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Laser-induced electronic processes on GaP (110)surfaces:
Particle emission and ablation initiated by defects
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We have carried out high-sensitivity measurements of Ga emission from the GaP (110) surface by
laser pulses of photon energies above the indirect-band-gap energy EG (range I), below EG but above the

energy gap Ev& between the valence band and the unoccupied surface band (range II), and below E&&

(range III). Below the ablation threshold, we find that laser pulses of energy ranges II and III induce
particle emission, the yield of which is reduced as the laser shots are repeated on the same spot. The
dependence of the yield on the number of shots shows rapidly (A) and slowly (S) decreasing corn-

ponents. The A component is found to be enhanced by Ar+ bombardment and reduced by subsequent
annealing. Measurements of the dependence of the pulse width show that the yield is scaled by the
fluence for the A component. The yields for both A and S components are superlinear functions of
fluence, exhibiting apparent threshold laser fluences. The threshold laser fluence for the A component is
found to be smaller than that for the S component. The yield-fluence relations can also be fitted to
power functions: The power index for the A component is 2 —3 and, for the S component, 4—6. These
components are not induced by photons in energy range I ~ Above the ablation threshold the yield on the
same spot is found to increase by repeating laser pulses. Nearly the same ablation threshold fluence was

observed for photons in energy ranges I and II, while the ablation threshold is scattered for photons in

energy range III. The results are interpreted in terms of a breaking of the bonds of loosely bound atoms
near defects on surfaces by multiple electron-hole localization. Three types of defects are differentiated:
adatom type, kink type on steps, and vacancy type. The A and S components are ascribed to be initiated

by the adatom- and kink-type defects, respectively, and the laser ablation is ascribed to be initiated by
vacancies. A model of localization is suggested.

I. INTRODUCTION

Recently, laser-induced processes on surfaces of solids
including laser annealing, ' photochemical etching, and
laser damage, ' have been topics of general interest.
Some of these processes have been interpreted in terms of
temperature effects. Rise in temperature is inevitable for
intense laser beams of energies above the band-gap ener-

gy; most of the energy is absorbed by the surface layers.
However, it is known that purely electronic particle emis-
sion occurs from alkali halides, silver halides, frozen
gases, and alkaline-earth fluorides, by excitation with
weak photon beams of energies above the band-gap ener-

gy. For semiconductors " and ionic oxides, ' ' it has
been shown recently that intense laser beams of subgap
energies can induce particle emission. Maxwell distribu-
tions of ejected particles with characteristic temperatures
much lower than the melting points ' and low vibra-
tional frequency of emitted molecular species' have been
regarded as evidence for nonthermal nature of the pro-
cesses.

Menzel and Gomer' and Readhead' (MGR) have
suggested that desorption of adsorbates by excitation of
valence electrons arises from excitation to an
antibonding-type adiabatic potential-energy surface
(APES). The MGR mechanism has been primarily ap-
plied to the desorption of adsorbates, but it has been sug-
gested that an antibonding APES leading to emission of a
halogen atom is formed in the proximity of a self-trapped

exciton (STE) near the surface of alkali halides. ' '
Thus, the MGR model can explain particle emission from
solids in which excitons are self-trapped. In these solids
the yield is proportional to the number of self-trapped ex-
citons generated, and the emission is evidenced by a low-
intensity band-to-band transition. ' Knotek and Feibel-
man' (KF) have proposed that multihole localization at
an anion site on a surface that originated from interatom-
ic core-hole Auger decay induces Coulomb instability
and, consequently, particle emission. Both MGR and
KF mechanisms can explain the processes of particle
emission, of which the yield is proportional to the num-
ber of transitions.

The laser-induced particle emission from semiconduc-
tors ' and ionic oxides' ' is known to be a nonlinear
process: the yield is proportional to a superlinear func-
tion of the fluence of the laser pulse. Since low-intensity
band-to-band transitions cannot induce particle emission
in these materials, multiphoton absorption cannot be
the cause of the particle emission. ' Thus, even if the ori-
gin of the process is electronic, neither the MGR nor the
KF mechanism can be used to explain the results. Wu
suggested a mechanism of localization of two holes on a
defect through Auger recombination processes. Itoh
and Nakayama have suggested that dense valence-
electron excitation leads to localization of two holes at an
atom on the surface by negative-U interaction, originally
suggested by Anderson for defect states in the bulk of
solids. Here it is assumed that localization of two holes
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on a bond, by virtue of electron-lattice interaction, leads
to a bond breaking. It has been argued that two-hole lo-
calization by the negative- U interaction occurs because of
the screening of Coulomb repulsion between holes under
an electron-hole (e -h) plasma. Alternatively, Sumi
pointed out that the occupancy of the low-lying states of
the valence band increases the Fermi energy for holes
and, hence, enhances the tunneling to form the two-hole
states. "

The present authors have recently reported evidence
for defect-initiated emission of Ga from GaP (110) (Ref.
26) and (111) (Ref. 21) surfaces. They employed well-
characterized cleaned surfaces and a high-sensitivity
detection technique. It was shown that repeated irradia-
tion on the same spot of the surface induces the change in
the yield, Y, and that the relation (Y-n relation) between
Y and the number, n, of shots, as well as the Y-fluence
(Y-P) relation, yield useful information on the change of
the surface morphology. The results were interpreted in
terms of the interaction of the e-h pairs with various
types of defects on the surfaces.

It is the purpose of the present paper to report the
response to several types of excitation of surfaces an-
nealed to several stages after Ar+ bombardment, ob-
served through Ga emission. Some of the important re-
sults reported elsewhere are described here in order to
make the description complete. According to inverse-
photoemission measurements, the GaP (110) surface has
unoccupied surface states about 0.3 eV below the bottom
of the bulk conduction band. Thus, the electrons in the
valence band or the occupied surface state located 0.06
eV below the top of the valence band can be excited to
the unoccupied surface states by photons above the ener-
gy Ezs (1.53 eV), the separation between the valence
band and the surface state (see Fig. 1). In this case we ex-

pect that the e-h pairs, the motion of which is confined to
two-dimensional (2D} surfaces, are produced, while pho-
tons above the indirect band gap EG (2.26 eV} produce
three-dimensional (3D) e-h pairs. In the present work we
used three wavelength ranges: one (range I) above EG, a
second (range II) slightly below EG, and a third (range
III) much lower than EG. We consider energy range II to
lie between E~z and EG and energy range III to lie below

Eqg. ' We found that the particle emission initiated by
defects lying on the surface is induced by photons of
ranges II and III, while laser ablation is induced by pho-
tons of all ranges.

