
d

PHYSICAL REVIEW B 15 APRIL 1999-IIVOLUME 59, NUMBER 16
Polarization-dependent time- and angle-resolved laser photoemission study of transiently excite
carriers on the InSb„110… surface

Henrik S. Karlsson and Ulf O. Karlsson
Department of Materials Physics, Royal Institute of Technology, S-100 44 Stockholm, Sweden

~Received 25 February 1998!

The electron dynamics of transiently photoexcited carriers at anin situ cleaved InSb~110! surface was
studied in normal emission using polarization-dependent time- and angle-resolved photoelectron spectroscopy.
The photoexcited peak was found to be of even parity, and the measured total decay time was significantly
shorter than on all clean III-V semiconductor cleavage surfaces previously studied using this technique. The
very high mobility of the conduction-band electrons in InSb is believed to contribute to the fast decay via rapid
diffusion of carriers away from the surface region.@S0163-1829~98!01835-9#
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I. INTRODUCTION

Studying the carrier dynamics in III-V semiconductors
important because of their potential applications in hig
speed electronics and optronics. In particular, very small
vices and quantum-well heterostructures involving these
terials, where surface and interface phenomena becom
greater importance, have gained much interest during the
decade. InSb has the smallest band gap of all the com
III-V semiconductors, 0.18 eV at room temperature~RT!,
which makes InSb a suitable material for detectors in
mid-infrared region. The small band gap is accompanied
extreme values of several other physical properties that
closely related to each other, such as the conduction-b
effective electron mass, electron mobility, and diffusion co
stant. The mobility of the conduction-band electro
~100 000 cm2/V s at RT! is ;5 and;12 times higher than
the electron mobilities in InAs and GaAs, respectively.1 This
makes InSb is an ideal material for magnetic-field H
probes,2 and should also make it an interesting compound
ultrafast electronics. While previous time-resolved measu
ments on InSb have been focused on recombination time
transiently excited carriers in the bulk material,3 here we
report time-resolved pump-and-probe photoemission m
surements performed on the cleavage surface of this c
pound. This experimental technique makes it possible to
low the time development of electrons photoexcited to sta
above the ground-state Fermi level, emphasizing effect
the surface region of the material under study, and has b
used to investigate transiently excited states on several o
III-V semiconductor cleavage surfaces.4–6

When a~110! cleavage surface of a III-V semiconduct
is created, the bulk electronic structure is complemented
new electron energy states which are bound to the surf
Most closely related to the band-gap region is the fact t
the electron in the broken bond at the cation~In! is trans-
ferred to the anion~Sb! broken bond, producing empty an
filled dangling-bond surface bands that are convention
namedC3 and A5 , respectively. In order to minimize th
total energy of the perturbation introduced by the surface,
In-Sb zigzag chain in the surface layer is tilted by;29°, the
In atoms moving into and the Sb atoms moving out from
PRB 590163-1829/99/59~16!/10796~5!/$15.00
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surface plane. This surface relaxation pushes theA5 band
downward and theC3 band upward, in many cases into th
projected bulk valence and conduction bands, respectiv
so that these surface-related bands thus become surface
nances instead of true surface states in most of the sur
Brillouin zone ~SBZ!. For InSb~110! in particular, however,

photoemission studies have found the filledA3 band at theḠ
point ~the SBZ center! to be ;80 meV above the valence
band maximum~VBM !.7 The energy location of the empt

C3 surface band atḠ has been predicted by theoretical ca
culations to be;1.5 eV above the VBM,8–10 and results
from inverse photoemission measurements have located
state at 1.4 eV~Ref. 11! and 1.9 eV~Ref. 12! above the
VBM, respectively.

