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Akiko Okano, Jun'ichi Kanasaki, Yasuo Nakai and Noriaki Itoh 
Department of Physics, Faculty of Science, Nagoya University, Fumcho. Chikusaku. Nagoya 
464.01, Japan 

Received 18 November 1993, in final form 25 lanuwy 1994 

Abstract. We have carried out sub-monolayer sensitivity measurements of laser-induced eao  
emission from the GaP(lI0) and GaAs(ll0) surfaces using a resonant ioniwtion technique. The 
laser ablation threshold Ruence is defined as the critical Ruence above which an increase of the 
Cao emission yield is observed by repeated irradiation with laser pulses on the same spot but 
below which a decrease of the yield is observed. The photon-energy dependences of the laser 
ablation hreshold Ruence and the sub-ablation emission yield have been investigated for photons 
below. near and above the bulk band-gap energies in both Gap and GaAs. For photons below 
the band-gap energies, the sub-ablalion emission and laser ablation ace observed and ascribed to 
photon absorption by defects on the surfaces. The sub-ablation emission is found to be reduced 
substantially at a photon energy slightly below the band-gap energies for both GaP and GaAs; the 
reduction is of raonance type for GaAs and stepwise for CaP. Only a small amount of emission 
is observed for GaP for photons above the band-gap energy. The ablation threshold Euence 
for GaAs shows a resonant-type increase, corresponding to the resonance-type reduction of the 
sub-ablation emission yield, while the ablalioo threshold Ruenee for GaP does not change an 
crossing the band-gap energy For photons above the band-gap energies, the ablation lhreshold 
Ruence decreases with increasing photon energy in a similar manner for both GaP and C A .  
The decrease in lhe ablalion threshold Auence for the CaAs(l10) surface appears lo be correlated 
to the increase tn the sub-ablation emission yield as observed previously. These results of the 
photon energy dependence of the sub-ablation emission yield and ablation threshold Ruence are 
explained in terms of the electronic excitation of defects on surfaces and of surface occupied 
states. 

1. Introduction 

Laser ablation, the removal of material from a solid surface by laser irradiation, observed for 
non-metallic materials such as semiconductors [ 1-31. insulators [4,5] and polymers [&SI is 
rapidly becoming a subject of both scientific interest in surface physics and photochemistry 
and technical interest for application such as laser-induced etching and deposition of 
thin films including superconductors [9-11]. It has been established that the ablation 
process depends on the wavelength, fluence and pulse width of laser beams. Basically 
two mechanisms for laser ablation of materials have been suggested electronic [12] and 
thermal [13]. The former emphasizes that electronic processes play an important role, 
though a temperature rise may occur simultaneously and make an additional contribution 
to ablation. The latter assumes that the damage of the surface occurs as a result of melting 
due to local heating, though photons are absorbed primarily through electronic transitions. 
Despite a number of attempts at understanding the basic mechanism, the origin of laser 
ablation is still controversial. One of the reasons is that, as demonstrated for metals [ 141, the 
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rapid rise of surface temperature during pulsed laser irradiation makes it almost impossible 
to differentiate between the contribution of the initial electronic process to laser ablation, 
if any, and that of the laser-induced heating. An important key to revealing the initial 
electronic process is to use a cleaned surface and then measure the emission yield at high 
sensitivity under conditions where the surface damage is negligible. 

High sensitivity measurements of the emission of Gao a tom from the GaFflIO) and 
GaAs(ll0) surfaces by pulsed laser irradiation have revealed that Gao emission is induced by 
photons of sub-band-gap energies [15-181. In these measurements atoms of monolayer 
emitted by a single laser pulse have been detected. The process is non-thermal, because 
the optical absorption coefficient for photons in this energy region is too low to heat the 
sample. Two-photon absorption as a cause of such emission has been excluded because of 
the low cross section [15,16]. 

