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Using time- and angle-resolved photoemission spectroscopy, we study the surface exciton formed on
InP(110)-(1 x 1) surface at 90 K under ultrahigh vacuum conditions. The surface exciton shows a characteristic
photoemission peak with a long lifetime of 9.5 ns at 90 K. The exciton binding energy is 28 meV, about 5.5
times larger than the energy of bulk excitons. The radial probability density at the lowest state of the exciton
is spheroidal, confined within ~6 A from the surface along the surface-normal direction with a radial spread of
~44 A in the plane parallel to the surface, being a quasi—two-dimensional excitonic state. These features are
consistently described in terms of the exciton theory based on the Wannier equation. Both the reduced screening

effects and the two-dimensional confinement at the surface region play important roles in charactering the surface

exciton on InP(110)-(1 x 1) surfaces.
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I. INTRODUCTION

The surfaces of covalent semiconductors under ultrahigh-
vacuum conditions often undergo intrinsic reconstruc-
tions/relaxations to minimize the unfavorable energy due to
unsaturable bonds, governed by the balance between the en-
ergy gained from variations in the bonding properties and the
elastic energy lost due to distortions from ideal sp? bonding
[1-3]. The atomic rearrangements are associated with alter-
ation of the lateral arrangements for several layers parallel to
the surface. Therefore, the covalent semiconductor surfaces
form quasi-two-dimensional (2D) systems which have atomic
and electronic structures significantly different from those of
bulk materials, with the unique configurations sandwiched be-
tween two boundaries; one is the sharp interface between the
surfaces and vacuum and the other is the gradually changing
interfaces between the surfaces and bulk materials [1-3].

Because of the continuing miniaturization of semiconduc-
tor devices, coupling of bulk electrons to surface and interface
states dominates electron dynamics and recombination and
ultimately affects device performance [4—7]. Therefore, the
electron dynamics on semiconductor surfaces is of both
fundamental and technological importance. Among many im-
portant issues of surface-carrier dynamics, we focus attention
in this paper to one fundamental issue of the surface-specific
effects on the characteristics of excitonic states. Excitons are
quasiparticles that form when Coulomb-interacting electrons
and holes are bound into pair states, and they are intrinsic
electronically excited states with the lowest energies in semi-
conductors in most cases [8—12]. Therefore, the electron-hole
correlation, which is the key interaction for exciton formation,
plays crucial roles in the dynamics, relaxations, and recombi-
nation processes of energetic carriers [13—15].
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The excitons formed on the semiconductor surfaces un-
der ultrahigh-vacuum conditions, which provide clean and
reproducible surfaces at the nanoscale level [1-3], have been
studied based on the microscopic knowledge of the struc-
tural, electronic, and optical properties of clean surfaces.
Vacuum-cleaved Si(111)-(2 x 1) surfaces show a drastic re-
construction, features of which are well described by the tilted
Pandy chain model [1,16-19]. On this surface, a prominent
optical absorption band has been detected at 0.43 eV, well
below the bulk band-gap energy E¢ of Si [20,21]. Theoretical
studies using an ab initio approach have shown that the surface
exciton, composed of a hole in the occupied dangling-bond
surface band Dy, and an electron in the unoccupied dangling-
bond band Dgow, of the tilted Pandy chain, is responsible
for the strong absorption at 0.43 eV [18,19]. The binding
energy Ej, of the surface exciton is calculated to be 0.26 eV,
more than 18 times larger than that (14.3 meV) of the bulk
exciton in Si [10]. On the other hand, the surface exciton
on Si(001)-c(4 x 2) has been studied using time- and angle-
resolved photoemission spectroscopy (TR-ARPES) [22,23].
Similar to the case on Si(111)-(2 x 1), the surface exciton
is composed of a hole in the occupied dangling-bond surface
band D, and an electron in the unoccupied dangling-bond
band Dgown Of the tilted Si dimers with ¢(4 x 2) stacking. The
excitation energy of the surface exciton at the ground state has
been determined to be 0.67 eV, which is lower than the surface
band-gap energy (0.80 eV) at the " point by 0.13 eV. The E,
of 0.13 eV is again roughly 10 times larger than the energy of
bulk excitons in Si.

Furthermore, the surface exciton on ZnO(1010) surface
has also been studied using TR-ARPES [24]. On the surface
with hydrogen-induced work-function modifications under
ultrahigh-vacuum conditions, a surface exciton is formed with
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an ultrafast (200-fs) rate under band-gap excitation at 100 K.
It has been concluded that the surface exciton is localized in
the subsurface region and exhibits a very large E}, of 250 meV
(E}, of bulk exciton in ZnO is 59 meV [10]). The electronic
structure of the surface-exciton state has been interpreted in
terms of bulk conduction band (CB) and valence band (VB),
with a significant downward band bending near the surface,
although the effects of reconstructions on surface-electronic
structures have not been clarified.

The surface excitons on the reconstructed Si surfaces
described above provide the best examples demonstrating
the important role of reconstruction-induced surface elec-
tronic states on the formation of surface-specific excitonic
states [18-23]. Additionally, as the semiconductor surfaces
form quasi-2D systems, the intrinsic enhancement of the im-
portance of Coulomb interactions, as well as the reduced
screening, becomes important on the electron-hole correla-
tion [25]. However, the effects originating from the quasi-2D
character of the surfaces, which are inherently included in
the properties of surface excitons, are less clear because of
more drastic effects of the electronic-structure changes on the
reconstructed Si surface. As the previous studies to capture
the unambiguous correlation between the atomic and elec-
tronic properties of surfaces and the characteristic features
of excitonic states formed on the surfaces are still limited,
thorough understanding of how the semiconductor surfaces
modify the characteristics of excitonic states remains elusive.
Further studies for the surface excitons on semiconductor
surfaces with different electronic and atomic structures are
highly desirable. In this paper, we study the surface excitons
on vacuum-cleaved InP(110)-(1 x 1) surface, which have
different characteristics from those of other reconstructed
semiconductor surfaces [1].