II. KXPKRIMKNTAL PROCKDURK

The experimental procedures used in the present work
are almost the same as those described elsewhere. The
specimens were n-type (S-doped) GaP single crystals,
measuring 10X 15 X 2 mm, the wide faces of which were
parallel to the (110) plane. The surface, which was pol-
ished mechanically and etched chemically, was cleaned in
an ultrahigh-vacuum (UHV) chamber by 0.5-keV Ar+-
ion bombardment at a beam current of 2-3 pA for 30
min and annealed thermally at 500—600'C for several
time intervals of not more than 10 min. We refer to a
surface annealed for 10 min as a well-annealed surface;
surfaces annealed for intermediate times are referred to
as partially annealed surfaces. After cleaning, the (110)
surface showed a clear (1 X 1) low-energy electron-
diffraction (LEED) pattern, as observed by Bommel and
Crombeen, and indicated no Auger signals due to sur-
face contamination.

A schematic diagram of the experimental setup is
shown in Fig. 2. The "pump" laser beams for irradiation
were either 28-ns pulse-laser beams generated by an
excimer-pumped dye laser (Lambda Physik,
EMG203MSC and FL3002} of wavelengths of 540, 600,
870, and 920 nm, or 0.6-ps pulse beams generated by a
Xe-flash-lamp-pumped dye laser (Phase-R, DL-2100A2)
of a center wavelength of 613 nm. In the present study

Evs PUMP LASER

surf ace bu I k

PROBE LASER

Ar I

LEED-Auger

DYE

LASER

OYE

pp LASER

FIG. 1. Schematic diagram of the density, pb, of the states
for bulk GaP and that, p„ for the GaP (110) surface. Ez
(=2.26 eV) is the bulk indirect-band-gap energy and Ezz
(=1.53 eV; see Ref. 28) the energy between the valence-band
maximum and the minimum of the unoccupied surface states.
Dashed line illustrates surface defect states located in the band
gap. Arrows labeled I, II, and III indicate the plausible transi-
tions induced by photons of energy range I (larger than EG), II
(between EG and E&z), and III (smaller than E&z), respectively.
Transition II may include the transition from the occupied sur-
face state, which is located 0.06 eV below the top of the valence
band (see text).
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FIG. 2. Experimental setup for measurements of high-
sensitivity laser-induced particle emission.
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we used mostly 28-ns laser pulses, except for investigating
the effects of the pulse width. The pump-laser beam was
an incident on the specimen at an angle of 45' from the
surface normal, and its spot size on the surface was about
0.5 mrn in diameter. The power of laser pulses was moni-
tored with a photodiode calibrated by a calorimeter. Be-
cause of a 10—20%%uo error in the spot size measured by
means of patterns on Polaroid" films, the absolute value
of the laser fluence may include an error of about 30%.
However, the relative values of the laser fluence in a
series of experimental runs, carried out under the same
laser conditions, can be compared with an accuracy of
5%. The frequency of the laser pulses was below 0.3 Hz.

Emitted Ga neutral atoms were detected using the
technique of resonance-ionization spectroscopy (RIS). '

Ga atoms emitted were ionized by 28-ns "probe" laser
beams, which include fundamental and frequency-
doubled beams, generated by a second excimer-pumped
dye laser (Lambda Physik, EMG203MSC and FL3002)
tuned at a wavelength of 574.82 nm. The frequency-
doubled beam induces the P»2- D3/2 transition of Ga
atoms, while the fundamental beam ionizes excited Ga
atoms. The probe beams, the diameter of which was
about 1.0 mm, were triggered about 3.3 ps after each shot
of the pump-laser pulses, and they passed parallel to the
surface at a distance of 2.0 mm. Ga+ ions were detected
by a Channeltron, biased negatively and facing the sur-
face, and the signals were stored in a microcomputer
through an analog-to-digital converter. We evaluated the
detection limit of Ga atoms emitted by a laser pulse to
be 10 monolayer (ML), taking the ionization efficiency
and the geometrical factor into account. LEED and
Auger-electron spectroscopy studies were made using a
LEED-Auger spectrometer. Measurements of laser-
damaged surfaces using scanning electron microscopy
(SEM) and electron-probe microanaiysis (EPMA) were
made after exposing the specimen to air. The base vacu-
um pressure is less than 2X10 Pa. All measurements
were carried out at room temperature.

III. RESULTS

We carried out measurements for surfaces —well an-
nealed, partially annealed, Ar+-ion bombarded, and laser
damaged —using photons of energy ranges I, II, and III.
We describe the results for photon-energy range II in
subsections A —D, and those for energy ranges I and III
in subsection E.

A. Shot-number dependence

We measured the Ga yield Y from partially annealed
GaP (110) surfaces induced by repeated irradiation with
28-ns laser pulses of a fixed laser fluence on the same
spot. Figures 3(a) and 3(b) show typical Y nrelations for-
a wavelength of 600 nm (2.07 eV), obtained at fluences of
1.0 and 1.2 J/cm, respectively. Almost no signal was
detected for a fluence of 1.0 J/cm in well-annealed speci-
mens, as will be described later, while the Y-n relation for
a fluence of 1.2 J/cm in well-annealed specimens was
substantially the same as shown in Fig. 3(b). For each
fluence, the counting of the number of laser shots was
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FIG. 3. Linear plots and semilogarithmic plots (inset) of Ga
yield induced by 600-nm laser beams from a partially annealed

Gap (110) surface as a function of the number of laser shots, at
fluences of (a) 1.0 J/cm and (b) 1.2 J/cm . A new spot was ex-

posed to the laser beam at the start of the experimental run for
each fluence and the same spot was irradiated repeatedly. For
1.0 J/cm the Ga yield decreases rapidly (A component) and
becomes almost constant (S component), while the yield in-

creases by repeating pulses for 1.2 J/cm .

started on an unirradiated spot. The fluctuation of the
fluence was about S%%uo. As shown in Fig. 3(a), Y decreases
with increasing n at the initial state (n ( 100), and reaches
a nearly constant value, which decreases very slowly and
lasts over 8000 shots. The semilogarithmic plots of the
Y n-relation are shown in the inset of Fig. 3(a): the func-
tion Y(n) was fitted to the summation of two exponential
functions of the form Yoexp( P—n ), with Yo =3.0,
P=3.6X10 and YO=0. 12, P=1X10 . We refer to
the rapidly decreasing component as the A component
and the nearly constant component as the S component.
We evaluated the unity of the ordinate scale to be about
10 ML. The noise level of the detection was about
0.05. We found that the (1X1)LEED pattern obtained
after 8000 shots of a fluence of 1.0 J/cm was unchanged.