Based on the results of high-sensitivity measurements [ 151, which show that the emission 
yield Y induced by a laser pulse changes as the number n of pulses incident on the same 
spot on the surface increases, the emission is attributed to originate from defects on the 
surface by breaking the bonds of weakly bonded atoms ( W A S )  forming defects. The Y-n 
relation exhibits first a rapid decrease and then a slow decrease when the fluence is low, 
while it  exhibits an increase when the fluence is high. The rapid decrease in the emission 
yield is regarded as originating from adatoms, of which removal leaves a perfect surface. 
The slowly decreasing component is attributed to the emission from kinks on steps, for 
which the emission of an atom leaves a new kink site of a similar structure [16]. The 
rapidly decreasing component is called the A component and slowly decreasing component 
the S component. In addition, there are vacancy-type defects on surfaces, and the removal 
of WBAS around a vacancy on the surface produces a vacancy cluster with more WBAs. Thus 
when the emission originates from vacancies, the yield is expected to increase, as is indeed 
observed at high fluences. In order to emphasize the difference between the contributions to 
the emission of the adatoms and steps and of vacancies, we tentatively refer to the former as 
on-surface-type defects, located above the surface, and the latter as sub-surface-type defects, 
located below the surface. 

It has been also pointed out [16] that there exists a distinct threshold fluence between 
that inducing an increasing Y-n relation and that inducing a decreasing Y-n relation. We 
designate this Ruence as Fu,. It has also been shown that Y depends on laser fluence F 
very strongly in the range where an increasing Y-n relation is observed; often described 
as a power function of F'*'5. Thus as the fluence increases beyond 9. the emission 
yield increases rapidly and a massive emission of atoms will result even at fluences slightly 
higher than Fb. It has been shown that the photon-energy dependence of Ft, for both GaP 
and GaAs is parallel to that of the laser ablation threshold fluence determined from the 
onset of the laser-induced surface damage detected with an optical microscope [19], in the 
photon-energy range where Fu, changes by a factor of five. Thus we call Fu, the ablation 
laser fluence (ALF). Since Fb is determined by a small number of emitted atoms, its study 
is suitable for investigating the primary process of laser ablation. We will call the emission 
observed below ALF sub-ablation emission, and deal with both the sub-ablation emission 
and ALF in this paper. 

An important feature of the defect-initiated Gao emission is the super-linear dependence 
of the yield on laser fluence, which is observed even in the sub-ablation emission. The 
Y-F relation for the sub-ablation emission induced by irradiation of the GaP(l10) surface 
with photons below the band-gap energy can be expressed as power functions F" [16], with 
m = 2-3 for the A component and m = 4-6 for the S component. These power indices are 
ascribed to the number of excitations required to induce the emission of W A S  associated with 
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each defect. The larger power index above m, m - 15, is partly attributed to the increase 
in the number of WBAs during a laser pulse [20]. The non-linear Y-F relations suggest 
that the mechanism of the laser-induced atomic emission from semiconductor surfaces is 
completely different from the MGR (Menzel, Gomer and Readhead) mechanism [21,22], 
which results in a linear Y-F relation. 

The spectroscopic studies of the sub-ablation emission yield and ALF provide further 
evidence that both processes are electronic. As reported for the GaP(110) [23] and 
GaAs(ll0) [18] surfaces, the yield of sub-ablation emission is substantially reduced when 
the photon energy crosses the band-gap energy. This rules out totally the possibility of 
Gao sub-ablation emission being induced by heating of surface layers due to bulk optical 
absorption. Furthermore Gao sub-ablation emission yield is enhanced at certain photon 
energies corresponding to the energies of electronic transitions involving intrinsic surface 
states for GaAs(ll0) [24], suggesting that two-dimensional electron-hole pairs (ZD e-h 
pairs) produced in the relaxed surface state are more effective in sub-ablation emission. 

for the GaP(110) surface does not change even if the photon energy crosses the band- 
gap energy, suggesting that the onset of the bulk optical absorption, which is the main 
heating source, does not influence the ablation process of GaP. 

In order to understand further the mechanism of sub-ablation emission and laser ablation, 
it is desirable to carry out systematic investigations of their photon-energy dependences 
for GaP and GaAs. Many ID-V compound semiconductor crystals have the zinc blende 
structure and their (1 10) surfaces relax in such a way that the group-IIl atoms move inwards 
and the groupV atoms move outwards. Because of this atomic relaxation, the surface 
electronic states, originating from the dangling bonds and separated into the lower occupied 
and higher unoccupied states, are removed from the fundamental gap. Although GaP was 
believed to be an exception in that the surface unoccupied state lay in the fundamental 
gap [25-311, recent photoemission experiments by Chiaradia et al [32] have suggested that 
practically there is no intrinsic surface unoccupied state below the edge of the conduction 
band. The accurate energy position of the unoccupied state of the GaP(l10) surface is still 
controversial. 