On the vacuum-cleaved (110) surface of InP, like other
III-V semiconductors, no surface reconstructions are induced,
but the surface atoms are relaxed normal to the surface from
their positions in a bulklike layer within the first few layers
from the surface, with keeping the dimensions of the unit cell
unchanged [1]. Reflecting the characteristics of surface-atom
relaxations, intrinsic surfaces states do not exist in the band-
gap energy region; the surface-relaxation induced electronic
states form mostly the surface-resonance states having high
probability densities at the surface but energies within a pro-
jected bulk band, in particular near the T point [1,26-29].
Therefore, the highest-occupied and the lowest-unoccupied
states, which play the important roles in exciton formation,
are determined primarily by bulk states near the valence band
maximum (VBM) and the conduction-band minimum (CBM).
Furthermore, there are no surface band-bending effects on
this surface, as the intrinsic surface states do not exist in the
band-gap energy region [1]. These characteristics of electronic
structures of InP(110)-(1 x 1) show significant differences
from those of the surfaces on which surface excitons have
been studied previously. The InP(110)-(1 x 1) surface pro-
vides an interesting and important system for which we study
the surface-specific effects on the characteristics of surface
excitons from a more general point of view.

In this paper, we study the surface excitons on
InP(110)-(1 x 1) at 90 K, using TR-ARPES. Because of the
intrinsic surface sensitivity of this technique, it is possible to

observe the ultrafast relaxation of photoinjected electrons in
the CB and the subsequent formation of an excitonic state near
the surface on subpicosecond timescales. Furthermore, TR-
ARPES has a unique capability to gain a deeper insight into
the wave functions of excitons; angle-resolved photoemission
spectroscopy directly measures the amplitudes of momentum-
and energy-resolved Bloch functions of which the excitonic
states are composed [30-32]. The method was applied, among
others, to study the dynamics and electronic properties of
excitons in organic and inorganic materials [15,22-24,33-40].

II. EXPERIMENTAL METHODS

Single crystals of Zn-doped InP with the hole concentra-
tion of 1.5 x 10'7 cm™> were grown via the vertical gradient
freeze method (purchased from MTI). They were cleaved
under ultrahigh-vacuum conditions (<5 x 10~!! Torr), and
surface structures were characterized in situ using a scan-
ning tunneling microscope. All samples showed well-ordered
(1 x 1) surface structure, and concentrations of surface point
defects were typically <10~ monolayer. A 76-MHz Ti-
sapphire laser generated 75-fs laser pulses centered at photon
energy of 1.70 eV. A portion of the fundamental output was
converted to third-harmonic pulses for probing photoemis-
sion. The cross-correlation trace between pump and probe
pulses in a B-barium borate crystal was well described by a
Gaussian with a full width at half maximum of 110 % 10 fs.
The probe pulses passed a computer-controlled delay stage
to set the time delay (Ar) with respect to the pump pulses,
and pump and probe pulses were aligned coaxially and fo-
cused on the sample surfaces at 45° to surface normal. The
pump-pulse fluence was set to give an excitation density pg
of 1.0+ 0.1 x 10'” cm~3, which was evaluated using the for-
mula: pg = (Fp/hvpump)(1—R)a, with the fluence of pump
pulse F),, the reflectivity R, and the absorption coefficient o
at excitation photon energy hvpump. Probe-pulse fluences were
less than 1/500 of those of pump pulses.

Using a hemispherical electron analyzer (SPECS, PHOI-
BOS 100) operated in an angle-resolved lens mode, equipped
with a charge-coupled device detector, photoelectron images
were recorded as a function of the photoelectron energy E,.s
referenced to the work function of the analyzer and emis-
sion angle 8 along the [001] crystal direction: surface-normal
photoemission was along the [110] crystal direction. Under
this geometry, the bulk Brillouin zone (BBZ) and the sur-
face Brillouin zone (SBZ) have the relation shown in Fig. 1
[41,42]. As the emission angle 6 corresponds to the paral-
lel component of momentum (k) along the I' — Y (= X')
direction of the SBZ, the measured photoemission image rep-
resents a one-dimensional cut, along [ — Y of the SBZ, of
the two-dimensional projection of three-dimensional electron
distributions. The measured photoemission images capture
photoelectrons emitted from the initial states included in the
projection plane (light-blue) in Fig. 1. The kinetic energy
Ex of photoelectron and kj; are two important quantities that
characterize the photoemission. For determining Ex, we ex-
perimentally measured the low-energy cutoff energy Ejoy of
the photoemission, which corresponded to the vacuum level
of the sample [23], and determined Ex as Ex = Ees — Elow-
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surface normal

FIG. 1. Relation between the surface Brillouin zone (SBZ) and
bulk Brillouin zone (BBZ) for InP with the (110) surface under
the present experimental geometry. The plane (light blue) is the
projection plane, and the red (green) arrow within the plane shows
the direction from the I' to L (I" to X) points.