II. EXPERIMENT

The experimental setup used in the present measurem
is described in detail elsewhere.13 In summary, the time-
resolved photoemission study was performed in norm
emission at room temperature, using 150-fs pulses from
tunable, regeneratively amplified titanium:sapphire~Ti:S! la-
ser system set to 780 nm~1.59 eV!. The laser system pro
duces;600-mJ pulses at a rate of 1 kHz, and the high pe
power (.1 GW) is used to create vacuum-ultraviolet rad
tion at 130 nm~9.55 eV! by cascaded frequency doublin
and tripling in a betabarium borate~BBO! crystal and xenon
gas, respectively. A spherical grating is used to select
focus the 130-nm radiation onto the sample. The grating a
stretches the probe pulse in time to a pulse width of abou
ps. Time resolution is accomplished by using the pump-a
probe technique, where the semiconductor samples
pumped by 1.59-eV photons and probed by 9.55-eV photo
which arrive at the sample a well-defined time after t
pump pulse by using an optical delay line. The photoel
trons were energy analyzed using a single anode time
flight detector with an angular resolution of62.5° and an
energy resolution better than;150 meV for electrons with a
kinetic energy of 5 eV. The samples, nominally undop
n-type InSb single-crystal rods@carrier concentration~77 K!
;131014 cm23; resistivity ~77 K! ;0.148V cm# with a
535-mm2 cross section, were cleavedin situ in ul-
10 796 ©1999 The American Physical Society
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trahigh vacuum (,3310210 Torr). The surface quality and
setting of the azimuthal angle were checked by low-ene
electron diffraction, which showed a clear (131) pattern.
The direction of the mirror plane~MP! of the surface, which
is defined by the surface normal and the@001# direction~see
the inset in Fig. 1!, is important to specify together with th
polarization of the probe pulse in the present study. We w
refer to the two azimuthal directions as the vertical MP a
horizontal MP, respectively. The sample normal was direc
toward the analyzer, and the light was incident on the surf
at an angle of 45°. Light with the electric-field vector pe
pendicular and parallel to the plane of incidence~equal to the
horizontal plane! is denoteds andp polarized, respectively
The pump pulse wasp-polarized in all measurements, whi
the polarization of the probe was changed between pus
andp polarization by using a Berek polarizing compensa
placed between the BBO crystal and the xenon gas c
Since the probe photon energy used in this experimen
9.55 eV, the estimated escape depth of the photoem
electrons is;20– 30 Å,14 and we thus probe several atom
layers into the bulk, as compared to the more surface se
tive measurements using photon energies in the range
100 eV.

The polarized radiation from the laser source may be u
together with the mirror plane of the surface in order to d
duce the parity of the initial state.15,16 The photoemission
transition can be described by the matrix element^ f uA–pu i &,
whereu i & and^ f u are the initial and final states, respective
and A–p the dipole operator. For an allowed transition, t
photoemission transition matrix element must be invari
under reflection in the mirror plane, i.e., have even symm
try, to be nonzero. Since all measurements were don
normal emission, the detector is situated in the mirror pla
and an even final state is required. Therefore, in orde
produce an even matrix element, the initial state has to b
the same symmetry as the dipole operator. When the po
ization vector is set to be parallel~perpendicular! to the MP,
the dipole operator has even~odd! parity.

III. RESULTS AND DISCUSSION

Figure 1 shows photoemission spectra at the temp
overlap between the pump and probe pulses for the four
sible combinations of MP and probe polarization directio
the insets show the direction of the surface as viewed fr
the front for each measurement. The pump pulse energy
sity was ;800 mJ/cm2 during these measurements, a
least-square-fit~LSF! lines are used to guide the eye throu
the data points. Considerings-polarized probe, the polariza
tion vector will be parallel to the MP in Fig. 1~a!, and per-
pendicular to the MP in Fig. 1~b!. Thes-polarized probe will,
therefore, probe even states in Fig. 1~a! but odd states in Fig
1~b!. The p-polarized probe, on the other hand, has a po
ization component along the surface normal and as well a
the surface plane, and will, consequently, probe both e
and odd states in Fig. 1~a!, but only even states in Fig. 1~b!.
We can see that, when using ans-polarized probe, the pho
toexcited peak signal exists only for the vertical MP ca
@Fig. 1~a!#, whereas it disappears when the MP is in t
horizontal direction@Fig. 1~b!#. This indicates an even sym
metry of the photoexcited peak, which is also consistent w
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thep-polarized probe spectra. Since ap-polarized probe will
have a polarization component along the surface normal,
parallel to the MP, irrespective of the surface azimuthal
rection, it will always give a photoemission signal in norm
emission for even symmetry initial states. The overall ph
toemission intensity was slightly higher when recording t
p-polarized spectrum, which might explain the larger pho
excited peak in this case. The energy location of the tr
siently photoexcited peak,;0.2– 1 eV above the VBM, sug
gests that it originates from the InSb bulk conduction ba
since the unoccupiedC3 surface band was found to be lo
cated more than;1.4 eV above the VBM.12 This conclusion
is also supported by the fact that the signal shows even s
metry behavior, as is expected from the bulk conductio
band minimum ~CBM! because of its atomics-like
character.17 Moreover, a rather large bulk signal is expect
in the photoemission spectra, because of the abo
mentioned relatively long photoelectron mean free path
this low photoemitting photon energy.

