

A t=—AOF{1+
SF( ) S AnSOO

X expl —t/ Teiph)

densities N=<10?° cm™3). Analogous to Eq(8) for the free- We note that in analyzing our experimental results near-
carrier contribution tAAR(/R, the state filling contribution surface values ofAn can be used. This is because for our
can be written as experimental conditions the spatial variationofi is nearly
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always much greater than the effective sampling depth ofmation through its time dependence, but only produces a
M (47|ngl)=17 nm. This is discussed in detail in the Ap- coherent spike centered at=0 with a width given by the
pendix. convolution of the pump and probe pulses.
The second degenerate four-wave mixing contribution to
B. Coherent-transient contributions the. change in reflgctivity. arises from the probe bea.m inter-
acting with the anisotropic component of the pump induced

~ The initial transient spike observed in our measurementgayrier distribution. This contribution is governed by the re-
is similar to coherent transients previously observed usingponse functio

other pump-probe experimental geometries that are also sen-

it _ i i i 3 N 3 1 1

sitive to degenerate four-wave mixing in semiconductors. AR =AY, ~ YY) exp —t/7,). (15
These geometries include transmissfon, two-beam

self-diffraction}>*® and  reflective  transient-grating  Similar to the third-order susceptibility symmetry terms,
diffraction**2* Y{Y has the symmetry of the linear susceptibiligf”,

In our discussion of coherent transient effects we arevhich for cubic Siis proportional t@; , the Kroneker delta.
guided by the degenerate four-wave mixing theory of SmirlThe contribution of this response function to the reflectivity

and co-worker§!*® There are two contributions to the js obtained using Eq(7) with Ar(t) replaced byA ) (1)

change in intensity in thereflected probe-beam direction. again, the integrals can be analytically solved to yield the

The first contribution arises from pump light that is dif- anisotropic-distribution contribution to the reflectivity
fracted from the polarization grating that is formed by thechange

overlap of the(orthogonally polarized pump and probe

beams at the sample surface. This polarization grating arises AR,y ARY, At 7, — At
from the anisotropic momentum distribution of the initially R (At)= R f P + 1|ex ;
excited carriers. The anisotropy decays via carrier-carrier and ~ ° s P 0 0 (16)

carrier-phonon scattering on a timescale that is significantly
less than 100 f8>?* Because this momentum randomization ~ As shown below, for our experimental conditions
is significantly faster than the other relaxation procegsas ~r,. Even so, Eq(16) produces a peak with a significant
ergy relaxation, recombination, and diffusjothat govern  tajl that is described by the exponential decay exp(',).
the carrier dynamics, the response function associated withhis contribution thus provides information on carrier mo-
scattering from the polarization grating can be written, asmentum relaxation.
suming exponential relaxation, 4s In a cubic semiconductor the componentsy§t) depend
3 3 (3 upon the orientation of the sample. In our experiment a ro-

A;y)y*(t):AE’ )Y(XV)YX exp(—t/7y). (12 taF;ion of the sample about its gzimuth can (;)istinguish be-
tween the linear-optical effects discussed in Sec. IV A and
the nonlinear-optical effects discussed here. For example, if
we defineY {3, to be Y, when the pump and probe polar-
izations are oriented along the cubic axis directions of the
sample, then upon rotating the crystal through an arfgle
about its azimuty(3) transforms a8

Here 7, is the relaxation time associated with momentum
randomization A is a constant, and(3) is a dimension-
less tensor with the symmetry of the third-order susceptibil
ity x{) . The contribution to the change in reflectivity from

this response function is given by

XyyXx
ARpg *
(At):f dt EP* (t— ADEP(1) 1
R, L Y Yol ) =Y 3o+ Z[1-cog4)]
t
<" dv A —tEP EP 0. XV Y Y Y. (17
(13) The termY{),, transforms similarly. Thus, for the two

. ) sample orientations in our experimenb0 and ¢= m/4)

For Gaussian laser pulses and the exponential respongg: obtain the largest possible differences in the probe inten-
function of Eq.(12), the integrals in Eq(13) can be solved sity associated witARp and AR,p. This difference is
exactly to yield the polarization-grating contribution to the clearly observed in the initial spike in the data shown in the
reflectivity lower part of Fig. 1.

ARpg ARY, p( —At2>
)= ex .