The Y nr-elation for /=1. 2 J/cm shows an increase
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in Y with increasing n after an initial rapid decrease for a
few pulses. The rapidly decreasing component is regard-
ed as the A component described above. The semiloga-
rithmic plots of the Y-n relation shown in the inset of
Fig. 3(b) indicates that Y(n) was fitted to Yoexp(Pn ) with
P=6X10 for n (30. We note a remarkable difference
of the Y nrela-tion by changing P only by 20% across a
critical laser fluence PD, which we evaluate to be 1.1
J/cm . We also found that each spot of the (1 X 1) LEED
pattern became weaker by repeated irradiation above PD,
while no change was observed by repeated irradiation
below PD. Laser ablation of the surface after a few hun-

dred laser shots above Prr was obviously seen by SEM.
The [P]/[Ga] ratio detected by EPMA was 1.2 on the
laser-ablation spot, and 2.1 on the well-annealed spot, in-
dicating that irradiation above PD produces Ga-rich lay-
ers. Such modification of the surface stoichiometry has
been observed in III-V-compound semiconductors after
laser ablation by laser beams of energy range I. Since
disappearance of crystalline structure and change in
stoichiometry are common features of laser ablation, we
tentatively refer to PD as the ablation threshold.
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B. Fluence dependence

No Ga emission is observed at low laser fluences, even
for a partially annealed surface, but emission starts to be
observed at a fluence above approximately 0.1PD. A typ-
ical Y-P relation obtained at 600 nm on the same spot on
a partially annealed surface by a step-by-step increase of
the fluence is shown in Fig. 4(a). Evidently, the yield in-
creases superlinearly with respect to P above the thresh-
old. The Y-P relation obtained includes the effects of the
reduction of Y with repeating laser pulses as described
before.

In order to obtain the Y-P relation for specimens from
which the A component is eliminated by repeated irradi-
ation, we carried out the following experiments, the re-
sults of which are shown in Fig. 4(b). First, we repeated
irradiation of a new spot on the surface starting from a
low fluence and obtained curve 1, which corresponds to
the curve in Fig. 4(a). Next, we fixed the fluence at
$2=0.85 J/cm and repeated the irradiation, and ob-
served a decrease in Y, as indicated by the downward ar-
row labeled 2. When Y became almost constant, we re-
duced P step by step and obtained curve 3. Finally, we
fixed the fluence at $4=1.3 J/cm, above PD, and repeat-
ed the irradiation, and observed an increase in Y, as indi-
cated by the upward arrow labeled 4.

From Fig. 4(b) it is evident that there are two different
threshold laser fluences below which no emission is prac-
tically observable. The threshold laser fluence P„ for a
new spot on the partially annealed surface is 0.07 J/cm .
On the other hand, after the repeated irradiation at $2,
we observed the threshold laser fluence Pz =0.5 J/cm .
Clearly, P„ is the threshold for the A component and,
since the A component is eliminated by repeated irradia-
tion, we consider Pz to be the threshold for the S coin-
ponent.

In order to examine the degree of the superlinearity of
the Y-P relations, in Fig. 4(c) we made logarithmic plots
of curves 1 and 3 of Fig. 4(b). Clearly, the Y Prelations-
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FIG. 4. Dependence of Ga yield on 600-nm laser fluence for
a partially annealed GaP (110) surface. (a) Typical result ob-
tained on the same spot by increasing the fluence gradually
starting from a new spot. (b) Results obtained on the same spot
by sequential irradiation by varying the fluence as described
below: Curve 1, the laser fluence was increased; curve 2, the
laser fluence was kept constant at If&=0.85 J/cm2; curve 3, the
laser fluence was decreased; and curve 4, the laser fluence was
kept constant at $4=1.35 J/cmr. Arrows 2 aud 4 show the
direction of the change of the yield by the sequential irradiation.
Fluences pz and rI, indicate the threshold fiuences for curves 1

and 3, respectively. (c) Logarithmic plots of curves 1 and 3 of
(b), showing power indices 2.3 and 5.7, respectively.
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can be expressed as Y ~ P . The power indices for curves
1 and 3 are 2.3 and 5.7, respectively. As we describe
later, we consider that the Y-P relation should be
represented by a power function and that the threshold
laser fluences are simply an indication of highly super-
linear character, but not of any critical behavior.
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C. ES'ects of surface defects

Below the ablation threshold, we observed the change
in the yield of particle emission caused by repeating laser
shots. Since no evolution of surface damage is observed
in this range of laser Auences, the gradual change in the
yield should be ascribed to the modification of surface
morphology not relevant to laser ablation. Most plausi-
ble causes of such modification are defect-related process-
es: elimination of defects on surfaces and the change of
the defect structures on surfaces.

In order to obtain evidence for the contribution of de-
fects to particle emission, we measured the effects of Ar+
bombardment and of subsequent annealing on the Y-n
and Y-P relations. Figure 5 shows the effects of Ar+
bombardment on the Y-n relation. In this experiment,
we measured Ga emission for 400 shots, starting on an
unirradiated spot of a partially annealed surface with
600-nm laser pulses of a fixed fiuence of 0.6 J/cm . Then
the surface was bombarded with 0.5-keV Ar+ ions for 30
min, and the measurement was continued on same spot of
the specimen. As seen in the figure, a burst of the yield is
induced by Ar+ bombardment, although it is not seen if
the specimen was not bombarded. Since the yield de-
creases with repeating pulses after Ar+ bombardment,
the burst can be regarded as the A component.