The k| was determined by the relation

1
k= E\/2meEKsin9, €))]

with Planck’s constant / and the electron rest mass m, [41].
The measured images as a function of E,,., and 6 were trans-
formed to the images as a function of Ex and k, and then
analyzed. In the measurements of photoemission images with
an angle-resolved lens mode, the energy range of 1.00 eV
and the emission angles ranging from —7.0° to +7.0° were
captured simultaneously. The energy resolution was 40 meV
and the angle resolution was £0.5°,

III. EXPERIMENTAL RESULTS

Figure 2(a) shows the momentum-integrated photoemis-
sion spectrum Iy (Ex, At) for k;| ranging from 0 to 0.12 A=,
measured at At = 20 fs at 293 K under s-polarized 1.70-eV
photoexcitation. It shows a broad peak at Ex = 1.02 eV. The
electronic structures and the dynamics of energetic electrons
in the CB are most conveniently characterized by the excess
energy E, referenced to the CBM. The right-side scale, which
is the same as the scale in Fig. 2(d), represents the energy of
the initial state of photoemission in terms of E,,, evaluated by
the relation E, = Ex + x —hupobe, Where x is the electron
affinity and Avuppe is the photon energy of probe light. The
spectrum at At = 20 fs reflects a strong nonthermal feature
of the nascent-electron distribution; the populations at high-
energy states are significantly higher than at low-energy states
[43]. Based on the theoretical band structure in Ref. [44], we
can estimate the energies of the CB states reached by the
optical transitions at the ¥ region along the I'-K direction
from the heavy-hole (HH), light-hole (LH), and split-off (SO)
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FIG. 2. (a) Momentum-integrated photoemission spectrum
Iy (Eg, At) measured at At =20 fs at 293 K under s-polarized
1.70-eV photoexcitation. (b) Temporal evolution of the Iy (Ex, At)
at a short-time frame from —0.4ps < Ar < 1.5ps. The height
of Iy (Ek, At), indicated by a color scale, is displayed as a
function of At and Eg. (c) Temporal evolution of the Iy (Eg, At)
at a long-time frame from 2ps < Ar < 38ps. Right-side scale
shows the initial-state energy referenced to the CBM. (d)
Momentum-integrated ~ photoemission  spectrum Iy (Eg, At)
measured at Ar =20 fs at 90 K under s-polarized 1.70-eV
photoexcitation. (e) Temporal evolution of the Iy (Ex, At) at 90
K at a short-time frame from —0.4ps < At < 1.5ps. Height of
Iy (Eg, At) is multiplied by a factor of 1.5 to show weak-intensity
peaks clearer. (f) Temporal evolution of the /) (Ex, At) at 90 K at a
long-time frame from 2ps < At < 38 ps. Height of I (Ex, At) is
displayed with the same scale as in (d). Right-side scale shows the
initial-state energy referenced to the CBM. (g), (h) Temporal changes
in the total intensity Iy (At) induced by 1.70-eV photoexcitation at
293 K (red curve) and at 90 K (blue curve) in a (g) short-time frame,
and (h) long-time frame. Arrows labeled heavy hole (HH), light
hole (LH), and split off (SO) in (a) and (d) indicate the estimated
energy levels of the conduction-band states reached by the optical
transitions from the HH, LH, and SO valence band induced by the
1.70-eV pump light, based on the band calculation in Ref. [44]. The
white arrows in (b) and (e) indicate the Ex of photoelectrons emitted
from the CBM.

valence band induced by the 1.70-eV pump light; it is 0.32,
0.26, and 0.11 eV from the CBM as indicated by arrows. The
estimated energies can reasonably characterize the spectral
features.

Figures 2(b) and 2(c) show the temporal evolution of
Iy (Eg, At): a short-time frame from —0.4 to 1.5 ps in
Fig. 2(b) and a long-time frame from 2 to 38 ps in Fig. 2(c).
The intensity of /4 (Eg, At), indicated by a color scale, is
displayed as a function of At and E,, (right-side scale).
The rapid relaxation occurs within 300 fs after excitation
as shown in Fig. 2(b). The electron relaxation at At <
1.5 ps at 293 K has been analyzed extensively in Ref. [43]
to show that the quasithermalization in the electron sub-
system is established at At = 420 fs, and then the cooling
of hot electrons takes place in the hot-electron regime at
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At > 420 fs. The red curve in Fig. 2(g) shows the energy- and
momentum-integrated photoemission intensity [total intensity
Iy (At) hereafter] measured at At. It increases, after a rapid
growth due to pump-induced injection of energetic electrons,
to the maximum at A = ~10 ps, and then decreases at longer
At. Because of the matrix-element effect and the k-dependent
detection efficiency, Ir(At) does not represent the electron
density in the CB correctly, in particular during a short-time
frame At < 1 ps [43]. However, at At > 5 ps, the spectro-
scopic features of photoemission do not depend on Ex and kjj;
Iy (At) gives a reasonable measure of electron density in the
CB. The total intensity decays with a time constant of 200 ps
at 293 K.

Figure 2(d) shows Iy (Eg, At) at At =20 fs, and
Figs. 2(e) and 2(f) display temporal evolutions of /) (Eg, At)
at short- and long-time frame at 90 K. One of the significant
differences in spectral features from those at 293 K is that
an intense photoemission peak is detected at the negative
At region before the pump pulses excite samples. As any
photoemission peaks cannot be detected without pump pulses,
the photoemission at negative At (EX photoemission here-
after) can be ascribed to the state (EX state hereafter) that is
generated by a pump pulse, and remains persistently in the
time period of 13.2 ns until the next pump pulse excites the
sample.

The blue curve in Fig. 2(g) shows I (At) at 90 K. Starting
from a finite value of 0.25, it gradually increases to the max-
imum value around At = 10 ps, and stays constant. It was
not possible to determine the decay time of I7(Atf) at 90 K
in the temporal regime available till 500 ps, at which I (At)
decreases only less than 10% of the maximum intensity. As
the photoemission with essentially the same spectroscopic
features is detected at negative time delays with the amount
of 0.25 relative to the maximum intensity at Az ~ 10 ps,
we can estimate the decay time of EX state by assuming
an exponential decay of the state; it is 9.5 ns, which is 50
times longer than the decay time of the electrons accumulated
near the CBM at 293 K. The results in Fig. 2 show that
the transient stabilities of long-lived states near the CBM are
strongly temperature dependent, suggesting a possibility that
the long-lived state formed at 90 K is not the same as that at
293 K.

