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Polarization-dependent time- and angle-resolved laser photoemission study of transiently excited
carriers on the InSb(110) surface
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The electron dynamics of transiently photoexcited carriers ainasitu cleaved InSKL10) 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 IlI-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 regi¢80163-18208)01835-9

I. INTRODUCTION surface plane. This surface relaxation pushesAbeband
downward and th&; band upward, in many cases into the
Studying the carrier dynamics in IlI-V semiconductors is projected bulk valence and conduction bands, respectively,
important because of their potential applications in high-so that these surface-related bands thus become surface reso-
speed electronics and optronics. In particular, very small derances instead of true surface states in most of the surface
vices and quantum-well heterostructures involving these maBrillouin zone (SBZ). For InSK110) in particular, however,
terials, where surface and interface phenomena become photoemission studies have found the filksglband at thd”
greater importance, have gained much interest during the lapbint (the SBZ centerto be ~80 meV above the valence-
decade. InSb has the smallest band gap of all the commdsand maximum(VBM).” The energy location of the empty
-V semiconductors, 0.18 eV at room temperatURT),  C, surface band af has been predicted by theoretical cal-
which makes InSb a suitable material for detectors in theyylations to be~1.5 eV above the VBM;1° and results
mid-infrared region. The small band gap is accompanied byrom inverse photoemission measurements have located this
extreme values of several other physical properties that argtate at 1.4 eMRef. 11 and 1.9 eV(Ref. 12 above the
closely related to each other, such as the conduction-banBM, respectively.
effective electron mass, electron mobility, and diffusion con-
stant. The mobility of the conduction-band electrons
(100 000 crAV s at RT) is ~5 and~12 times higher than
the electron mobilities in InAs and GaAs, respectiveThis The experimental setup used in the present measurements
makes InSb is an ideal material for magnetic-field Hallis described in detail elsewhef®In summary, the time-
probes’ and should also make it an interesting compound foresolved photoemission study was performed in normal
ultrafast electronics. While previous time-resolved measureemission at room temperature, using 150-fs pulses from a
ments on InSb have been focused on recombination times d¢finable, regeneratively amplified titanium:sapphiFeS) la-
transiently excited carriers in the bulk materiahere we ser system set to 780 nf.59 eVj. The laser system pro-
report time-resolved pump-and-probe photoemission meaduces~600-uJ pulses at a rate of 1 kHz, and the high peak
surements performed on the cleavage surface of this conpower (>1 GW) is used to create vacuum-ultraviolet radia-
pound. This experimental technique makes it possible to foltion at 130 nm(9.55 eV} by cascaded frequency doubling
low the time development of electrons photoexcited to stategnd tripling in a betabarium borat8BO) crystal and xenon
above the ground-state Fermi level, emphasizing effects igas, respectively. A spherical grating is used to select and
the surface region of the material under study, and has bedncus the 130-nm radiation onto the sample. The grating also
used to investigate transiently excited states on several othstretches the probe pulse in time to a pulse width of about 3
l1I-V semiconductor cleavage surfac&®. ps. Time resolution is accomplished by using the pump-and-
When a(110) cleavage surface of a 1lI-V semiconductor probe technique, where the semiconductor samples are
is created, the bulk electronic structure is complemented bpumped by 1.59-eV photons and probed by 9.55-eV photons,
new electron energy states which are bound to the surfacghich arrive at the sample a well-defined time after the
Most closely related to the band-gap region is the fact thapump pulse by using an optical delay line. The photoelec-
the electron in the broken bond at the catidm) is trans- trons were energy analyzed using a single anode time-of-
ferred to the anior{Sb) broken bond, producing empty and flight detector with an angular resolution ¢f2.5° and an
filled dangling-bond surface bands that are conventionallyenergy resolution better than150 meV for electrons with a
namedC; and As, respectively. In order to minimize the kinetic energy of 5 eV. The samples, nominally undoped
total energy of the perturbation introduced by the surface, tha-type InSb single-crystal rodgarrier concentratioh77 K)
In-Sb zigzag chain in the surface layer is tilted b29°, the =~ ~1x 10 cm™3; resistivity (77 K) ~0.148Q cm] with a
In atoms moving into and the Sbh atoms moving out from the5x 5-mn? cross section, were cleaveih situ in ul-
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trahigh vacuum € 3x10 % Torr). The surface quality and 80
setting of the azimuthal angle were checked by low-energy
electron diffraction, which showed a clear X1.) pattern.
The direction of the mirror planéViP) of the surface, which

is defined by the surface normal and {l0@1] direction(see

the inset in Fig. }, is important to specify together with the
polarization of the probe pulse in the present study. We will
refer to the two azimuthal directions as the vertical MP and
horizontal MP, respectively. The sample normal was directed
toward the analyzer, and the light was incident on the surface
at an angle of 45°. Light with the electric-field vector per-
pendicular and parallel to the plane of incidertequal to the 0 !
horizontal plangis denoteds andp polarized, respectively. 06 0z 04 06
The pump pulse wag-polarized in all measurements, while
the polarization of the probe was changed between pure
andp polarization by using a Berek polarizing compensator
placed between the BBO crystal and the xenon gas cell.
Since the probe photon energy used in this experiment is
9.55 eV, the estimated escape depth of the photoemitted
electrons is~20-30 A * and we thus probe several atomic
layers into the bulk, as compared to the more surface sensi-
tive measurements using photon energies in the range 30—
100 eV.

