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Time-resolved second harmonic generation (SHG) was used to study hot carrier dynamics at the-Ge(111)
Ge(Q interface on the femtosecond time scale. A linear dependence of the change in SHG on the pump
power was observed for the carrier density range ef B0'®to 2.2 x 10*° cm3. The ratio of the hot carrier

to valence band nonlinear susceptibilities was determined to be:923 in the Ge(111)yGeG system, an

order of magnitude greater than for Si(11HiO,. The dynamic SHG response is attributed to a change in
the nonlinear susceptibility of the excited carriers and the diffusion of excited carriers away from the interface.
The time to reach SHG steady-state response @I fs) appears independent of carrier density in the

range explored. The time evolution of the hot carrier nonlinear susceptibilities for Ge(G&0%) at the 21
azimuth was extracted and shown to follow a double exponential evolution with time constants of
170+ 50 fs and 350Gt 1450 fs, similar to the literature values for bulk scattering times of electrons out of
the T valley (~100 fs) and into the L valley~3.7 ps).

Introduction Experimental Section

Understanding carrier dynamics at semiconductor interfaces  The SHG experiments reported here were performed with a
is important in many physical and chemical processes of ~100 fs, 76 MHz Ti:sapphire oscillator (Coherent Mira Seed)
fundamental scientific and technological interest. Hot carriers, OPerating at 800 nm as described elsewH&rhe probe and
i.e., carriers with excess kinetic energy relative to the lattice, the pump beam passed, symmetrically off axis, through a 100
can play a significant role in degradation of the insulating gate MM lens that focused the beams to ai3@ um diameter spot.
oxide in MOSFET$:2 In addition, knowledge of carrier ~ The typically s-polarized pump power was 150 mW, corre-
relaxation rates is important for the correct modeling of the SPonding to an excited carrier density of &80 cm™3. The
operation of semiconductor devictShe relaxation rate of hot ~ P-Polarized probe power was 50 mW, corresponding to an
carriers is a measure of how fast energy can be transferred fromeXcited carrier density & 10 cm™3. Since the pump struck
the hot carriers to the lattice. Processes involving atomic motion the sample at an angle of #@nd the probe struck the sample
such as ablation, etching, melting, and phase transitions &t 43, the beams formed ellipses on the sample. This has been

subsequently use this lattice enefg@arrier dynamic informa- take_n into apcount in c_alculating the_focused beam area in the
tion would also be useful in understanding and designing carrier density calculations. All experiments were performed at
photodriven material processing techniques. The relaxation rate295 K, in laboratory ambient air.
of photoexcited carriers determines the yield in surface photo- The pump beam delay was controlled by a stepper motor
chemical reactions such as photolithograptecently there dr_|ven transla_tlon stage. The da_ta Were_collected in 80 fs steps
has been renewed interest in Ge devices due to the potentialVith & collection time of 1 s/point. Typically, 10 scans were
for faster devices from the higher carrier mobility of Ge relative 2veraged to improve the S/N ratio. All scans were performed
to SiS7 However, the hot carrier dynamics at the Ge-dielectric With the Ge crystal oriented to a major maximum of the SHG
interface are not well-known. The experiments described here rotational anisotropy with p-polarized ligt°
were aimed specifically at understanding the behavior of carriers G€ Wafers (undoped, Eagle Picher) were degreased by
at the Ge-insulator interface on the femtosecond (¥0s) time successive 10 min sonication in trlghloroethylene (J. T. Baker,
scale after their creation witv0.8 eV of excess energy. reagent grade), acetone (EM Science, reagent grade), then
Many different experimental techniques have been used to methanol (Fisher Scientific, certified ACS grade). No additional

study carrier dynamics in semiconductors. They include transienttnrqearl]tre'r&tllwis na?rf?rmv\(,adr on oxdldlze(;i sawp:jes_rtr)]efor; dexp\)irl-
reflectivity 8° transient grating, differential optical trans- ents. chemicals were used as received. ine oxide was