Figure 6 shows the effects of thermal annealing after
Ar+ bombardment on the Y-P relation measured with
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FIG. 5. ES'ect of Ar+ bombardment on the dependence of
Ga yield on the number of laser shots for 600 nm, on the same

spot of a partially annealed GaP (110) surface, obtained at a
fluence of 0.6 J/cm . The abscissa is the number of shots on a
new spot on the surface: The laser irradiation was paused at

400th shot, the surface bombarded with Ar+ ions, and then the

irradiation of the same spot was continued.
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FIG. 6. Effect of thermal annealing after Ar+ bombardment
on the dependence of Ga yield on the laser fluence for 600-nm
photons. Curves 1, 2, and 3 were obtained starting from a low
fluence on a new spot of the GaP (110) surface after Ar+ bom-
bardment, subsequent partial annealing, and full annealing, re-

spectively. The values of the power indices of curves 1 and 2,
when plotted on a double-logarithmic scale, are 1.7 and 3.3, re-

spectively.

600-nrn laser pulses. Each curve was obtained on a new
spot after preparation by changing P from the low-
fluence side: curve 1 after bombardment with Ar+ ions
and curves 2 and 3 after annealing at 500—600'C for 6
min (partially annealed) and for 10 min (well annealed),
respectively. We made similar measurements on other
spots after the same treatments, but results were substan-
tially the same. It is clear that the emission yield at a
given fluence decreases drastically as the surface is an-
nealed after Ar+ bombardment. After obtaining each
curve, we repeated irradiation on the same spot at the
fluence employed to obtain the last plot of the curve. The
Y-n relations obtained after curves 1 and 2 show de-
creases of Y with increasing n; hence, we can regard
curves 1 and 2 as the emission of A components. The
Y-n relation after curve 3 showed an increase. On the
same specimen the Y-n relation at 1.1 J/cm did not
show any increase. Thus, the threshold laser fluence in
this case lies between 1.1 and 1.4 J/crn . We observed
that, after eliminating the A component by irradiation of
a partially annealed surface, the Y-P relation obtained by
a step-by-step increase of the fluence leads to a curve that
is almost the same as curve 3 of Fig. 6. Thus, it appears
that the well-annealed and partially annealed surfaces
have almost the same ablation threshold. The ablation
threshold after repeated irradiation of Ar+-bombarded
surfaces, obtained similarly, appears to be slightly smaller
than that of a well-annealed surface.

In order to see the correlation between the characteris-
tics of laser-induced particle emission and other proper-
ties of surfaces, in Table I we show the values of the
power indices for the Y-P relation of the A component,
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TABLE I. Value of the power index m for the Y-P relation
obtained at the initial stage of laser irradiation (A component),
the ratio of the [P]/[Ga] Auger signal ratio, and the LEED pat-
tern of GaP (110) surfaces that were Ar+ bombarded and subse-

quently annealed.

Annealing
time
(min)

0
3
6

10

1.7
3.3
3.3

[P]/[Ga]

2.4
4.2
4.2
4.2

LEED

no pattern
(1x 1)
(1x 1)
(1x1)

the ratio of the Auger P (120 eV) and Ga (52 eV) lines,
and the features of the LEED patterns, for surfaces at
several stages of annealing after Ar+ bombardment. It is
clear that the values of the power index and the [P]/[Ga]
Auger-signal ratio increase with annealing up to 3 min
and do not change afterward. The dependence of the
[P]/[Ga] ratio on annealing is consistent with the result
of Bommel and Crombeen. After annealing for more
than 3 min, a clear (1X1)LEED pattern was observed.
Clearly, there is a remarkable difference in the magnitude
of the A component obtained at difFerent annealing
stages for which no distinction can be made by means of
Auger and LEED techniques.

Figure 7 shows the Y-P relations measured with 600-
nm laser pulses on a well-annealed (curve 1) and a laser-
damaged (curve 2) surface. In this experiment, we irradi-
ated a new spot of the well-annealed surface, starting
from a low fluence to obtain curve 1, and curve 2 was ob-
tained on the same spot starting from a low fluence after
curve 1 was taken. Curve 1 exhibits a power function
with an index 15. It is clear that the emission efficiency

Pulse
width

28 ns
0.6 ps

(J/cm )

0.07
0.2

F~
(J/cm s)

2.5x10'
3.3x 10'

(J/cm )

1.1
15

F
(J/cm s)

3.9x 10'
2.5X10

at a given fluence above 0.5 J/cm is enhanced remark-
ably by laser damage. For curve 2, we observed an in-
crease of Y, when irradiation is repeated at the highest
laser fluence in the plots, indicating that enhanced yield
is not due to the A component. It appears that the laser-
damaged surface is converted in such a way that further
ablation proceeds at much lower fluences.

D. Pulse-width dependence

One of the important questions for a superlinear pro-
cess induced by pulse-laser beams is whether the fluence
or the flux is the rate-determining quantity. We carried
out measurements of the threshold for the A component
and the laser-ablation threshold on partially annealed
surfaces, using laser beams of pulse widths of 0.6 ps and
28 ns. Although the wavelength (600 nm) of the 28-ns
laser pulses is slightly different from that (613 nrn) of the
0.6-ps pulses, we confirmed that 600- and 620-nm laser
pulses 28 ns wide give almost the same threshold.
Table II shows the values of the threshold P„ for the A

component and the ablation threshold PD. It also shows
values of the calculated fluxes F„and I'D corresponding
to P„and PD, respectively, obtained assuming that the
laser pulses are rectangular. We note that FD for 0.6-ps
pulses is nearly the same as that for 28-ns pulses, while

P„ for 0.6-ps pulses is nearly the same as that for 28-ns

TABLE II. Threshold, II„, for the A component, and abla-
tion threshold, Pz, obtained for laser pulses of widths of 28 ns
and 0.6 ps on partially annealed surfaces. F& and FD are the
calculated threshold fluxes from P „and PD, respectively.
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FIG. 9. Ga yield as a function of the number of shots, ob-
tained by repeating laser pulses of 870-nm photons at a Auence
of 0.4 J/cm on a new spot of a partially annealed GaP (110)
surface.

pulses. Apparently, the ablation threshold is scaled by
the flux, while the threshold for the A component is
scaled by the fluence.

E. Comparison of the results for photon-energy
ranges I, II, and III

All measurements described above were performed us-
ing photon energies of range II. In order to see whether
the effects described above are due to the transition of the
electron in the valence band to the unoccupied surface
state, we measured Y nand -Y-P relations for photon-
energy range I, 540 nm (2.30 eV), and range III, 870 nm
(1.43 eV) and 920 nm (1.35 eV).