At Ar =20 fs, the excitation with 1.70-eV photons at
90 K injects energetic electrons at the CB states with E,, =
0.22 eV, as seen in Fig. 2(d). As shown by arrows labeled HH,
LH, and SO, the spectral features of the excitation-induced
peaks are well explained by the transitions from HH, LH,
and SO valence band to the CB by 1.70-eV photons. At the
time frame with Ar > 2 ps, however, Iy (Ex, At) is domi-
nated by one photoemission peak from EX state. Therefore,
temporal changes in /iy (Ex, At) at the short-time frame from
At =0 to 1.5 ps shown in Fig. 2(e) reflect the relaxation of
photoinjected energetic electrons in the I' valley, governed
by the Frohlich mechanism of electron-phonon interaction
[43], together with possible interactions with preexisting EX
states. To clarify the relaxation process of energetic electrons
at the short-time frame at 90 K, it is first necessary to identify
the origin of EX state, and then to trace the dynamics of
relaxations in energy- and momentum spaces. In this paper,
we focus attention on the first issue of identifying EX state;
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FIG. 3. (a) Photoemission image measured at At = 52 ps under
excitation at 1.70-eV light pulses at 90 K. Intensities, specified by the
color scale, are plotted as a function of &k and Ex (left-side scale).
Estimated initial-state energy referenced to the CBM is indicated on
the right-side scale. White dots in the figure display the peak-kinetic
energies for the momentum-resolved photoemission spectra with a
width of £0.0032 A~! . White curve shows the dispersion of the
CB along the I'-X direction. Solid (broken) yellow curve shows the
dispersion of the HH valence band along the I'-X (I'-L) direction
plotted as a function of k. They are shifted energetically to fit
the result of EP (k) at ky = 0. (b) Red curve shows the normal
photoemission spectrum of the image shown in (a); photoemission
intensities for k; = 0 +0.0032 A~! are integrated. The solid black
curve shows the Maxwell distribution function at 90 K, while the
broken black curve shows the distribution function convolved with
respect to the finite-energy resolution of 40 meV. (¢) Momentum-
resolved intensity of energy-integrated photoemission in the image
shown in (a). Blue curve shows the calculated result of Eq. (6) for
ag = 6 A. In the calculation, € = 1 x 107 radian was used. Black
curve shows the Gaussian fitted to the results of kj-resolved intensity
distribution (see the text).

the second issue is beyond the scope and to be published
elsewhere.

To identify the origin of EX photoemission at 90 K, the
spectroscopic features of the photoemission were studied in
detail. Figure 3(a) shows the photoemission image measured
at At = 52 ps. Photoemission intensities, specified by a color
scale, are plotted as a function of k| and Ex (left-side scale).
We emphasize the following four characteristic features of EX
photoemission.

The first is the downward dispersion of EX photoemis-
sion. For making the dispersive feature of EX photoemission
clearer, we determined the peak kinetic energy Eg (k) of
the momentum-resolved spectrum at a given k;; with a width
of £0.0032 A~!. The determined peak kinetic energies are
plotted by white dots as a function of kj in the figure. Ef (k)
decreases with increasing kj, showing a downward dispersion
although the effect is small.

The second is that the kinetic energies of photoemission
are substantially lower than those expected from the pho-
toemission from the CBM. It was not possible to determine
experimentally the kinetic energy Ex(CBM) of photoelec-
trons emitted from the CBM at 90 K, because of complicated
spectral changes originating from the interaction between
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preexisting EX state and the photoinjected electrons. How-
ever, we can estimate precisely the Ex (CBM) at 90 K, based
on one important conclusion obtained in previous studies
for the cleaved {110} surfaces of III-V compound semi-
conductors [1]. The ionization energy ®.,., defined as the
energy distance from the VBM to the vacuum level, of
InP(110)-(1 x 1) is independent of temperature; x thus in-
creases as Eg decreases as a function of temperature [1].
Based on the present experimental results at 293 K, we have
determined that &, =5.74 £0.02 eV and Ex(CBM) =
0.669 eV for hvyope = 5.07 eV for the sample used in this pa-
per. At 90K, Eg = 1.416 eV, which is 0.065 eV wider than Eg
(1.351eV) at 293 K [45]. Therefore, Ex (CBM) is straightfor-
wardly estimated to be 0.734 eV at 90 K for hAvpope = 5.07 €V,
which is indicated by the arrow labeled CBM in Fig. 3(a).
The energy of EX state responsible for EX photoemission is
evidently located below the CBM.

The third is the unique spectroscopic feature of EX
photoemission. In Fig. 3(b), we show the surface-normal
photoemission of the image in Fig. 3(a), obtained by inte-
grating photoemission intensities for k; = 04 0.0032 AL
The surface-normal photoemission spectrum shows an asym-
metric line shape with a tail toward the low-energy side.
In the same figure, we plotted the line shape of thermal-
ized electron distribution near the CBM at 90 K by a solid
black curve, and its spectrum convolved with respect to AE
(= 40meV) by the broken black curve. The convolved spec-
trum of photoemission from thermalized electrons near the
CBM shows almost-symmetric line shape with a tail toward
the high-energy side. The line shape of EX photoemission
is qualitatively different from that expected for thermalized
electrons neat the CBM.

The fourth is strongly kj-dependent photoemission in-
tensities. In Fig. 3(c), the kj-resolved but energy-integrated
intensity Iz (k) is shown as a function of kj. The inten-
sity distribution is confined in the range of £0.07 A~!. The
strongly k|-dependent photoemission intensity, with the clear
downward dispersion, excludes definitively the possibility that
EX state is related to any localized electronic states associated
with point defects in bulk and/or on the surfaces.