The initial-state symmetry behavior is somewhat differe
from similar pump-and-probe photoemission studies of
InAs~110! cleavage surfaces,6 but recent studies o
GaSb~110! gives the same result.18 The reason for the differ-
ent behavior on InAs might be thatn-type InAs has been
found to spontaneously form an electron accumulation la
within a day after cleavage,19 even when situated in an UHV

FIG. 1. Pump-and-probe photoemission spectra of the exc
peak the at the temporal overlap position for different surface
muthal directions and polarizations.~a! Vertical mirror plane~MP!:
polarization vector parallel to the MP using ans-polarized probe.
~b! Horizontal MP: polarization vector perpendicular to the M
using ans-polarized probe.
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environment. In order to investigate such behavior of
cleavage surface of InSb, we exposed a cleaved surfac
UHV one day before recording the spectra shown in Fig
With probe only (p polarized!, no emission at all was de
tected from conduction-band states. When applying
pump pulse, apart from a photoexcited peak, the VB
shifted to lower energy by;75 meV, which indicates a
depletion layer at the surface of then-type InSb at equilib-
rium, i.e., pinning of the Fermi level closer to the VBM i
the InSb band gap. The VBM shift is explained by an u
ward band bending that is annihilated because of sur
photovoltage, which flattens the bands when the surfac
optically pumped.20 Pinning of the Fermi level close to th
VBM on InSb surfaces is expected, since the position of
branch point energy is only 0.01 eV above the VBM~see,
e.g., Table 3.1 in Ref. 14!. Similar results have been reporte
from previous studies of InSb, both the clean cleava
surface21 and after deposition of an Au overlayer,22 even if
deposition of Ag at very low temperatures~10 K! has been
reported to form an accumulation layer on this compoun23

The time-resolved study of the photoexcited peak is p
formed by measuring the peak at different delays betw
the infrared pump and the vacuum-ultraviolet probe puls
By integrating the number of counts in the excited region
a function of delay between the pump and the probe pul
we obtained a decay spectrum as shown in Fig. 3, reco
using p-polarized probe. We also performed the same
periment usings-polarized probe~with vertical MP! and ob-
tained the same decay time. We can see from the de
spectrum in Fig. 3 that the photoexcited electrons have
appeared almost completely from normally unpopulated
gion of the photoemission spectrum after;40 ps. This
makes the total decay time of the excited peak on
InSb~110! surface shorter than on all other clean III-V clea
age surfaces studied using this technique.4–6,18There are ba-
sically three mechanisms that may contribute to the loss
photoexcited signal in this type of measurement: bulk reco
bination, surface recombination, and diffusion of carrie
into the bulk material. The radiative and nonradiative bu
recombination times, obtained from time-resolved photo
minescence and photoconductivity measurements at liq
helium temperatures, are reported to be longer than 203

Even at RT this decay mechanism should not significan
affect the carrier distribution within the 50 ps studied in t
present experiment. The surface recombination rate is

FIG. 2. Photoemission spectra with and without a pump puls
e
to
.