Figure 8 shows the Y-P relations measured at 540 nm
on the well-annealed (circles), Ar+-bombarded (triangles),
and laser-damaged (squares) surfaces. No yield is ob-
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FIG. 10. Ga yield as a function of laser fluence for a well-
annealed GaP (110) surface measured with 920-nm photons.
Each curve was obtained on a new spot starting from a low
fiuence.

served at fluences below PD=1.2 J/cm on both the
mell-annealed and Ar+-bombarded surfaces. Repeated
irradiation at the highest fluence after obtaining each
curve increased the yield, indicating that the increase of
the yield for each curve represents laser ablation. Clear-
ly, the ablation threshold at 540 nm does not differ re-
markably from that at 600 nm. Similarly to 600-nm laser
pulses, the ablation occurs at much lower Quences after
the well-annealed surface is damaged by laser irradiation
above the ablation threshold. %e note that there was no
indication of emission of the A and S components at 540
nm, as there was at 600 nm. Thus, clearly the A and S
components are absent for irradiation with photons caus-
ing the band-to-band transition.

TABLE III. Summary of the observation of the A and S components and laser ablation on
differently prepared surfaces for photons of wavelengths of 540, 600, and 920 nm. The symbol 0 indi-

cates that A or S components are observed and X' indicates that they are not observed.

Wavelength
(nm)

540

920

Preparation

well annealed
partially annealed
Ar+ bombarded
laser damaged

well annealed
partially annealed
Ar+ bombarded
laser damaged

well annealed
partially annealed
Ar+ bombarded
laser damaged

X
X
X

X
0
0
X

X
0
0

X
X
X

X

0
X

X
0

Laser ablation

threshold nonscattered

threshold reduced slightly
threshold reduced

threshold nonscattered

threshold reduced slightly
threshold reduced

threshold scattered

threshold reduced
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The dependence of Ga yield from a partially annealed
surface on the number of shots for 870-nm laser pulses of
fluence 0.4 J/cm is shown in Fig. 9. Evidently, the A

and S components are observed for irradiation at 870 nm.
We measured the Y-P relations with photons of 920 nm
on the well-annealed surface, for which 600-nm laser
pulses do not produce the A and S components. Typical
results are shown in Fig. 10, in which each curve
represents emission from a new surface spot, obtained
from the low-fluence side. Repeated irradiation at the
highest fluence for each spot shows an increase in the
yield. Thus, the increase of the yield is due to laser abla-
tion. We note that the ablation thresholds on the
different spots are not the same. It follows that the abla-
tion threshold at 920 nm exhibits a broad distribution,
contrary to that at 600 and 540 nm.

Table III summarizes the features of the A and S com-
ponents and of laser ablation observed for wavelengths of
three diferent ranges on the well-annealed, partially an-
nealed, Ar+-bombarded, and laser-damaged surfaces.
The A and S components do not exist for excitation
above EG, while the excitations above EG and between

EG and Ezz behave similarly as far as the laser ablation is
concerned.

IV. DISCUSSION

First, we point out that the particle emissions designat-
ed as the A and S components originate from electronic
excitation and not from heating. Indeed, we found that
these emission processes are more efficient for photons of
subgap energies. The absence of the photon-energy
dependence of the laser-ablation threshold near the
indirect-band-gap energy suggests that the laser ablation
is also of nonthermal origin. We discuss this point later.

Another important feature of the present experimental
results is that we have observed particle emission initiat-
ed by defects. In order that a particle is emitted from a
defect site, the bond for an atom near the defect site
should be broken as a result of electronic transition. Be-
cause of the superlinear dependence on the laser fluence,
we presume that localization of multiholes on the defect
site may weaken the bond and eventually lead to particle
emission. Another remarkable feature of the present in-

vestigation is that Ga particle emission depends strongly
on the type of excitation: we used three types of excita-
tion using three different ranges —I, II, and III—of pho-
ton energy. We presume that range-I photons produce
exclusively 3D e-h pairs; those of range II, 2D e-h pairs
near the surface; and those of range III, defect-excited
states.

In this section we first discuss the phenomenology of
the laser-induced particle emission, and then the micro-
scopic mechanism.

A. Types of defects initiadng particle emission

Experimental results described in the preceding section
clearly indicate that the A component in the Y-n relation
is due to particle emission initiated by defects on the sur-
face. First, the yield of Ga atoms is diminished by re-
peating laser pulses at a fixed fluence below the ablation
threshold [Fig. 3(a)], where no change occurs in the

where g is the probability of a defect atom being emitted
during a pulse. The experimental yield, Y(n), per pulse is
the summation of de(n )Idn arising from several types
of defects: Y(n ) = g; g;ND (n), where g, is the probabili-

ty of a defect atom of the ith type to be emitted and
ND (n) is their concentration.

In obtaining the dependence of ND on n, we consider
three types of defects, as shown in Fig. 11: adatoms, kink
sites of steps, and vacancies. Evidently, emission of an
adatom restores the perfect lattice. It follows that

dNz(n ) = dND(n —),
and hence

dN@(n )
=gND(0)exp( gn ) . —

de

(2)

If emission is initiated by a kink site, removal of an atom
transfers the defect atom to a nearest-neighbor site, keep-
ing the structure of the defect unchanged, until the kink
site interacts with another defect. Here we obtain

dNz(n ) ))dND(n )-0,
and hence

dN~(n )
-const .

de

(3)

If an atom is ejected from one of the nearest sites around
a vacancy, a divacancy is formed. Ejection of another
atom from the divacancy creates a trivacancy, and so
forth. Thus, a vacancy can be a nucleus for a vacancy
cluster, which evolves by repeating the process of
"vacancy"-initiated particle emission. When the size of a

LEED pattern. Second, the A component is enhanced by
Ar+ bombardment (Fig. 5), which is known to generate
surface defects. Third, the emission efficiency of the A

component in the Y-P relation decreases with thermal an-

nealing (Fig. 6). Since the emission yield diminishes rap-
idly as laser pulses are repeated, it appears that, after el-
imination of the defects responsible for the A component,
the surface becomes more resistive to laser beams. We
refer to the surface defects causing the A component as
A-type defects.