R (At R 5 (14) V. DATA ANALYSIS AND DISCUSSION
s s

Tp

A. Momentum and energy relaxation

The parameteARRJR; is a function of 7, and 7,. Using the sum of Eq¥8), (10), (14), and(16), along with
Through the term{g)yx, ARZ 4R also depends on the ori- a model equation for the coherent phonon excitation and
entation of the sample. However, the time-delay) depen-  decay*? we have fit the short-time-scale data with a least-
dence of Eq.(14) is solely determined by the pulse-width squares analysis. In total there are 16 parameters used to
parameterr,. Thus, this term contains no dynamical infor- analyze the data. There are 10 associated with carrier dynam-
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=26=+1 fs. This extracted value af; is in excellent agree-
ment with the autocorrelator derived value of#25 fs. The
value of nyggdN3qg iS I very good agreement with our the-
oretical estimate of 2.1, which suggests that the relative con-
tributions from the free-carrier and state-filling responses are
reasonable  well described by the  constraint
AngeNg,300 K)/Ang(Np,300 K)=0.086. However, we
emphasize that the values of and ¢, are largely insen-
sitive to the two imposed constraints. For example, setting
the state-filling contribution to zero and using only the free-
carrier contribution to describe the linear response results in
Tel.ph= 240+ 30 fs and no change im,. Although the con-
tribution to the overall reflectivity fromARap/Rs is rather
small, its inclusion in the analysis is necessary in order to
quantitatively describe the reflectivity curve. This is illus-
trated by the structure present in the residuals if a fit is per-
formed with ARS,/Rs constrained to zero, as shown in Fig.
4(c).

Our value of 325 fs for 74 is, to our knowledge, the first
ultrafast experimental determination of this parameter. Be-
cause of lower time resolution, previous investigations have
only suggested the time scale for this parameter. The degen-
erate four-wave mixing experiments of Buhleiral. with
2.0 eV, 100 fs pulses indicated momentum relaxation on a
time scale of 10 f$° The transient grating experiments of
Sjodin et al. with 1.55 eV,~ 100 fs pulses also showed that
the momentum reorientation time is significantly less that

AR/R (arb. units)

RESIDUALS (arb. units)

100 fs?*
0.0 0.4 08 12 Theoretical calculations suggest that carrier-phonon scat-
TIME DELAY (ps) tering slightly dominates the carrier-carrier scattering contri-

) o _._bution to 7,. Theoretical electron-phonon and hole-phonon
FIG. 4. Least-squares analysis of Si time dependent reflectivity, . . )
(a) Data, overall fit, and componenisee carrier(FC), state filling Scattering times have been calculated by a number of re

(SP, polarization gratingPG), and anisotropic distributiofAD)] sear.chetrs that ;Jsle: Monte Carlo S|mqlatlons to m?dglgho;t;
are shown. The individual components are shifted by 0.25kps. carrier transport. -0r an excess carrier energy of U.s e

Residuals of the fit shown ifge). (c) Residuals of a fit to the data Cazrr?!ezg-phonon sca}tterlng tlm,es range betwee,n 20 an.d' 60
with only the FC, SF, and PG components. fs.©=<° Carrier-carrier scattering rates for carrier densities

and temperatures appropriate to our experiment have been
, max max 0 0 calculated in a series of papers by Combesebal. and
ics (ARFcRs, ARse7Rs, ARpp/Rs, ARAp/Rs, 7y Tetphs  Serneliu€>#° From their theoretical expressions we calcu-
TR, AMGp{M3g0, N19gd N300, aNACr), 2 associated with the |ate electron-electron and electron-hole scattering times of
laser pulses £, and the zero-time delayand four others 155 and 170 fs, respectively, for our initial excitation density
associated with the coherent-phonon respdfidgowever,  and excess carrier enerdyCombining these scattering rates
because the relaxation of the free-carrier and State-filling rE('aSSuming that they are independeMe|ds an overall
sponses are characterized by the same relaxation processggrier-carrier scattering time of 80 fs. Combining this rate
the parametersAREETRs, ARSETRg, Amg,/m3,,, and  with the range of theoretical carrier-phonon rates yields an
N198d N3gp @re highly correlated and cannot all be uniquely overall relaxation time between 16 and 35 fs, entirely con-
determined from the data. We have thus used our calculasistent with our measured value of=32+5 fs.
tions to place two constraints on the fitting: we con-  The carrier energy-relaxation timey,pn is an important
strain  Amg,/m3,, to the theoretical value of 0.31 parameter in Monte Carlo modeling of semiconductor
and ARZPIARFE* to our calculated value of devices:™ Our result, 7o ,=260=30 fs, is most directly