e

-
ce
is

e

e

r-
n

s.
s
s,
ed
-

ay
s-
-

e

of
-

s

-
d-
s.
y

n-

hanced if the density of defect states at the surface incre
since they will act as traps and/or recombination cen
Even when using polished InSb sample surfaces, the sur
recombination velocity~SRV! has been reported to be les
than 104 cm/s.24 Since a well-cleaved surface is expected
have less defects than any polished surface, and since
below 103 cm/s is generally less important than bu
recombination,25 this mechanism should not contribute si
nificantly to the rapid decay of the signal either. Diffusion
carriers into the bulk will take the electrons away from t
20–30-Å thick layer at the surface reachable by the pho
emitting probe pulse, because of the finite mean free pat
the photoelectrons, and this effect will thus contribute to
loss of signal from the photoexcited and photoemitted pe
The diffusion is driven by the large concentration gradient
photoexcited electrons near the surface, which is created
the short absorption depth (;100 nm) of the pump pulse
radiation. Since InSb has the highest electron mobility of
semiconductors, which in turn as a first approximation
proportional to the diffusion constant, we suggest that
principal reason for the rapid total decay of the photoemit
signal is because of this rapid diffusion of carriers into t
InSb bulk. It must, however, be realized that the simple l
ear Einstein relation between the mobility and diffusi
constants1,2 does not correctly describe the diffusion proce
in systems that are far from equilibrium~see, e.g., severa
articles on nonlinear diffusion in Ref. 26!.

Test of the significance of diffusion can be performed
deliberately locking photoexcited electrons close to the s
face. This was done by Haight and co-workers27,28by evapo-
rating a few layers of Ge onto different surfaces of a Ga
substrate. Since Ge has a smaller band gap than GaAs
CBM offset between the two materials will hinder electro
photoexcited into the Ge conduction band from diffusi
into the bulk GaAs. The ‘‘delayed diffusion’’ effect wa
demonstrated when depositing Ge on the GaAs~110!
surface.27 Interestingly, however, performing the same pr
cedure on a GaAs~111! substrate28 was shown to give a
shorter total decay time (;30 ps), i.e., an even shorter tim
than obtained in the present study. The very fast decay
in this case attributed to the formation of defects at the h
erostructure interface, which will provide rapid nonradiati
decay channels. As stated above, however, a high sur

FIG. 3. Decay of the excited peak as a function of relative de
between pump and probe pulses, measured using ap-polarized
probe.
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PRB 59 10 799POLARIZATION-DEPENDENT TIME- AND ANGLE- . . .
density of such defects is not expected on a clean cleav
surface.

Since the type of decay spectrum shown in Fig. 3 o
indicates the decay time of total amount of carriers that
reachable by the probe pulse in the excited region, and d
not show any change of shape of the excited peak during
decay, we also recorded a complete photoemission spec
at all delay times. A compound spectrum based on the L
lines from suchp-polarized spectra with vertical MP i
shown in Fig. 4. The figures on the right hand side of
spectrum indicates the relative delay between the pump
probe pulses. Electrons are first excited into levels as hig
;1.6 eV above the VBM, but due the initial rapid relaxatio
from these states and the finite pulse width of the probe p
(;3 ps), they are not possible to monitor in the present
periment. It can, however, be seen that electrons relax in
conduction band within 3 ps after excitation, filling states
the CBM, and finally decay away from the photoemissi
spectra. No double-peak structure, as was found on InAs
attributed to a weak accumulation layer,6 could be detected

IV. SUMMARY

In summary, we have performed a polarization-depend
time- and angle-resolved photoemission study of norm
unoccupied states at and near anin situ cleaved InSb~110!
surface. The transiently photoexcited peak was found to
of even symmetry, consistent with the bulk CBM, and w
also found that the total decay time of the photoexcited s
nal is significantly shorter than as measured from the o
clean III-V cleavage surfaces using the same technique.
conclude that this result stems from the extremely high e
tron mobility in InSb, which leads to a rapid diffusion o
carriers away from the surface region that is reachable by
photoemitting probe pulse.
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FIG. 4. A compound spectrum constructed from an excited p
photoemission spectrum at all delay times used in Fig. 3; the figu
on the right indicate the delay time.
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