We also ascribe the S component to emission initiated
by surface defects, although not as conclusively as the A

component. First, its yield decreases, not as significantly
as the A component, by repeating laser shots. Moreover,
the S component is not observed for well-annealed sur-
faces (curve 3 in Fig. 6), while it is observed for partially
annealed surfaces [Fig. 3(a)]. We refer to the surface de-
fects causing the S component as S-type defects.

For any laser-induced emission of particles initiated by
defects, the number, dNz(n ) Idn, of atoms emitted by the
nth shot of laser pulses may be proportional to the con-
centration, ND(n), of weakly bonded atoms around de-
fects (described as defect atoms ) remaining on the sur-
face between the (n —l)st and nth shots,

dNz(n )
=gND(n },

dn
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adatom

icy '"~

FIG. 11. Model of surface defects that initiate laser-induced
particle emission. Three types of defects are considered: an
adatom-type defect that is eliminated, a kink-type defect simply
transferred to a neighboring site, and a vacancy-type defect
evolving into a vacancy cluster, after particle emissions.

There are some other defects structures that may exhibit
A-type behavior. For example, if emission of a P atom
does not follow emission of a Ga atom from a kink site,
then further emission of a Ga atom from the P-rich sur-
face will not occur under the same irradiation conditions.
Thus, the kinks having such a characteristic may be con-
sidered A-type defects. On the other hand, the S com-
ponent can be observed only when the emission of a Ga
atom is followed by emission of a P atom, or vice versa,
producing the same initial configuration. In order to re-
veal further details of the defect structures of each of the
A- and S-type defects initiating the emission, it is useful
to measure the P emission, but for the present argument
measurements of Ga emission suffice.

B. Superlinear dependence on the laser fluence
for the A and S components

vacancy cluster is small, we expect that emission of an
atom results in an increase of a defect atom. Thus, we
obtain

dNE(n ) =dND(n ),
and hence

dNF(n )
=gND(0)exp(gn) .

dpi

(4)

If the size of a vacancy cluster increases, the increase in
the yield with n may be much slower.

The A-type defects that give rise to the A component
may be ascribed to the adatoms. Using numerical values
for the A component and Eq. (2), we obtained the con-
centration, ND(0), of the A-type defects, Yo/P-8 X 10
(ML). Although no other information on the adatoms on
surface is yet available, we presume that the partially an-
nealed surface includes adatoms of this amount. The A-

type defects are not necessarily a11 adatoms; any defect,
from which removal of a Ga atoms makes it more resis-
tive against laser-induced Ga emission, satisfies the con-
dition used in obtaining Eq. (2).

The S component can also be ascribed to adatom-type
defects. We have obtained ND(0)= YOIP=1.2X10
(ML) using Eq. (2). Here, we should assume that the S
component arises from the defects, which are more resis-
tive (small g) to laser beams, but more numerous than the
A component. Another way of interpreting the S corn-
ponent is that it arises from the kink sites of steps. The
slow decrease in the yield [Fig. 3(a)] may be interpreted in
terms of the loss of the kink sites due to interaction with
other defects. At present we are unable to determine
whether the S component is due to adatom- or kink-type
defects and unable to evaluate the defect concentration.

In this experiment we observed only the emission of
Ga atoms, but not P atoms, since the method of detect-
ing P at this level of sensitivity is not yet available.
Thus, further explanation is needed on the definition of
defect types A and S. If a pair of Ga and P atoms is add-
ed on the surface, it also behaves as an A-type defect in
any case where only the Ga atom is emitted or where
both the Ga and P atoms are emitted by laser pulses.

The superlinear dependence of the emission yield on
laser fiuence for the A and S components (Fig. 4) suggests
that localization of a single hole is not sufficient to cause
the emission of Ga atoms from the A- and S-type defects,
but multihole localization is needed. We consider the
value of the power index to be indicative of the multipli-
city of hole localization on a defect needed for emission
of a Ga atom. The power index m shown in Table I indi-
cates that approximately three holes are needed to break
a bond of an A-type defect on partially annealed surfaces.
As seen from Fig. 4(c), emission of a Ga atom from S-
type defects needs localization of more holes.

Different values of the index m for the A component in
Table I imply that the A component is a composite. For
instance, for the surface immediately after Ar+ bombard-
ment, m =1.7. It appears that the defects that give rise
to the m value are annealed by heat treatments for 3 —6
min, leaving the defects showing higher m values. It is
likely that those A-type defects more strongly bonded on
the surface show larger m values. It follows that more
holes are needed to break the bonds of defect atoms hav-

ing higher thermal stability. Study of the pulse-width
dependence indicates that the critical factor for bond

breaking is the number of electronic transitions induced

during a laser pulse. The mechanism of localization of
holes during a pulse is discussed in Sec. IV F.

C. Laser ablation

In the present work we found a sharp ablation thresh-
old: the Y-P relations for the A and S components exhib-
it power indices of 2 —6, while that for the laser ablation
is about 15, and a reduction of the laser fluence only by
20% from the laser fluence that gives rise to ablation
does not induce laser ablation even by repeated irradia-
tion (Fig. 3). One of the significant results of the present
investigation is that the ablation threshold can be clearly
discernible by detecting only a very small number of
atoms, of the order of 10 ML. It follows that the
laser-ablation threshold does not represent the condition
for a macroscopic change of surface layers under intense
laser pulsation. It appears that, once the condition is
satisfied, the surface is progressively damaged and finally
exhibits a macroscopic change. We observed ablation on
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well-annealed surfaces by 870- and 920-nm laser beams.
Since photons of this energy can excite only the defect
states, but cannot cause either the band-to-band transi-
tions or the surface-state excitations, the results demon-
strate that excitation of defects can initiate laser ablation.

In view of the above arguments, we suggest that laser
ablation is initiated by a small number of defects on sur-
faces. The experimental results that the yield increases
by repeating laser shots above the ablation threshold can
be explained by Eq. (4), which assumes a vacancy as a
source of particle emission. Thus, we consider that the
condition for laser ablation is the same as that for break-
ing the bonds of atoms around vacancies. Irradiation
with laser pulses, for which the condition is satisfied,
causes evolution of vacancy clusters. As the evolution
proceeds, the vacancies in the second layer start to be ex-
posed to the laser beam. Using Eq. (4), surface damage
can proceed both laterally and vertically to the surface.