missioni®12 and transient Raman scatteritig* A limitation %e;ﬁgmﬂ;?] toe)k:::; Zjar:g:j tg'i:(cglocn; nilth;)nssorgestgg ;nnedzisijre-
of all of these techniques is that they are not specifically ' 9 P P ' -

sensitive to the interface. To observe the dynamics of carrierso‘776 for G&" andn = 1.604 for Ge@?*22*
that are at the semiconductedlielectric interface, time-resolved
second harmonic generation (SHG), an interface-specific probe,
was choseA®> 18 (a) Determination of the Second-Order Nonlinear Sus-
ceptibility of Photogenerated Electron Hole Pairs in Ge-

* Author to whom correspondence should be addressed. E-mail: (111)-GeQ,. The results of a typical pumpgprobe SHG
borguet@pitt.edu. experiment from the Ge(111)Ge(Q interface are illustrated in

Results
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Figure 1. SHG pump-probe Ge(111)GeG in pin-pout cONfiguration,
s-pump 150 mW, p-probe 50 mW. The dotted line is the sum frequency
generation (SFG) autocorrelation. Solid line is a single-exponential fit
used to determine. 7 = 358 + 35 fs. Bleach 5%t 0.5%
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Figure 2. Fractional bleach vs pump powefd/y® = 924 + 40 in
the Ge(111)}Ge(Q system data was taken with a p-polarized pump
and s-polarized probe. Solid line is a fit to eq 3.

Figure 1. Generally, a prompt dip in the SHG signal is observed
aroundt = 0, followed by an exponential increase in signal at
t > 0 to a final steady-state level.

The increase in the SHG signal for 0 can be understood
as an increase in thg? of the system. The electrons in the

McClelland et al.

and valence band electrons, respectiveljt t < 0 the only
photoexcited carrierd\*po0e are those excited by the probe
pulse!® At t > 0 photoexcited carriers, N, from both the
pump and the probe contribute to the signal. One can take the
normalized change in SHG signal as

I(t>0) IN* ™ @ + NP2
I(t<0) |\~ probéf*(z) + NX(2)|2

)

wherel(t > 0) is the SHG steady state at long times, taken to
be the last picosecond of the scé.<0) is the SHG intensity
from the surface unperturbed by the probe.

The ratiol(t > 0)/I(t < 0) depends quasi-linearly on input
pump power under our experimental conditions (Figure 2). The
data (ratiol(t > 0)/(I(t < 0)) was fit to

LN, (M)(x_”)

It >0 N ,@ N @
T R o i o O
I(t < 0) 142 N probe)L() + N probe X*( )

N X(Z) N X(Z)

a simplified expansion of eq 2, using the ratiodf/x@ as

the only fit parameter. In eq 83 = N ;pe+ Noymp N=2 x

10% cm—3—the carrier density of the valence band, estimated
as (Ge atomic density 4), N*prope= 9 x 10'8 cm3—the carrier
density photoexcited by the probe. An in-phase relationship of
the excited- and ground-state contributions to SHG is assumed.
The increase in SHG at> 0 justifies this assumption for the
Ge(111)>GeG, system.

The curve fit yields 462t 20 for they*@/y@ ratio in the
Ge(111)>-GeO system. These numbers were calculated using
the initial excited carrier density. However, whi > 0) is
evaluated at 2:53.5 ps, our calculations of the carrier density
re-distribution due to diffusion show that half the carriers excited

valence band can be considered to be bound as in a dielectrichy the pump have diffused into the bulk, out of the region probed
The electrons in the conduction band can be considered to bepy SHG after 2-3 ps. (The carrier diffusion calculations are
quasi-free as in a metal. The polarizability of quasi-free electrons addressed in section b below.) Taking this into account, by

is greater than that of bound electréAsAt t > 0 there are
more electrons in the conduction band thart & 0, so the
second harmonic signal will be greatertat O, provided that
the nonlinear susceptibilities add in phadse.

reducingN}, by a factor of 2, yields a*?/y® ratio of 924+
40 in the Ge(111H Ge(, system at the SHG steady-state signal
level.