The polarized radiation from the laser source may be used
together with the mirror plane of the surface in order to de- =
duce the parity of the initial staf&!® The photoemission oL ‘ ‘ ‘ -
transition can be described by the matrix elemeh& -p|i), c 02 04 06 08 1 12 14

. .. . : Energy (eV)
whereli) and(f| are the initial and final states, respectively,
andA-p the dipole operator. For an allowed transition, the  FiG. 1. Pump-and-probe photoemission spectra of the excited
photoemission transition matrix element must be invarianpeak the at the temporal overlap position for different surface azi-
under reflection in the mirror plane, i.e., have even symmemuthal directions and polarization®) Vertical mirror plane(MP):
try, to be nonzero. Since all measurements were done ipolarization vector parallel to the MP using afpolarized probe.
normal emission, the detector is situated in the mirror plane(b) Horizontal MP: polarization vector perpendicular to the MP
and an even final state is required. Therefore, in order toising ans-polarized probe.
produce an even matrix element, the initial state has to be of
the same symmetry as the dipole operator. When the polathe p-polarized probe spectra. Sincg@aolarized probe will
ization vector is set to be parallgderpendicularto the MP,  have a polarization component along the surface normal, i.e.,
the dipole operator has evéadd) parity. parallel to the MP, irrespective of the surface azimuthal di-
rection, it will always give a photoemission signal in normal
emission for even symmetry initial states. The overall pho-
toemission intensity was slightly higher when recording the

Figure 1 shows photoemission spectra at the temporgb-polarized spectrum, which might explain the larger photo-
overlap between the pump and probe pulses for the four pogxcited peak in this case. The energy location of the tran-
sible combinations of MP and probe polarization directions;siently photoexcited peak; 0.2—1 eV above the VBM, sug-
the insets show the direction of the surface as viewed frongests that it originates from the InSb bulk conduction band,
the front for each measurement. The pump pulse energy desince the unoccupie@; surface band was found to be lo-
sity was ~800 uJ/cn? during these measurements, andcated more than-1.4 eV above the VBM? This conclusion
least-square-fi(LSF) lines are used to guide the eye throughis also supported by the fact that the signal shows even sym-
the data points. Considerirggpolarized probe, the polariza- metry behavior, as is expected from the bulk conduction-
tion vector will be parallel to the MP in Fig.(4), and per- band minimum (CBM) because of its atomics-like
pendicular to the MP in Fig.(b). Thes-polarized probe will, charactet” Moreover, a rather large bulk signal is expected
therefore, probe even states in Figa)lbut odd states in Fig. in the photoemission spectra, because of the above-
1(b). The p-polarized probe, on the other hand, has a polarmentioned relatively long photoelectron mean free path at
ization component along the surface normal and as well as ithis low photoemitting photon energy.
the surface plane, and will, consequently, probe both even The initial-state symmetry behavior is somewhat different
and odd states in Fig.(d), but only even states in Fig().  from similar pump-and-probe photoemission studies of the
We can see that, when using sipolarized probe, the pho- InAs(110) cleavage surfacés, but recent studies of
toexcited peak signal exists only for the vertical MP caseGaSk110) gives the same resuff.The reason for the differ-
[Fig. 1(@)], whereas it disappears when the MP is in theent behavior on InAs might be thattype InAs has been
horizontal directiof{Fig. 1(b)]. This indicates an even sym- found to spontaneously form an electron accumulation layer
metry of the photoexcited peak, which is also consistent withwithin a day after cleavag€,even when situated in an UHV
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FIG. 3. Decay of the excited peak as a function of relative delay
between pump and probe pulses, measured usimpgpalarized
environment. In order to investigate such behavior of theprobe.
cleavage surface of InSh, we exposed a cleaved surface to
UHV one day before recording the spectra shown in Fig. 2hanced if the density of defect states at the surface increase,
With probe only ¢ polarized, no emission at all was de- since they will act as traps and/or recombination centra.
tected from conduction-band states. When applying thdeven when using polished InSb sample surfaces, the surface
pump pulse, apart from a photoexcited peak, the VBMrecombination velocitfSRV) has been reported to be less
shifted to lower energy by~75 meV, which indicates a than 10 cm/s?* Since a well-cleaved surface is expected to
depletion layer at the surface of thetype InSb at equilib- have less defects than any polished surface, and since SRV
rium, i.e., pinning of the Fermi level closer to the VBM in below 1G cm/s is generally less important than bulk
the InSb band gap. The VBM shift is explained by an up-recombinatiorf? this mechanism should not contribute sig-
ward band bending that is annihilated because of surfaceificantly to the rapid decay of the signal either. Diffusion of
photovoltage, which flattens the bands when the surface igarriers into the bulk will take the electrons away from the
optically pumped® Pinning of the Fermi level close to the 20—30-A thick layer at the surface reachable by the photo-
VBM on InSb surfaces is expected, since the position of themitting probe pulse, because of the finite mean free path of
branch point energy is only 0.01 eV above the VBbke, the photoelectrons, and this effect will thus contribute to the
e.g., Table 3.1 in Ref. 24Similar results have been reported loss of signal from the photoexcited and photoemitted peak.
from previous studies of InSh, both the clean cleavagelhe diffusion is driven by the large concentration gradient of
surfacé! and after deposition of an Au overlay@reven if  photoexcited electrons near the surface, which is created by
deposition of Ag at very low temperaturés0 K) has been the short absorption depth~(100 nm) of the pump pulse
reported to form an accumulation layer on this compotind. radiation. Since InSb has the highest electron mobility of all