IV. DISCUSSION

Based on the experimental results described above, we can
conclude that EX state is neither thermalized electrons at the
bulk CBM nor localized electrons trapped at defect states
in bulk and/or on the surface. The EX state is an intrinsic
electronic state with the energy lower than the CBM by a
few tens of millielectronvolts, and generates photoemissions
in the localized momentum region including T of SBZ with
a downward dispersion. In this section, we argue that EX
state is the surface exciton formed on InP(110)-(1 x 1). We
first examine critically the relation between the present re-
sults given in Sec. III and the theoretical consequences of
exciton photoionization, which have been well documented
in previous theoretical and experimental studies [15,22,30—
32]. Then, we analyze the experimental results quantitatively
to reveal characteristic features of EX excitonic state, which
are significantly different from those of bulk excitons in InP.

Finally, we discuss the physical factors which induce unique
properties of the excitonic state on this surface.

A. TR-ARPES and the photoionization of excitons

In ARPES for electronic-structure determinations of solids,
one tacitly assumes a definite initial one-electron energy
level E,(l_{) from which electrons are photoionized (E being
the wave vectors). In this independent quasiparticle picture
(IQP) of photoemission for semiconductors, the kinetic en-
ergy EK(E) of a photoelectron emitted from the level E; (k)
referenced to the VBM is given by

EK(E) = hUprobe + EI(E) — Dy 2

The wave vector of photoelectron is linked to that of
E;(K) via the parallel-momentum conservation. Therefore, the
initial-state energy E;(K) and the wave vector can be obtained
by measuring angle- and energy-resolved photoelectrons.

However, such an initial one-electron energy level is in-
definite, in principle, for photoionization of excitons [30-32].
An exciton is a bound state between an electron and a hole
only in their relative space, being a superposition of various
electron-hole pair excitations with amplitude f (l;g, l;h), where
I?e and 1?,1 are wave vectors of the electron and hole in IQP
band structure [8—11]. In the Wannier model, applicable for
most inorganic semiconductors, an excitonic state |ex) with
its center-of-mass wave vector K = 0 is defined as

lex) = Y f(k, k)bt 10), (3)
k

where &g and b+12 are creation operators of an electron with

wave vector k and of a hole with wave vector —k in the 1QP
electronic structure, and |0) is the vacuum state.

In the photoionization processes of excitons, only electrons
are emitted out of crystals, while the conjugate holes are left
inside, and recoiled back to “original” valence-band states
with the recoil energy Eg(—k). Under momentum- and energy
conservations, the photoemitted electron from an excitonic
state has the momentum 7k and the energy Ex (k) given by

Ex (k) = hvprobe + Epx — Egr(—k) — @y, 4)

where Egy is the excitonic-state energy referenced to the
VBM [31,32]. Therefore, the recoil of conjugates holes plays
crucial roles in the photoionization of excitons; it governs
the kinetic energy and momentum of photoemitted electrons.
As Ep(—k) is determined primarily by the dispersion of the
valence state responsible for the excitonic state, the dispersion
of Ex(k) shows the dispersion same as that of the valence
state.

On the other hand, the photoemission intensity, specified
by hik and the energy Ex(K), in the exciton photoioniza-

tion is proportional to |f (l?e, l?h)|2, such that angle-resolved
photoemission spectroscopy directly measures the amplitudes
of momentum- and energy-resolved IQP Bloch functions
of which the excitonic states are composed. Therefore,
TR-ARPES makes it possible, in principle, to determine
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experimentally the correlation between an excitonic state and
the IQP Bloch states responsible for the excitonic state.

B. EX photoemission and exciton photoionization

As described in Sec. II, the photoemission image mea-
sured under the present experimental geometry represents a
one-dimensional cut, along the [ — Y of the SBZ, of the
two-dimensional projection of three-dimensional electron dis-
tributions in the bulk electronic states. All states along the
I-K([110]) direction in the BBZ are projected at the I,
contributing to surface-normal photoemission. Therefore, the
normal photoemission gives the information exclusively for
the states along the I'-K direction, dispersive characteristics of
which have been well studied theoretically. In the off-normal
photoemission, however, the determination of kj; fixes a point
on the two-dimensional SBZ; the momentum k; normal to
the surface can have a value anywhere along the rod ex-
tending into the three-dimensional BBZ [41]. Therefore, the
off-normal photoemission at a given k|| is a superposition of
many contributions from such states that have different magni-
tudes of wave vectors depending on the directions in the BBZ
in the projection plane; the dispersive characteristics of off-
normal photoemission are complicated functions governed by
the dispersions along many directions in the BBZ. Consider-
ing these features and limitations of the present photoemission
results, we first discuss qualitatively the characteristic features
of EX photoemission revealed in Fig. 3.

Despite the composite features in the off-normal emission
mentioned above, it is clear in Fig. 3(a) that Ef (k) of EX
photoemission decreases with increasing k)|, showing a clear
downward dispersion. In view of the exciton-photoionization
theory, the dispersion of EX(k;) results from the recoil of
conjugates holes governed by the dispersion of the VB
state responsible for the exciton state. As emphasized in
Sec. 1, the surface-relaxation induced electronic states on
InP(110)-(1 x 1) surface form the surface-resonance states
dipping into the bulk bands near the I' point. Previous
studies have shown that the minimum energy of the lowest-
unoccupied surface-resonance state lies about 0.5 eV above
the bulk CBM, while the highest-occupied surface-resonance
state lies 0.4 eV below the bulk VBM [46,47]; the “surface
band-gap energy” at the I is larger than the bulk band-gap
energy by about 1 eV. In such energetic conditions, it is
presumed that the electron-hole pair excitations responsible
for the exciton are composed predominantly of the excitations
in bulk states with lower energies, although the admixtures be-
tween bulk states and surface-derived states are significant at
the surface region. Therefore, the bulk VB- and the CB-states
are presumed to play important roles as the highest-occupied
and the lowest-unoccupied states, which are crucial to charac-
terize the excitonic structure at a given k| near the " point.

