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Ultrafast dynamics of interfacial electric fields in semiconductor
heterostructures monitored by pump-probe second-harmonic generation
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We report measurements of the ultrafast dynamics of interfacial electric fields in semiconductor
multilayers using pump-probe second-harmonic genera8iG). A pump beam was tuned to
excite carriers in all the layers in GaAs/GaSb and GaAs/GaSb/InAs heterostructures. The resulting
carrier dynamics manifests itself via electric fields created by charge separation due to carrier
redistribution at the interfaces. The evolution of interfacial fields is monitored by a probe beam
through an eletric-field-induced SHG signal. We distinguish between several stages of dynamics
originating from redistribution of carriers between the layers. We also find a strong enhancement of
the induced electric field caused by hybridization of the conduction and valence bands at the
GaSb/InAs interface. €002 American Institute of Physic§DOI: 10.1063/1.1521573

Knowledge of processes governing the carrier relaxationing the evolution of different interfacial fields contributing to
in multilayer semiconductor structures is essential for dethe total electric-field-induced SHEFISHG signal we are
signing multifunctional high-speed electronic and optoelec-able to study the redistribution of carriers between the layers
tronic devices:® Quantum confinement is known to signifi- due to electron transport across interfaces.
cantly affect carrier thermalization dynamics in quantum  Electronic properties of the GaSb/InAs heterojuction are
wells* and quantum dotsOne can expect that the interface very sensitive to the type of interface bonding. Since InAs
between different semiconductor layers will influence carrier@nd GaSb have no common atoms, two types of interfaces

dynamics even in nonguantum-confined structures. For extan be formed, GaAs bonds or InSb bofids large differ-
ample, during fast relaxation due to electron—electrorence in GaAs and InSb band structures result in a much

(=200fs) and electron-phonon ~(1 ps) scattering Stonger hybridization of InAs conduction and GaSb valence

processes;® the photoexcited electrons and holes tend toPand states for the InSb interface type. The hybridization
accumulate in different layers. The resulting charge separdlinigap was observed in an appearance of energy gaps in
tion gives rise to interfacial electric fields which can changec@Pacitance-voltage and quantum Hall measurertfeats

the initial band alignment and lead to interlayer transportVell @ in a splitting of cyclotron resonance peak measured
phenomen4. using far-infrared spectroscopyln our experiment, we find

The techniques typically used for monitoring ultrafast that band hybridization results in a strong enhancement of

carrier dynamics in semiconductors are pump-probe trandne \Ii/FIShHG signal. 4 four o
mission or reflection spectroscopy’ These methods rely on e have investigated four heterostructures grown Dy

the linear response of the electron-hole subsystem, excite’fﬂ‘OIeCUIar beam epitaxy: GaAs/Gaab nm; (_SaAs/
GaSk400 nm; GaAs/GaSkb00 nn)/InAs(20 nm), with an

by the pump pulse, to the probe light. As a result, they give . )

an accurate account of carrier population dynamics occurin Sg |5nct)<ca)rfac7| b: tv;%en Gastt)h ang;zA; Itayfe rs; Sn? GaAs/
in the bulk, while being insensitive to electric fields near theGaSg anmAn IS( I nm, V\II' etlh th's l'(” er ac? Gexvelen
interface. On the other hand, the second-harmonic generationa and InAs. In all sampies, e thickness ot LaAs layer

(SHG) technique is known to be extremely sensitive to elecas 100 nm. Samples were grown on semi-insulatlr)

tric fields occurring at surfaces and interfaééghis unique GaAs substrates. A pump-probe configuration with linearly

: . polarized pump and probe beams was used in our measure-
feature of SHG was employed to study long-time carrier dy- . .

. - L0 ments. The observed EFISHG signal was monitored as a
namics at the silicon—oxide interfacé.