In view of the available limited wavelength range of dye lasers, the GaP(ll0) surface is 
particularly suitable for investigating the photon-energy dependence for sub-gap and above- 
gap photo-excitations. Excitations by photons below and above the band-gap energy are 
expected to induce different defect excited states: localized defect excited states or resonant 
states interacting with the continuum. Delocalized 2D and 3D e-h pairs are also produced 
by photons above the band-gap energy. It is to be noted that the bulk optical absorption 
coefficients of GaP and GaAs exhibit different photon-energy dependence: GaP and GaAs 
are indirect and direct semiconductors, respectively. 

The purpose of this paper is to reveal the correlation between laser ablation and sub- 
ablation emission by investigating their photon-energy dependences in detail. We have 
clarified the photon-energy dependences of the sub-ablation emission yield and the ALF near 
and above the band-gap energies for GaP(110) and GaAs(l10) surfaces. We have shown 
that ALFs for both of these surfaces are reduced, in a similar way as the photon energy 
increases above the bulk band-gap energy. The correlation between the laser ablation and 
the sub-ablation emission below, near and above the band-gap energies is discussed in detail. 

2. Experimental 

The experimental technique used in the present study is basically the same as published 
elsewhere [16]. The (110) sample surfaces, polished mechanically and then etched 
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chemically in a solution of HC1 : HNOl : HzO = 2 : 1 : I at 55 "C for GaP (n type, S 
doped) and HzS04 : HzOz : HzO = 3 : 1 : 1 at 60 "C for GaAs (n type Si doped), were 
placed in an ultra-high vacuum (UHV) chamber, in which emission of Gao atoms induced 
by laser irradiation was measured using the resonant ionization technique. The surface was 
cleaned by Ar+ ion sputtering (500 eV) and subsequent annealing for several minutes at 
550-500 "C for GaP and at 500-550 "C for GaAs. After these procedures the (1 10) surface 
was monitored by low energy electron difiaction (LEED) and Auger electron spectroscopy 
(m); clear (1 x 1) LEED patterns were found and no contamination above a detection limit 
of AES was detected on the surface before laser irradiation. 

The sample temperature was changed by changing the electric current through a W wire 
attached to the back of a sample holder. The temperature was monitored by a chromel- 
alumel thermocouple attached to the sample holder. The heat flow from the sample holder 
system was kept so small that the temperature difference between the sample itself and the 
sample holder was less than 20 K. 

Gao sub-ablation emission and ablation were induced by a 28 ns pulsed laser beam 
generated with an excimer-pumped dye laser (Lamda Physik, EMG203MSC and FL3002), 
which was incident on the surface with an angle of 45". In order to obtain the beam profile 
incident on the surface of the sample, a beam reflected by a mirror in the optical path 
to the sample was guided to a position equivalent to the sample surface, where the beam 
was shadowed partially by a movable knife edge and the transmitting beam fluence was 
measured with a calorimeter. The beam size estimated by taking the width at lle points 
of the peak fluence was typically 200 fim for both horizontal and vertical directions. By 
measuring the beam profile every time the laser wavelength was changed, it was possible 
to compare the fluences for different wavelengths with an accuracy of 15%. 

The emitted Gao atoms were resonantly ionized by a laser beam from another excimer- 
pumped dye laser system incident parallel to the surface of the sample. The ionized atoms 
were collected to a microchannel plate: the detection system was equipped with a time- 
of-flight capability that could detect ionized Gao atoms separately from other impurity ions 
such as alkali-metal ions. The Ga+ ion signal was found to be extremely small for laser 
fluence below and near ALP. The present technique allows the detection of only Gao atoms, 
but we expect that P or As atoms of almost the same number as Gao atoms are emitted. 
The sensitivity of the detection system was high enough that lo-' monolayer atoms emitted 
by a single laser pulse can be detected. The sensitivity was determined by measuring the 
intensity of the signal of Gao atoms emitted from an Si surface on which a given amount of 
Gao atoms were deposited. The base pressure throughout the measurements of laser-induced 
emission was less than 2 x 