The solid (broken) yellow curve, pertaining to the results
of EX(ky), is the dispersion of the bulk HH valence band
along the I'-X (I"-L) direction as a function of kj; the relation
ky = kx [k = kpcos(54.7°)] was used, where ky (k) is the
wave vector along the I'-X (I"-L) direction (see Fig 1). They
are plotted with a vertical offset to fit the experimental result
of EP(0) at ky = 0A~!. The dispersion of EJ(ky) is well
described by the dispersion of HH band of bulk electronic

structures. The reasonable agreement between the dispersion
of Ef (k) and the dispersion of bulk-HH band supports our
conclusion that EX photoemission is due to the photoioniza-
tion of excitons. Furthermore, the agreement suggests strongly
that the highest-occupied state responsible for the exciton
is the bulk HH-valence band, which we assume in all the
analyses described below.

As summarized in Sec. III, EX photoemission shows a
unique asymmetric line shape with a tail toward the low-
energy side. In view of Eq. (4) in the exciton-photoionization
theory, the kinetic energy of photoelectrons is highest
when ER(—E) = 0, and the energy decreases with increasing
ER(—ﬁ) at larger magnitudes of |k|. As the photoemission

intensity, which is proportional to | f (k, —I?)| , decreases with
increasing |k| [31,32], the photoemission spectrum due to
exciton photoionization is always associated with the low-
energy tail, showing the asymmetry spectroscopic feature
exactly the same as observed for EX photoemission.

As argued above, the qualitative features of EX photoe-
mission are well described consistently and systematically by
the theory of exciton photoionization. Therefore, we conclude
that the EX photoemission is due to photoionization of the
exciton formed on InP(110)-(1 x 1) at 90 K. We analyze
below the spectral features of EX photoemission more quan-
titatively to reveal the characteristics of the excitonic state on
this surface.

C. Spectral line-shape analysis of EX photoemission

Avoiding the complexity coming from composite features
of off-normal emission mentioned in Sec. IV B, we first ana-
lyze the results of normal photoemission, which is contributed
exclusively from the states along the I'-K direction parallel to
the surface-normal direction. In this case, the photoemission
spectra including the recoil effects of holes can be analyzed
using the result of HH dispersion along the I'-K direction,
Eyp(kg), where kg is the wave vector along the I'-K di-
rection. The result of Epnpy(kgx) in the bulk band-structure
calculations in Ref. [44] is shown in Fig. 4(a).

In Fig. 4(b), the normal photoemission spectrum at At =
52 ps is displayed again by the green curve. To have deeper
insight into the asymmetric spectral feature, the spectrum
was deconvolved with respect to the finite-energy resolution
(AE = 40 meV) using the method described in Ref. [15], and
the deconvolved amplitudes were plotted by open circles. The
intensity increases abruptly at Ex ~ 0.71 eV, and decreases
with decreasing Ex. According to the exciton-photoionization
theory, the recoil energy Egr(kg) is determined as Egr(kgx) =
Enp(0) — Eyp (kg) for a given wave vector kg, and the kinetic
energy Ex(kg) at kg is evaluated by Eq. (4). To estimate the
photoemission intensity I,(kg) at kg, we assume a hydrogen-
like 18§ state W 5(r) for the exciton in a three-dimensional (3D)
system. For W 4(r), the modulus squared, |®15(k)|?, of the
Fourier transform of W 4(r) is given by [32,48,49]

3
8(ar) s )

|D1, (k)] = ——————
72{1 + k2(ap)*

which corresponds to |f(&,, K)[* in Eq. (3). In Eq. (5), az
is the Bohr radius of the 1S exciton state and k is the wave
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FIG. 4. (a) Dispersion of the bulk HH valence band along the
I'-K direction (from Ref. [44]). Energy at the I" point is set to zero
on the upper scale. (b) Green curve shows the normal photoemis-
sion spectrum in Fig. 3(a) obtained by integrating photoemission
intensities for kj = 04 0.0032 A~'. Open circles are the photoe-
mission intensities as a function of Ex obtained by deconvolving
the normal-photoemission spectrum with respect to the finite-energy
resolution of 40 meV. The blue, red, and purple curves show the
calculated normal photoemission spectrum assuming the hydrogen-
like 1S-state wave function with ag = 5, 6, and 7 A (for details see
the text). The intensities are normalized with respect to the peak
intensities (right-side scale) at Ex = 0.706 eV. Solid black curve
displays the calculated normal photoemission spectrum with ag =
6 A, convolved with respect to the energy resolution (40 meV) in
the measurement. Peak kinetic energy (0.706 eV) of the calculated
normal photoemission spectrum was adjusted in such a way that
the convoluted spectrum gives the peak kinetic energy same as the
experimental result.

vector from the I" point along any directions in the BBZ. We
discuss the limitations of assuming Wig(r) for the excitonic
states formed near the surfaces in the next section. However,
it is expected that the radial probability density along the I'-K
direction (one-dimensional cut in the 3D distribution) can be
estimated even though the exciton ground state will show
deviations from Ws(r) [49].

The blue, red, and purple curves in Fig. 4(b) show the theo-
retical spectra of I, (kg ) as a function of Ex (kg ) forag = 5, 6,
and 7A with Erx = 1.384 eV (28 meV below the CBM),
which corresponds to Ex = 0.706 eV. It is clear that the result
for az = 6 A describes reasonably well the kinetic-energy de-
pendence of deconvolved photoemission intensity. In fact, the
solid black curve, which shows the convolved calculated spec-
trum for ap = 6 A with respect to AE of 40 meV, reproduces
well the experimental normal photoemission spectrum.