. function of probe-to-pump delay times. All optical measure-
q n .th'S Ifettert_ Welzl re_:pgrt rr&egs;ur?-m_e Ttsl oftt_hef_u:gafastments were carried out at 4.3 K. The initial beam of 150 fs

ynamics ot optically induced Interiacial electric ields in pulses from a mode-locked Ti:fD; laser(Mira 900) at the
semiconductor multilayers using SHG as a probe in time

ved b - wavelength of 800 nng1.55 eV} and a repetition rate of 76
resolved pump-probe Spectroscopy. ese measureme z was split into pump and probe beams. The probe beam

were performed on GaAs/GaSb and GaAs/GaSb_/InAs_ he%f 120 mW average power was channeled through an optical
erostructures. The crucial advantage of our technique is th&elay stage. The pump beam, after chopping at a frequency
ability to simultaneously monitor the carrier dynamics at dif- of 400 Hz. was of the same a\}erage power. The overlap spot
ferent interfaces of the same sample. In particular, by trackys e pun,1p and probe beams on the sample was:x00n
diameter. The pump beam was incident normally on the
dElectronic mail: yuri.d.glinka@vanderbilt.edu sample with eithep or s polarization. The probe beafalso
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much larger than the characteristic time of electron—electron

rﬁ"‘""’"‘mﬁm
15i‘ (a) P-pump  T=43K 1 interactions in such structuressQ00 fs) so that deviations
P-probe Ty ~2PS ] from the relaxation-time approximation are snisll.
T The intensity of pump-induced SHG signals measured
T for GaAs/GaSb/InAs heterostructures shows strong depen-
T 7 dence on the interface type between GaSb and InAs layers.

For the sample with InSb type interface, the signal amplitude
is significantly larger than that for GaAs/GaSb structure,
while for the sample with GaAs type interface, the signal is
comparable to that for GaAs/GaSb. Moreover, despite simi-
lar decay-time constantsp, for both GaAs/GaSb/InAs
samples, there is considerable long-time250 ps) constant
background in the case of InSb type interface while it is
i significantly smaller for GaAs type.

An apparent presence of several stages in the evolution
of the measured SHG signal indicates the rather complicated
dynamics of interfacial electric fields originating from a re-
distribution of carriers between the interfaces. The induced
] local electric fields£;(t) and&5(t) (subscripts 1 and 2 refer
8 to GaAs/GaSb and GaSb/InAs interfaces, respectively-

] pend on the number of carriers as well as on their spatial
distribution near each interface at a given time. Retaining
only linear terms in&(t), the nonlinear polarization can be
written ag'®

Induced SHG intensity Al ® (arb. units)

PNY2w,0) =[x P+ xP & () + xPEMD I E(w)]?, ()

e e e whereE(w) is the electric field component of the incident

0 0 100 150 200 250 300 probe light, x? is the second-order bulk susceptibility, and

Delay time (ps) x® are the third-order susceptibilities at the interfaces.
The measured EFISHG intensity|(2@) =] () —{20)

FIG. 1. (Colon EFISHG signals from GaAs/GaSbh samfitue) and GaAs/  which is obtained by subtracting the bulk contribution
GaSbh/InAs sample with InStgreen and GaAgorange type interface mea- I ng) — |X(2)|2| E(a)) |4 from the total intensity,

sured with(a) p-polarized pump light andb) s-polarized pump light. The 20) _ IoNL 2 . .
fits with rise/decay exponential function are shown by solid lines. I(. ?)=|PN-(20)| : has .the following fornfafter neglecting
higher-order nonlinear ig;(t) termg:

p or s polarized was directed to the sample surface at the — A1@®)oc \ g (1) + xex(1). 2
angle of 75°. The SHG signal was optically separated from
the reflected fundamental probe beam and measured by \Ye attribute the observed several stages in the dynamics of
photomultiplier tube through a “lock-in” amplifier triggered the interfacial electric fields to an interplay between relax-
by the chopped pump pulses. ation of carriers and their transport across the heterostruc-
Figure 1 shows pump-induced SHG signals measureélres. Since carriers are excited in all the heterostructure lay-
for the GaAs/GaSE00 nm heterostructure in comparison €rS. electrons with high excess energies relax to the lower-
with those taken for the GaAs/GaSb/InAs with an InSb in-€nergy conduction band states in the GaAs and InAs layers,
terface and with a GaAs interface. Note that the inducedvhile the holes are accumulated in the GaSb lafég. 2).
signal is observed only for the-polarized probe beam and The resul_tmg char_ge separatlc_)n Ieads_ t_q a rise of interfacial
for bothp ands pump polarizations. No pump-induced SHG fields whlqh manifests |t_self in the |n_|t|aI .grovvth of the
signal was observed for the GaAs/GaSb sample with th&FISHG signal characterized by fast rise-time constaqt
thinner (20 nm GasShb layer. ~2 ps. Note here that in the GaAs/G#3b nm) sample, the
The measured signals were fitted by a combined expocarriers are accumulated predominantly in the GaAs layer, so
nential rise/decay function. The pump-induced SHG signafhe interfacial field is weak and the corresponding EFISHG
for GaAs/GaSb heterostructure is described by a single risésignal is undetectable. In all other samples, the majority of
time constant,7z, =2(*+1) ps, and two decay-time con- Carriers are excited in the thicker GaSb layer leading to sig-
stants,p 215(ié) ps andrp.~100(=10) ps. In contrast nificant concentration of holes in that layer. The induced in-
'L 2 ' terfacial fields bend the initial energy profile, thus lowering
for QaAs/GaSp/lnAs.heterostructu.r.es, there are Fwo stages Wa parrier at the GaAs/GasSh interfa@ag. 2) and resulting
the '”‘?'“‘:ed signal rise. The adQ|t|opaI slow-rising COMPOTin electron transport across the interface. As negative charges
nent in both samples has rise-time constan{,=10 i, Gaas transfer through the barrier, the electric field at the
(*£2) ps. The fast rise-timerg , and long decay-timerp_,  GaAs/GaSh interface decreases. For GaAs/GaSh heterostruc-
constants for GaAs/GaSb/InAs and GaAs/GaSh samples atere, such a decrease shows up in a fast decay of the EFISHG

similar. Note here that all of the observed time constants arsignal with decay-time constant, ~15 ps (Fig. 1). The
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g (@) GaAs type. We attribute this difference to a much stronger
A electron hybridization of InAs conduction and GaSb valence bands
’/— | @ for the GaSh/InAs interface with InSh bondShe strength
electron” - _“ of the coupling across that interface is known to be directly
° i 0.81 oV related to the overlap integral between the band envelope
E. T |hv functions!! On the other hand, this coupling determines the
[ magnitude of the interfacial electric field. The large band
hole @[ [ £k o.41ev overlap for the GaSb/InAs interface with InSb bonds leads to
N a stronger EFISHG signal as compared to that for weekly
‘Qm'e hybridized GaAs type interface. In fact, the induced signals
for GaAs/GaSh/InAs with GaAs type interface and for GaAs/
V o o GaSb samples are comparalffég. 1). Note that the stronger
-~ 8 — carrier confinement leads to a larger residual electric field in
the sample with InSh type interface, which is observed as a
GaAs GaSb InAs long-time constant background in the EFISHG signal.

In summary, we have studied the ultrafast dynamics of
interfacial electric fields in GaAs/GaSb and GaAs/GaSb/
INAs heterostructures using a pump-probe SHG technique.
We observed a complicated evolution of the interfacial fields
originating from the redistribution of carriers between the
interfaces. We also found a strong enhancement of the SHG
signal caused by an interband mixing at the GaSb/InAs in-
terface. The ability of the EFISHG signal to monitor spatially
separated regions makes pump-probe SHG a unique tool for
studying relaxation and transport phenomena in multilayer
semiconductor structures.
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