The time-resolved study of the photoexcited peak is persemiconductors, which in turn as a first approximation is
formed by measuring the peak at different delays betweeproportional to the diffusion constant, we suggest that the
the infrared pump and the vacuum-ultraviolet probe pulsesprincipal reason for the rapid total decay of the photoemitted
By integrating the number of counts in the excited region asignal is because of this rapid diffusion of carriers into the
a function of delay between the pump and the probe pulse$nSb bulk. It must, however, be realized that the simple lin-
we obtained a decay spectrum as shown in Fig. 3, recordeglr Einstein relation between the mobility and diffusion
using p-polarized probe. We also performed the same exconstants? does not correctly describe the diffusion process
periment usings-polarized probéwith vertical MP and ob-  in systems that are far from equilibriufsee, e.g., several
tained the same decay time. We can see from the decagfticles on nonlinear diffusion in Ref. 26
spectrum in Fig. 3 that the photoexcited electrons have dis- Test of the significance of diffusion can be performed by
appeared almost completely from normally unpopulated redeliberately locking photoexcited electrons close to the sur-
gion of the photoemission spectrum after40 ps. This face. This was done by Haight and co-workéré by evapo-
makes the total decay time of the excited peak on theating a few layers of Ge onto different surfaces of a GaAs
InSh(110 surface shorter than on all other clean 1lI-V cleav- substrate. Since Ge has a smaller band gap than GaAs, the
age surfaces studied using this techni¢jtfe!® There are ba- CBM offset between the two materials will hinder electrons
sically three mechanisms that may contribute to the loss ophotoexcited into the Ge conduction band from diffusing
photoexcited signal in this type of measurement: bulk recominto the bulk GaAs. The “delayed diffusion” effect was
bination, surface recombination, and diffusion of carriersdemonstrated when depositing Ge on the GaA§
into the bulk material. The radiative and nonradiative bulksurface?’ Interestingly, however, performing the same pro-
recombination times, obtained from time-resolved photolu-cedure on a GaA%11) substraté® was shown to give a
minescence and photoconductivity measurements at liquidshorter total decay time~{30 ps), i.e., an even shorter time
helium temperatures, are reported to be longer than 20 nsthan obtained in the present study. The very fast decay was
Even at RT this decay mechanism should not significantlyjin this case attributed to the formation of defects at the het-
affect the carrier distribution within the 50 ps studied in theerostructure interface, which will provide rapid nonradiative
present experiment. The surface recombination rate is erdecay channels. As stated above, however, a high surface

FIG. 2. Photoemission spectra with and without a pump pulse.
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density of such defects is not expected on a clean cleavage
surface. \ 40
Since the type of decay spectrum shown in Fig. 3 only i
indicates the decay time of total amount of carriers that are \
reachable by the probe pulse in the excited region, and does i %
not show any change of shape of the excited peak during the
decay, we also recorded a complete photoemission spectrum it 30
at all delay times. A compound spectrum based on the LSF
lines from suchp-polarized spectra with vertical MP is
shown in Fig. 4. The figures on the right hand side of the
spectrum indicates the relative delay between the pump and
probe pulses. Electrons are first excited into levels as high as
~1.6 eV above the VBM, but due the initial rapid relaxation
from these states and the finite pulse width of the probe pulse
(~3ps), they are not possible to monitor in the present ex-
periment. It can, however, be seen that electrons relax in the
conduction band within 3 ps after excitation, filling states at
the CBM, and finally decay away from the photoemission
spectra. No double-peak structure, as was found on InAs and 5
attributed to a weak accumulation layecpuld be detected. ‘
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IV. SUMMARY
In summary, we have performed a polarization-dependent o 0'5 1 1‘5 S
time- and angle-resolved photoemission study of normally ' Energy (eV) '

unoccupied states at and near iansitu cleaved InSEL10

surface. The transiently photoexcited peak was found to be FIG. 4. A compound spectrum constructed from an excited peak
of even symmetry, consistent with the bulk CBM, and wephotoemission spectrum at all delay times used in Fig. 3; the figures
also found that the total decay time of the photoexcited sigon the right indicate the delay time.

nal is significantly shorter than as measured from the other

clean llI-V cleavage surfaces using the same technique. We ACKNOWLEDGMENTS
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