AnggNg, 300 K)/Ang(Ny,300 K)=0.086. comparable to the result of Sjodét al., who obtain an av-
A typical least-squares fit with these two constraints iserage value of 24830 fs for excitation densities less than
shown in Fig. 4a). Along with the datapoint and overall ~10?° cm™1.2* Our result also compares favorably with a

fit (solid line through the dajawe also display the four dc-transport inferred value of 270 ¥sFor comparison with
individual contributions to the reflectivityshifted by 0.25 ps  Monte Carlo derived values ofg..,, we have plotted both
for clarity). The statistical nature of the residuals in Figo)4  experimental and theoretical values®f.,, as a function of
indicates that the model provides an excellent description oéxcess carrier energy in Fig. 5. Experimental data from three
the data. From analysis of all of our data we obtaj=32  previous studie§®'* in addition to the present study, are
=5 fs, 7opn=260+30fs, NiggdNzee=1.7+0.3, and 7, represented by the solid symbols and solid [itie solid line
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[T ' ' ' ' g bulk scattering processes. It is therefore not surprising that

1000[- . Kutt et al. ] photoemission inferred values for carrier-carrier and carrier-
- - gj%i’l‘r{:t‘ :l'- 1 phonon scattering processes are somewhat different than
I . Present Work ] those from our bulk-sensitive measurements. Furthermore,
800 o MC-UTMC . even though the two photoemission studies were of nomi-
L -] MC - Damocles ] . .
s MC - SMC ] nally the same Si(001)21 surface, the observed differ-
LT MC - Reggiani et al. ; ences can be attributed to differences in surface defect den-
6001 ] sity on the measured Si surfacés.

400 B. Carrier recombination
The recovery of the reflectivity signal shown in 120 ps
scans of Fig. 2 is predominantly due to the reduction in ex-
cited carrier densityN as electrons and holes recombine
. ] across the Si band gap. Both the free-carfteg. (5)] and
On L L L L O state-filling contributions to the reflectivity diminish with re-
00 02 04 06 08 10 combination. For our samples the recombination process is
EXCESS CARRIER ENERGY (eV) dominated by Shockley-Reed-Ha$RH) recombination in-
FIG. 5. Comparison of experimental and theoretical values o/0Iving surface band-gap statésn the SRH recombination
Telpn- Calculated values are for electron coolitdgshed curye ~ Process the electron-hole energy 1.2 eV per electron-hole
and hole coolingopen symbols and thin solid curye€xperimen- ~ Pair) is absorbed by the lattice via multiphonon emission.