We then analyze the off-normal photoemission intensity,
shown in Fig. 3(c), assuming the hydrogenlike 1S state Ws(r)
for the exciton. The off-normal photoemissions include the
information, as an average, of the states along any direction to

the point / from the I" point in the BBZ, specified by the wave
vector k; with the angle 6; from an infinitely small angle € to
7 /2 with respect to the surface-normal direction; k| = k;siné;
[41,42]. Because of the symmetry of W s(r), k; along any
directions satisfies Eq. (5). As Eq. (5) shows that the photoe-
mission intensity is strongly reduced for larger magnitude of
ki, Iizy (k;)) at a given k)| includes less contributions from states
along the I" to point / with small 6; than those with 6; close to
7 /2; Iy (k) predominantly represents the radial probability
density of EX state in the plane near parallel to the surface.
Using the relation k = k;sinf;, the energy-integrated EX
photoemission intensity /(g (k) can be described as [15]

/2 3
ote 72[1 + {ky/sin(6))}(a)?]

(6)

The solid blue curve in Fig. 3(c) is the result of Eq. (6)
obtained by numerical integration for ag = 6 A, which has
been determined by the analysis of the radial probability den-
sity along the surface-normal direction. In contrast with the
predicted result by Eq. (6), I(x)(k;) is confined within the k;,
range much narrower than expected for the case of ag = 6 A.
The result suggests that the radial spread in real space of EX
state in the plane parallel to the surface is significantly wider
than that along the surface-normal direction; the distribution
of radial probability density of EX state is not spherical, but
spheroidal.

The analytical expression of Fourier transform of the wave
function of the lowest-state exciton having such a spheroidal
distribution is not available; Eq. (5) is valid only for the
spherical excitonic state in a 3D system. However, based
on our finding that the radial probability density along the
surface-normal direction is narrower than that in the plane
parallel to the surface, we can estimate roughly the radial
probability density in the planes parallel to the surface by
assuming a purely 2D state of the exciton. For a 2D system,
kj; becomes a good quantum number characterizing the quan-
tum states [40,41]; it represents wave vector within the 2D
momentum plane. The kj-resolved photoemission intensity
Iigy(ky) shown in Fig. 3(c) is well approximated by a Gaus-
sian; Iig) (k) = Ioexp(—azkﬁ) with a = 31 A, as shown by the
black curve in Fig. 3(c). The Iz (k;) is proportional to the
modulus squared, |<D%‘S3 (k)| )|2, of the Fourier transform of the
lowest-state 2D exciton wave function W79 (x|). Therefore,
from the inverse transformation of ®32(k;), WP (x) can be
estimated; llllst X)) =N Sexp(—xﬁ /2a%) as a function of real-
space coordinate x|, in the 2D plane with the normalization
constant N;s. Therefore, it is estimated that the spatial spread
in the plane parallel to the surface is characterized by the x| =
44 A, which gives 1/e of the maximum value of |‘~1112SD x)I-
The estimated spatial spread in the plane parallel to the surface
is about seven times wider than that (6 A) obtained along the
surface-normal direction.

D. Characteristic features of the surface excitons
on InP(110)-(1 x 1)

Quantitative analyses of the spectral line shape and k-
dependent intensity of the photoemission from EX state have
given that the exciton state is characterized by the binding
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energy of 28 meV and by the anisotropic radial spread of 6 A
along the surface-normal direction and of 44 A in the plane
parallel to the surface. These excitonic properties are signifi-
cantly different from those of the exciton in bulk InP, which is
characterized by E;, = 5.2 meV and the spherical radial spread
with ag = 113 A [10]. Therefore, the EX state is the excitonic
state specific to the InP(110)-(1 x 1) surface, i.e., the surface
exciton. Below we discuss possible mechanisms that give the
significant differences in excitonic properties on this surface.

Previous theoretical studies for the vacuum-cleaved
InP(110) surface show that the atomic displacements associ-
ated with the surface relaxation are converged within the first
four layers from the surface, within 6 A from the topmost layer
(the distance between {110} planes in InP is 2.0 A) [27-29).
Many physical properties in the surface layers with the relaxed
atomic configurations differ from those in the bulk InP with
the amounts dependent on the distance z from the surface. In
the following arguments, however, we assume that the surface
layers form a quasi-2D surface region with a depth 8, charac-
terized by uniform surface-specific materials constants within
the region, neglecting their depth dependences for simplicity.

In the theory of excitons based on the Wannier equa-
tion [9,10], E;, and ap for the lowest state of exciton in a
3D system is given by Ej, = 13.6(,u/me)e3’2 [eV] and ag =
0.529(m,/w)e [A], where w is the reduced mass of the
exciton. Both quantities are dependent on zero-frequency di-
electric constant ¢ in a system; ¢ = 12.6¢¢ in bulk InP (&g
being the permittivity of free space) [50]. However, in the
surface region, the dielectric constant changes to the surface
dielectric constant &g,y by the reduced screening. On the
topmost surface layer (z = 0), e (0) = (¢ + &9)/2 = 6.8¢y,
being the average of the two media separated by the interface
between the semiconductor and vacuum [51]. Therefore, the
&surf, Which governs primarily the excitonic properties, can
have the magnitude 6.8¢¢p < &gy < 12.6€¢, smaller than the
bulk value of ¢. Therefore, a larger value of E}, of the exciton
in the surface region is presumed; for eq,(0), E, = 18 meV,
which is 3.4 times larger than the bulk value.