The model described by eq 3 starts to deviate significantly

The pump-induced change in the linear optical properties via fom linearity around an excited carrier density ofx<7 1019

the Fresnel coefficients at and 2v can also change the SHG

cm~3, when the quadratic term is 10% of the linear term and

response. This contribution, in the absence of changes in thecan no Jonger be ignored.

nonlinear optical properties, was calculated to result in an

(b) Carrier Diffusion. The effect of hot carrier diffusion into

increase in SHG, but accounts for at most 1/10 of the increaseine pylk, due to the excited carrier concentration gradient, was
in SHG signal. The change in the nonlinear optical properties jnyestigated by calculating the spatial distribution of excited

must account for the remaining 9/10 of the change in signal.

carriers as a function of time (Figure %) The initial pump-

A linear dependence of the bleach, defined as the changejngyced (150 mw) concentration of carriers is given by eq 4:

between the initialt(< 0) and final { > 0) steady-state signal

levels, on pump power was observed for Ge in the carrier density

ranges of 3x 10'8to 2.2 x 10 cm~3 (Figure 2). In the simplest

approximation one assumes that the total second-order nonlinear

susceptibility of the systemd®, depends on the carrier density
in the excited state and the unexcited state in the following
manner:

XS(Z) = NX(Z) + N* X*(Z) (1)

whereN* and N are the photoexcited-eh pair density and the
valence band electron density, respectively, gHé and @

(1 - Ra

N0=u= 1.8x 10°cm® @)
hy

The complex refractive index at 800 nm for Genis= 4.635

and k = 0.2982! the reflectivity is R = 0.3, the optical

penetration depth is 0,2m, and the absorption coefficient

4k
= % = 50501 cn1l. The surface recombination velocity is

taken asS = 1(? cm/s2° Values as large as 100 000 cm/s were
found not to have a significant effect on the simulations. The
ambipolar diffusivity is taken aB = 65 cn?/s26 Modeling of

are the nonlinear susceptibilities of the photoexcited carriers hot carrier diffusion indicates that 50% of the carriers excited
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Figure 3. The carrier density as a function of distance from the surface that has g/*®@ that is actually out of phase with thé? of the
at different times after excitation calculated as described in text. The \;nexcited electrons. This leads to a lower overall SHG signal
data are plotted over the penetration depth of the fundamental (800att = 0 than at the end of pump-probe scan, when the

nm) light in Ge. No bandbending effects are considered since intrinsic I . . B
Ge)wgs used for experiments. 9 equilibrium *@ is in phase with the unexcited valence band

electrons.
att = 0 have diffused out of the region probed on the 3.5 ps  Guo et al. suggested that the efficiency of the SHG process
time scale of the pumpprobe experiment, Figure 3. is proportional to an electron distribution function involving
(c) Interfacial Carrier Dynamics and Evolution of y*@. initial, intermediate, and final density of staf§sWe suggest

This rapid depletion of the excited carrier density in the probed that they*®/y(? ratio increases when electrons scatter from the
region is an interesting and important point. The SHG signal I valley to the X valley, due to the larger density of available
from the pump-probe experiments typically reaches a steady- States in the X valley compared to tﬁe/alley.gﬁz_'l'_he diffusion
state level after approximately 1 ps. The change in SHG signal of electrons into the bulk WI||. reduce the state filling in X valley,
is modulated by the number of excited carriéxs, times the further increasing the density of available states.