The power index m —15 for the laser ablation (Fig. 7),
much larger than that of the A and S components, can be
understood, if one takes into account the increase of the
defect atoms around vacancy clusters within a laser
pulse. We presume that the emission of a defect atom
around a vacancy needs localization of m' holes, and that
m'=4 —6 as for the S-type defects. The number of atoms
emitted in dt during a laser pulse is given by
dNF(t ) ldt =o' 'F ND(t ), where F is the flux and o'
is a constant. Using Eq. (4) the number of atoms emitted
per pulse width t is given by

NF(t )
—Nz(0) =ND(0)[exp(o' 'F t ) —1] .

Equation (5) gives a strong fluence dependence, since a
power function is included in the exponent. Assuming
that m ' =5, it can give a power dependence with an index
of 15 in a small flux interval near cr' 'F t —1. Ac-
cording to Eq. (5), the ablation process is scaled by
o' 'F t . If m' is substantially larger than 1, F will be
the dominant scaling factor, as observed experimentally
(Table II). Further details of the model of laser ablation
will be published elsewhere.

D. Dependence on types of excitation

As pointed out in Sec. III E, the A and S components
are produced by excitation in photon-energy ranges II
and III, but not in range I. The same conclusion has
been drawn by Okano et al. by measuring the tempera-
ture dependence of the emission yield by laser irradiation
across the temperature at which the indirect-band-gap
energy is coincident with the incident-photon energy.
Emission of these components does not lead to any bulk
destruction, but it is related to the change of the defect
structures on the surface. Furthermore, the energy im-
parted to the lattice in a photoelectronic process is rela-
tively small and, hence, only the atoms on surfaces are
emitted. Thus, the results that the excitation in photon-
energy ranges II and III can induce the A and S com-
ponents substantiate the presumption that excitation by
photons of range II and III involve the transitions on the
surface.

The absence of the A and S components via excitation

in range I, or via generating 3D e-h pairs, implies either
that excitation in range I does not create the 2D e-h pairs
or that the 2D e-h pairs generated by photons of this en-

ergy range do not induce the A and S components. The
2D e-h pairs may not be generated if the transition prob-
ability to the surface states existing near the conduction-
band minimum is lower than that for lower photon ener-
gies. Alternatively, the 2D e-h pairs are eliminated, if the
transition rate of the 2D e-h pairs with energies above EG
to the 3D e-h pairs owing to the phonon interaction is
high, or if the rate of the Auger transitions involving the
3D e-h pairs is high.

The ablation thresholds on well-annealed surfaces ob-
tained by 540- and 600-nm laser pulses are approximately
the same (Figs. 7 and 8), indicating that 2D and 3D e-h
pairs are equally effective in causing the ablation. Mea-
surements of the temperature dependence similar to those
for the A and S components resulted in the same con-
clusion. It is likely that the densities of 2D and 3D e-h
pairs at the defects (vacancies) which initiate ablation are
almost the same. We note that the values of the ablation
threshold are remarkably scattered for excitation in range
III. The result indicates that the substantial difference is
between the nature of the excitation in ranges I and II
and that in range III. We interpret the scattering as be-
ing due to the localized nature of the electronic excited
states induced in range III, and inhomogeneous distribu-
tion of defects on surfaces. Because of the diffusion of the
2D and 3D e-h pairs, the effects of the inhomogeneous
defect distribution will be smeared out.

E. Properties of laser- and Ar+-damaged surfaces

The laser-induced emission of Ga exhibits different
features for laser- and Ar+-damaged surfaces. Surfaces
after laser damage do not show nearly any A and S com-
ponents, but the ablation occurs at much lower laser
fluences than on undamaged surfaces. On the other
hand, both the A and S components are enhanced re-
markably by Ar+ bombardment, while the ablation
threshold is not modified appreciably.

Bombardment with 500-eV Ar+ produces the knock-
on damage on the surface layers of a depth of a few
monolayers. The damaged part includes the point defects
and even amorphous structures. The stoichiometry may
be changed slightly because of preferential sputtering.
It appears that the laser beams of subgap photon energies
can excite the defects generated by Ar+-bombardment
and cause the A- and S-type emissions. The results that
repeated irradiation with laser pulses reduces most of
these components and makes the ablation threshold not
much smaller than that before Ar+ bombardment sug-
gests that the Ar+-induced damage is removed almost
completely by laser.

It is known that the laser beams with a fluence above
the ablation threshold produce a thick Ga-rich layer.
Thus, the low ablation threshold for laser-damaged sur-
faces may be ascribed to the enhancement of the optical-
absorption coefticient due to formation of the Ga-rich
layer. The laser ablation of the laser-damaged surfaces is
considered to be governed by the heating rather than the
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evolution of the vacancy cluster, as for the undamaged
surfaces.

The present investigation indicates that the laser-
induced particle emission for subgap photon energies and
subthreshold fluences is enhanced by damage of the sur-
faces. The mode of enhancement of the emission yield
reflects the mode of the surface damage to some extent:
The physical damage induces the enhancements of the A

and S components, while the stoichiometry change in-
duces the change in the ablation threshold.

E

Ep

F. The mechanism of laser-induced sputtering

In discussing the mechanism for multihole localization
on a surface defect, we base our work on the following.
First, the energy possessed by the localized electronic ex-
cited state is directly converted into the atomic energy,
resulting in the particle emission. Unlike the Knotek-
Feibelman process, the phenomena will be adiabatic, and
the criterion for emission after electronic excitation is
whether the APES of the excited state has a minimum or
whether it is a decreasing function leading to particle
emission. In some solids, such as alkali halides, an exci-
ton (the singly excited state) has an instability leading to
the emission. ' Second, a localized hole is the source of
bond weakening: the more holes there are localized on a
defect atom on the surface, the weaker the bond becomes.
In some sense the negative-U interaction suggested for
defects in the bulk is a manifestation of this
phenomenon —the adiabatic potential energy is lower
when two holes are localized than when one hole is local-
ized. Since the negative-U localization of two holes on a
defect in bulk is a well-accepted concept, we consider
the negative-U two-hole localization on defects on sur-
faces is the primary process for particle emission.