When the excitonic state with larger binding energy can
be formed on the surface region, it is presumed that the state
is confined only in the surface region and forms a 2D exci-
tonic state. In Sec. VI C, we have determined the ag = 6A
along the surface-normal I'-K direction assuming a hydro-
genlike 1S state for the exciton. In view of the anisotropic
radial probability densities of EX state and of the depth-
dependent &g, mentioned above, a hydrogenlike 1S state with
3D distributions is not an appropriate approximation. Then,
we reinterpret that the estimated magnitude of ag = 6A is a
measure of the depth of the surface layer § within which the
surface excitons are confined. With this confinement in the
surface region, the radial spread in real space along the direc-
tion parallel to the surface is characterized by the magnitude
of 44 A.

It is well known that in the system characterized by the
same set of material constants, the 2D exciton has 4x larger
E}, and a half of ag, compared with those of the 3D exciton
[9]. Therefore, for such a 2D-excitonic state confined in the
surface region with Esurf E,=544(n /me)ss_uff [eV]and ap =
0.265(m,/)esurt [A]. When we assume &g, = 10.3¢¢, then
E, = 30 meV and ag = 46 A, both of which agree reasonably

well with the experimental results of the surface exciton on
InP(110)-(1 x 1). Therefore, we conclude that the surface ex-
citon on InP(110)-(1 x 1) is characterized by the spheroidal
radial probability density specified by the radial spread of
~44 A in the plane parallel to the surface, and confined within
the surface-layer depth of ~6 A. As argued above, the reduced
screening and two-dimensional confinement in the surface
region play crucial roles to govern the excitonic properties on
InP(110)-(1 x 1).

In the discussions described above, we have assumed that
the surface exciton is composed of the bulk HH valence-band
states and the bulk CB states near the I". The assumption is
based on the fact that the minimum energy of the lowest-
unoccupied surface-resonance state lies about 0.5 eV above
the bulk CBM, while the highest-occupied surface-resonance
state lies 0.4 eV below the bulk VBM at the T" [46,47]. How-
ever, in view of the quasi-2D characters of the surface excitons
confined within the surface region, more precise evaluation of
possible roles of the surface-resonance states is an important
issue to have deeper insight into the exciton wave functions on
InP(110) surfaces. The clarification of anisotropy of exciton
wave function within the planes parallel to the surface may
provide a clue to judge the role of surface-resonance states.
Reflecting the structural anisotropy of InP(110) surface, the
dispersive characteristics of the occupied and unoccupied
surface-resonance states along different directions in the SBZ
are different [1,46,47]. When the surface-resonance states are
significantly involved in the wave function of the surface
exciton, the dispersive features of photoemission signals of
exciton photoionization may potentially be different, depend-
ing on the direction in the SBZ. In this paper, we measured
the dispersion characteristics of photoemission signals of the
surface-exciton photoionization only along the I' — ¥ (= X')
direction of the SBZ; the dispersive features along other dif-
ferent directions could not be measured for the same sample
because of some limitations of our experimental apparatus.
We leave the elucidation of possible anisotropy of exciton
wave function within the planes parallel to the surface open
as an interesting and important future study.

The surface exciton on InP(110)-(1 x 1), which is formed
as an intrinsic electronically excited state with the lowest
energy by the relaxation of high-energy electron-hole pair
states, shows the long lifetime of 9.5 ns at 90 K. This fea-
ture of the stability is like the surface excitons formed on
the reconstructed Si(100)-c(2 x 1) [22,23] and on ZnO(1010)
[24] under the ultrahigh-vacuum conditions. As shown in
Fig. 2, the surface exciton is formed after a finite time de-
lay of ~2 ps under band-gap excitation. The formation time
includes several processes: the energy relaxation of photoin-
jected electron-hole pairs in the CB and VB bands under the
presence of surface excitons, and the electron-hole correlation
to form the excitonic states at the surface region. The dynam-
ics of the relaxation from the high-energy electron-hole pair
states to the surface-exciton state will be studied in a separate

paper.
V. SUMMARY

Using TR-ARPES, we have studied the characteristics
of the long-lived EX photoemission peak emitted from
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InP(110)-(1 x 1) surface at 90 K. EX photoemission shows
the following features: (i) the energy of EX state lower than
the CBM of bulk electronic state with respect to the VBM, (ii)
the downward dispersion with strongly k-dependent intensi-
ties, and (iii) unique spectral line shape with tails extending
toward low-energy side. We have identified the initial state
of EX photoemission to be the surface exciton specific to
InP(110)-(1 x 1) surface, since the unique features of EX
photoemission mentioned above are well described systemati-
cally in terms of the exciton-photoionization theory. Based on
the quantitative analyses in terms of exciton-photoionization
theory, we have shown that the radial probability density of
the exciton is spheroidal, confined within ~ 6 A from the
surface along the surface-normal direction and spread in the
range of ~ 44 A in the plane parallel to the surface, being
a quasi—two-dimensional excitonic state. The binding energy
of 28 meV and the radial spread of ~ 44 A are consistent
with the exciton theory based on the Wannier equation when
the dielectric constant in the surface region is assumed to be
10.3gp, which is in the reasonable range predicted from the

dielectric constants of bulk InP and of the topmost surface
layer. In view of the fact that the surface-specific electronic
states induced by surface relaxation on this surface form sur-
face resonance states, we have pointed out the important roles
of both reduced screening effects and the two-dimensional
confinement at the surface region on the characteristics of the
surface exciton on InP(110)-(1 x 1). Based on these several
important findings presented in this paper, more extensive
studies for different semiconductor surfaces using TR-
ARPES with higher energy resolution, together with advanced
theoretical studies, are needed to allow for a full charac-
terization of surface excitons on semiconductor surfaces in
general.
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