2@ of the system, as can be seen from eq 2. The rapid depletion We suggest that the transient response is related to a change
of excited carriers in the region proBéanust lead to a decrease  in x*®, the nonlinear susceptibility of the hot carriers, which
in SHG. However, the steady-state level of the SHG signal in in turn is related to the thermalization of hot electréh3he

the 1-3.5 ps range implies that the® of the system must be ~ Auger recombination time, calculated to be 13 ns in Ge at a
evolving in time in such a way as to counteract the loss of carrier density of 1.8< 10" cm™3, is much too slow to be
excited carriers in the probed region. observed in these experimed#sElectron-hole scattering,

Photoinduced variations of the linear optical properties can Which occurs on the order of 1& s, allows the electron and
cause surprisingly large changes in the nonlinear optical hole systems to reach thermal equilibrium by energy transfer
respons@822 To analyze the change in SHG due to refractive to the crystal latticé? Most of the excess energy is in the
index changes, we adopted a model previously used to describeglectron system, rather than the hole system, due to the lower
the time-dependent linear optical properties of semiconduc- effective mass of the electron.
tors830The linear optical properties depend on the temperature, The behavior of thg*?)/y? ratio (see Figure 4), reveals the
carrier concentration, and indices of refraction for 800 and 400 density of states available to an electron at the surface increases
nm light. The effect of linear optical properties on SHG through as a function of time. The data in Figure 4 was fit to a double
the Fresnel factors was considered and found to account forexponential 836680 exp(-t/3500)— 450 expt-t/170). These
<1/10 of the change in the signal. We can conclude that 9/10 time constants are surprisingly close to those reported for the
of the transient SHG signal is due to changes in the nonlinear scattering of hot electrons in bulk Gélhe fast time constant
optical properties. can be attributed to the scattering of the electrons fromlthe

The laser pulses can heat the sample and change the nonlinearalley to the X valley with the larger density of states, about
optical response, again through changes in Fresnel factors. Eac00 fs in bulk Ge€%:32 The slower time constant is probably a
laser pulse initially heated the sample by 2.8'Rhe cumulative ~ convolution of changes i due to the cooling of the carriers
heating effects were calculated to rapidly reach steady state withand the scattering of the electrons to the L valley, reported to
a~70 K temperature ris& In the experiments reported here, be 3.7 ps in the bulk. The similarity of the observed time scales
no significant drift of the initial and final signal levels in  with bulk electron dynamics suggests that the nonlinear optical
successive scans was observed, suggesting that the samples hagsponse is dominated by electrons rather than holes and that
reached steady-state temperature and that changes in SHG arée presence of an ultrathin dielectric Gd@yer at the interface
due to reasons other than laser-induced heating. does not alter the electron dynamics significantly.

Our analysis agrees with SHG behavior observed for other Interfacial charge trapping is an important channel for excited
hot carrier systems. For example, in a time-resolved SHG probecarriers and is particularly relevant to semiconductor nanopar-
of electron relaxation processes in Au, following intense 800 ticles where the interface can dominate carrier dynaffis.
nm excitation, Guo et al. revealed an enhancement@nat principle, charge trapping at the interface could give rise to the
~300 fs after laser excitation, attributed to thermalization of observed steady-state SHG signal. This hypothesis was inves-
hot electrong® Guo et al. found thay@; was much higher  tigated by taking longer pumgprobe scans. The long-term
for an equilibrium electron distribution than for the nonequi- decrease of the SHG response, Figure 5, does not support
librium electron distribution that exists immediately after pump significant charge trapping at the interface. Rather it suggests
excitation?® We observed a similar behavior gP) in Ge(111)- that the dynamics are governed by diffusion. To test this
GeQ. hypothesis, the SHG signal was modeled for the situation where

The dip in signal near = 0 in the cross-polarized configu-  the number of excited carriers probed was fixed, due to trapping,
ration could in fact be a manifestation of this phenomenon. The at the initial carrier density (dashed line) and at the carrier
electrons immediately aftér= 0 are in a “nonequilibrium” state  density remaining at the interface after 3.5 ps (dotted line). The
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