tal values are represented by solid symbols and the thick solid linel his energy return to the lattice can produce a non-negligible
contribution to the reflectivity change from the associated
is a linear fit to the data of Sjodiet al'%). In determining the increase in lattice temperatufe [Eq. (11)] near the sample
excess carrier energy for the experimental valuesff surface'!
both lineaf® and two-photon absorptidfi* have been in- In order to describe the time dependenceNoand T,
cluded. From the study of Sjodiet al. we have only used appropriate to the time scale of Fig. 2 we use a model that
data at carrier densities less thar2x10°° cm 2, above includes diffusion of both carrier density and lattice tem-
which intracarrier screening affects the carrier-phonorperatureT, 1% The diffusion equations foK andT, are
interaction®? Monte Carlo calculations of both the hole en- coupled through boundary conditions that depend upon the
ergy decay timgopen symbols with dotted lingsind elec- surface recombination velocity which describes the rate of
tron energy decay tim@lashed lingare also showA®>>The  SRH recombination via surface states. The recombination
comparison between experimental and theoretical values ofelocity S, the only free parameter in the diffusion model, is
Tel-ph iNdicates that the UTMC and Damocles Monte Carloproportional to effective surface-state trap density and
code$ produce values fore.on that are closest to the experi- cross section o, and _carrier thermal velocity vy,
mental data. We also note that a very recent measurement10’ cms ¥ S~ovyng.”® If we assume tha~1/n,,
indicatesre.,n=240 fs for nanocrystalline Si wheren,=6.8x 10" cm 2 is the surface-atom density on
There have been several ultrafast photoemission studighe S{001) surface, therS~uv,ng/n, . Because the electrons
of the Si(001)2 1 surface®~23In principle, these measure- and lattice can be considered to be in thermal equilibrium,
ments are able to follow both intraelectron thermalizationthe relative contributions tdRy/Rg from N and T, can be
and hot-electron cooling by measuring the time dependenceéetermined fromAngc(N,T.), Ang«N,T,), andAn(T,),
of the electron distribution function. Indeed, using 2.0 eV,as described in Sec. IV A.
~120 fs pump pulses Goldman and Prybyla observed ther- Using this model we have numerically solved the diffu-
malized electron distributions characterized by temperaturesion equation for the time dependence of near-surface values
of 1200 and 800 K at 120 and 180 fs delay times, respecef N and T, . In Fig. 6 we show calculated time-dependent
tively. Their results indicate that electron-electron thermali-reflectivity changes that illustrate the separate reflectivity
zation (and hence electron-electron scattejirig signifi-  contributions from AN and AT, for S=3x10% S=3
cantly faster than-100 fs and thatrg ., is ~90 fs?l In X 10°, andS=3x10° cms 1. Note that for a large enough
contrast, the photoemission data of Jeong and Bokor, olrecombination velocity th&, contribution can dominate the
tained with 1.55 eV, 150 fs pump pulses, are consistent wittN contribution and cause the reflectivity to initially recover
an intraelectron thermalization time of a few hundred fs andpast its initial value. We have previously observed this be-
a value forrg ., of 400 fs23 The discrepancy among results havior on other Si surfaces.
from the two photoemission studies and the present study In Fig. 2(b) we compare the experimental reflectivity
can be explained by the surface-sensitive nature of the ph@urves with calculated reflectivity curves. In each compari-
toemission proces¥:?2which for Si(001)2< 1 is dominated sonShas been adjusted to produce the best overall match to
by electrons photoemitted from defect-induced surfaceghe experimental data. Values 8fused in the three calcu-
states”> Thus, in the photoemission measurements surfacdated curves in Fig. () are 2.0<10%, 3.4x10%, and 4.6
state dynamics obscure bulk-carrier dynamics so that meax 10* cms 1. Whereas the decreaseNion the few-ps time
sured relaxation times cannot be directly associated witlscale of Figs. 1 and 4 can be described by an exponential

ENERGY RELAXATION TIME (fs)

200
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ooF T T LI T 1 VI. SUMMARY
B 3 We have studied bulk carrier dynamics near native-oxide
“F ] covered Si001) using ultrafast pump-probe reflectivity .
-0.2F . From the measurements we have determined the carrier mo-
o4k ] mentum and energy relaxation time scales. The momentum
F (a) ] relaxation timer,=32=5 fs is the first measurement of this
-08F ] parameter in Si. Both carrier-phonon and carrier-carrier scat-
08k tering appear to contribute to momentum relaxation. The car-
f Tt ] rier energy relaxation timerg.,n=260+30 fs agrees well
- 0 I Loy with previous experimental determination of this parameter.
5 o2k 3 The experimental values of, ,, agree reasonably well with
g L oomrem T ] recent Monte Carlo derived values. Finally, we have ex-
< 00p ARM AR E tracted a value for the surface recombination velocity of
g 02 TOTAL native-oxide terminated &01), which is directly related to
% _04:_ _________ . the density of traps that participate in surface recombination.
E .o6F /~- 7 ARWR 3
= /7 ] APPENDIX
Q o8p (b) 7
7 ] In this appendix we discuss the reflectivity from an inho-
i i T T PR mogeneously excited solid, such as occurs in the experiments

discussed here. In particular, we study the reflectivity of a
solid with a dielectric function that varies exponentially with
depthz into the solid as

] e(z)=go— 1 exp(—2/5). (A1)
06k _
-08f (c) ' Here 6 describes the decay length for relaxation of the
BN T T dielectric function to the bulk dielectrie, and —57 is the

0 20 40 60
TIME DELAY (ps)