Now, the next question we have to answer is how mul-
tihole localization is induced under laser irradiation.
Once two holes are localized on a defect under a dense
e-h plasma, the electrons are attracted by the Coulomb
force of the holes. A defect with two localized holes, to
which two electrons are bound, can be regarded as a dou-
bly excited defect or two localized e-h pairs on the defect.
Because of the strong electron-lattice interaction induc-
ing the negative U, we consider that the APES minimum
for the doubly excited state is separated from the singly
excited and ground state by a potential barrier; thus the
doubly excited state forms a rnetastable state, having a
long life. Thus, we consider that the doubly excited
state is further excited during a laser pulse, resulting in a
multiply excited state. Since the doubly excited state,
suggested by Wu, induced by the Auger processes has a
short lifetime, we consider that the two-hole state sug-
gested by him cannot be the source of the multiple excita-
tion.

A typical APES describing such a negative-U state and
multiply excited states is shown in Fig. 12, where curve
E, in the figure is a singly excited state and E2 is the dou-
bly excited negative-U state. Because of strong lattice re-
laxation, the energy of electronic transition will not
change appreciably as the multiplicity increases, as often
observed in an isolated small molecule. A schematic

FIG. 12. Schematic adiabatic potential-energy surfaces
(APES s) explaining a cascade-excitation mechanism of laser-
induced particle emission. Multiple excitation of a defect site,
from a ground state Eo via metastable states E, —E3 to an unsta-
ble state E4, leads to particle emission. Eb,„z denotes the energy
needed to emit an atom by this mechanism. The lower
minimum of state E2 compared with state E~ shows the
negative- U effect.

APES for the negative-U defect after the third excitation
is shown by E3 of Fig. 12. The doubly excited state will

be further excited to E3 during its lifetime. Such cascade
excitation will finally lead to bond breaking, if the APES
for a certain multiply excited state (E4 in Fig. 12) is anti-
bonding. ' We presume that such a relaxed multiply ex-
cited state is feasible on surfaces because of the high flexi-
bility of the lattice, although generation of such highly
excited states will cost much energy in the bulk. If the
lifetime of the metastable states is longer than the pulse
width, the probability of the atoms to be emitted will
show a power function of the fluence, as is indeed ob-
served experimentally, and here the number of the index
will represent the same index as the multiplicity of the
cascade needed for the emission.

For photons that are capable of exciting only defects,
the above pictures should be slightly modified. Here the
successive double excitation of a defect should produce
the negative-U state, which serves as the source of further
multiple excitation. Since the experimental values of the
threshold laser fluence for photons of photon-energy
ranges II and III do not differ too much for the A and S
components, the cascade excitation should play a sub-

stantial role for these components. On the other hand,
absence of fluctuation of the ablation threshold for pho-
tons with energies of ranges I and II, in spite of a large
fluctuation for those of range III, suggests that the initial
localization plays a role for laser ablation.

Recently, Ong et al. have calculated the energies
needed to remove a Ga atom that neighbors various
types of defects on surfaces: They calculated differences
in the energy of a GaP cluster with a surface defect be-

fore and after removal of a Ga atom. According to their
results, the energy to remove a Ga atom from an adatom
is smaller than that to remove it from a step site. Thus, it

appears that the higher multiplicity is needed to remove a
more strongly bonded defect atom. It is not yet clear
that the energy calculated by Ong et al. corresponds to

Eb,„„shown in Fig. 12. If one assumes that the thermal
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ejection occurs through the same electronic state as the
ejection after multiple excitation, we may presume that a
higher multiplicity is needed to eject a more strongly
bonded Ga atom, in view of Fig. 12.

The model described above is still tentative. The be-
haviors of an e-h plasma in the presence of defects with a
highly deformable lattice have not been explored. The
possibility of trapping of additional e-h pairs to a multi-

ply excited state cannot be excluded. The essence of the
model is that a multiply excited state of a defect atom on
the surface, accomplished with substantial lattice relaxa-
tion, is induced, and the bond weakened by the multihole
localization is broken by virtue of the electronic excita-
tion energy.

V. CONCLUSIONS

In this paper we have shown the features of defect-
initiated particle emission induced by irradiation with
laser pulses of three photon-energy ranges: I, sufficient to
generate band-to-band excitation; II, insufficient to pro-
duce band-to-band transitions, but sufficient to produce
transitions of valence electrons to unoccupied surface
states; and III, insufficient to induce either of these tran-
sitions, but possibly capable of exciting surface defects.
It is found that the features of particle emission revealed
through measurements of the Y-P and Y-n relations are
strikingly dependent on the photon-energy range. Al-
though the photons of energy range I induce the laser ab-
lation, they are incapable of inducing the particle emis-
sion initiated by defects on surfaces, which occur below
the ablation threshold. The photons of energy range II
induce the ablation nearly at the same laser fluence as
those of range I, and also induce the defect-initiated par-
ticle emission below the ablation threshold. The photons
of energy range III also induce the defect-initiated parti-
cle emission, as well as the ablation, but the ablation
threshold for photons of this energy range is scattered,
indicating the local character of the transitions induced.
The defects initiating particle emission, below laser abla-
tion threshold, are ascribed to adatom- and kink-type de-

fects on surfaces. It is suggested that laser ablation is ini-
tiated by vacancies on surfaces. The interpreation of the
results is based on the presumption that photons of
ranges I, II, and III produce the 3D bulk e-h pairs, 2D
surface e-h pairs, and defect excitation, respectively.

Because of the nonlinear character of the Y-P rela-
tions, which are fitted to the power functions, emission is
ascribed to multiple excitation of, or multiple electron-
hole localization on, the surface defects. It is shown that
the power index of the Y-P relation depends on the type
of defect and on the processes that produce the defects.
A mechanism of localization by virtue of strong
electron-lattice coupling of defects on surfaces due to
their flexible structures is suggested.

The present investigation gives insight into the defects
on surfaces of relatively small concentration (10 ML).
In particular, the results indicate that the measurements
of particle emission serve as a powerful tool for charac-
terization of defects on surfaces. Although scanning tun-
neling microscopy (STM} is a useful tool for observing de-
fects, the present technique gives complementary infor-
mation, namely the quantitative values of the concentra-
tion of specific types of defects on surfaces. Furthermore,
the present investigation shows that defects on surfaces
can be removed by repeated irradiation with laser pulses
below the ablation threshold. Further studies of defects
on surfaces by means of STM and laser-induced particle
emission would be of use.
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