change ine at the surfaceso thate,— 7 is the dielectric
function near the surfageThe reflectivity for the two limits
) o _of large and smalb are fairly easy to surmise. i is much
EIG._ 6. Ca!culated_tlme-dependent reflec_tlwt)_/ curves for Sigmaller than some appropriate length scéléich as we
(solid lineg using carrier and temperature diffusion modeee g, pelow is related to the wavelength of the probe radia-
o, atr(ree carter st Mg e emperatre on nside the Soliiso ha the changes i optical consants
. B 4 91 B ) are confined to only a very small spatial region near the
respectively(@) S= 3 X 10* cms . (b) S=3 x10° cms L. (¢) L. .
S—3x10F cms L surface, then we expect j[he reflgcﬂwty to be charagten;ed by
the background dielectric functiony. Conversely, ifd is
decay, the data of Fig. 2 and the results of the diffusion/@’ge, then we expect the reflectivity to be characterized by
model calculation show that on a 120-ps time scale the reo~ 7, the dielectric function near the surface. We show
covery in reflectivity is relatively faster at short times and here that the transition in reflectivity bethveen these two lim-
slower at long times than a simple exponential decay. Addiits occurs for§=dys, Whered,p,s=\/(4|ng|). The param-
tionally, the comparison in Fig.(B) between the calculations eterd,,sis known as the effective observation depth of the
and data shows that the measured short-time change is relprobe radiation. This length can often be much smaller than
tively faster than short-time change calculated in the modelthe penetration depth of the probe radiatiofy, e
This is likely due to two effect>?*First, the recombination =\/(4mk,). However, as we show below, it is the ratio
velocity is expected to have some time dependence due & d,sthat defines the transition between the two reflectivity
transient occupation effects of the surface stdteddition-  extremes rather than the radboyope- The normal-incidence
ally, surface-charge induced band bending is expected teeflectivity has previously been discussed in the literature:
drive either electrons or holes away from the surface, deVakhnenko and Strizhevskii has solved this problem
creasing the effective recombination velocity as a function ofexactly>® However, the exact solution involves nonintegral-
time. Neither of these effects are included in the diffusionorder Bessel functions. Here we outline a perturbation-theory
model. For all of our native-oxide covered samples we exsolution that provides much simpler expressions for calculat-
tract a value forS of (3 = 1) x10*cms ! Using S  ing the reflectivity.
~vmNsNa, this value ofS corresponds to a surface-state  Assuming linear polarization, normal incidence, and har-
trap density of (0.3 0.1)x 10”2 monolayer for native-oxide monic time dependence the wave equation for the electric
terminated S001). field E(2) inside the solid can be written as
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d2E(2)

dz?

+k2&(2)E(2)=0, (A2)

wherek=w/c andz(z) is given by Eq.(A1). The solution
for the electric field is found using perturbation thedfy,

where the small parameter in the problenvig,. (For our
experiments 7/&,|~ 0.02) The solution to Eq(A2) to first
order iny/z, is
. ;]k252
E(z)=Egexpikngz)§ 1+ ———=—exp(—2/6) ¢,
1-i obs
(A3)

whered,,=1/(47n,). The normal-incidence reflectivitR
can be expressed as

2

1-7
R=|—+] , (A4)
1+zg
where
z —'k—E A
%~ GEaz| (A5)

is the normalized surface impedance. Substituting (B8)

into Eq. (A5) and keeping terms up to linear order e,
yields

(AB)

TSN DY A
ST o8, 1+idgd )]

wherezg, is the surface impedance for=0. Equation(A6)
has the expected limits for small and large For &/dgps

<1, zs~2, Which is equivalent to the surface impedance

for a uniform material withe =¢,, while for &/dy,&1, zg

~7o[ 1+ 5/(2&4)], Which is equivalent to the surface im-

pedance for a uniform material with=¢&,— 7.

PHYSICAL REVIEW B66, 165217 (2002
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FIG. 7. Normalized Si reflectivity versu8/d,,s. Solid curve
corresponds ta, = 13.656+ i 0.048 andy = 0.02. Upper dashed
line corresponds to a uniform solid with=¢,. Lower dashed
curve corresponds to a uniform solid with= &,— 7.

tivity R (normalized by the reflectivityR, for 7=0) as a
function of 6 for conditions appropriate to the changéir’m

our experiment: we use,=13.656+i0.048 andz=0.02.

The results are plotted in Fig. 7. As can be seen in the graph,
for small 6/d,,s the reflectivity approacheR,, while for
large 6/dqps the reflectivity approaches a constant value,

which is appropriate teé = &,— 7. Note that fors/dgps = 1

the reflectivity is exactly half way between the reflectivity
for the small and largé/d,s limits. For the initial excitation
conditions in our experimend/d,,s=570. Hence, initially
the probe-pulse reflectivity is characterized by the near-
surface dielectric function. At longer times, carrier and tem-
perature diffusion produce a rather complicated

zdependence te.'* However, after approximately 1.5 ps

the length scale for the changedmear the surface is greater
than 5 d,,. Thus, in modeling the 120-ps reflectivity
changes we also only need to consider the near-surface di-

Using Eq.(A6) in Eq. (A4) we have calculated the reflec- electric function.
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