The sub-ablation emission yield obtained for several photon energies for the GaP(110) 
and GaAs(ll0) surfaces have been shown to be scaled by E = hu - EG(T) [23,24], where 
hu is the photon energy and &(T) is the bulk band-gap energy at the sample temperature T. 
Thus in obtaining the photon-energy dependences of the ALF and sub-ablation emission yield, 
we changed both the laser wavelength and sample temperature. The former is employed 
mainly for scanning the photon energy over a wide range and the latter for scanning E in 
a narrow range. Though changing the wavelength of a dye-laser system alters the beam- 
fluence profile, changing the temperature does not: the E scan by the latter method yields 
a more exact E dependence of ALF and sub-ablation emission yield. The temperature was 
scanned from 300 K to 700 K. A 100 K scan of the temperature corresponds to about a 
50 meV [33] scan of photon energy for GaP and GaAs. 

Pa. 



Electronic processes in laser-induced G$ emission 2701 

3. Experimental results 

3.1. Fluence dependence of the Gao emission yield below and above ablation laserpuence 

As pointed out in the introduction, the emission yield of Gao atoms changes both for GaP 
and for GaAs as the irradiation at the same spot is repeated. Figure 1 shows a typical 
Y-n relation obtained with photons of 2.07 eV for the GaP(II0) surface. The rapidly 
decreasing component (A component) and the slowly decreasing component ( S  component) 
are observed at 1.0 J cm-’, while the yield increases as the shot number increases at 
1.3 J cm-’. According to this result, the ALF lies between 1.0 J cm-* and 1.3 J cm-2. In 
practice, however. we determined the ALF by measuring the Y-F relation between yield Y 
and laser fluence F as explained later. 

10 

Figure I. The shot number dependence of Gao emission 
yield for repeated irradiation on the same spot of the 
GaP(I10) surface for laser Buences of 1.0 J cm-’ and 
1.3 1 cm-l and photons of 2.07 eV. 

0 0 
NUMBER OFLASERSHOTS 

Figure 2 shows the Y-F relations for fluences below and above ALF for the GaP(l10) 
surface and figure 3 shows those for the GaAs(ll0) surface. Both figures show the Y- 
F relations for photons (a) below, (b) near and (c) above the bulk band-gap energies. 
The E value is shown in each figure and is used as an energy scaling factor. E&) is 
obtained using the empirical formula given by Panish and Casey 1351 as &(TI (in eV) 
= 2.338 - 6.3 x 
T2/(T  + 300) for GaAs. The emission yield is found to be a superlinear function of F 
for all cases, and each Y-F relation can be fitted by a power function as shown on the 
log-log plot in the lower panel of each figure. All data were taken at room temperature 
(297 K) except figure 3(b), for which 350 K was employed. In the figures, open circles 
denote the Y-F relation obtained for a fresh spot, while full triangles and squares are those 
obtained after the A component is eliminated by repeated irradiation. Squares denote the 
data points for the fluences where the increasing Y-n relation was observed. Thus, for 
photons below the band-gap energies for both GaP and GaAs (figures 2(a) and 3(a)), the 
open circles denote the Y-F relation for the A component and the full triangles denote that 
for the S component, while the squares denote the Y-F relation leading to ablation. The 
power indices above ALF are larger than 10 and much higher than those for the A and S 
components. We determined ALF as a fluence that gives a yield of three units in the Y-F 
relation showing a power index larger than 10. According to these figures, ALF for the 
GaP(I10) surface was found to be 1.15 J cm-’ and that for GaAs(ll0) to be 400 mJ cm-’. 

The Y-F relations for photons near the band-gap energies (figures 2@) and 3(b)) are 
substantially different from those for photons below the band-gap energies. The difference 
is clearer in the result for GaP (figure 2(b)): the yield for a fresh spot on the surface does 

T 2 / ( T  + 460) for GaP and EG(T) (in eV) = 1.522 - 5.8 x 
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Figure 2. The laser Ruence dependence of Gao emission yield for GaP(110) at room temperature 
(297 K) for three differen1 photon energies of (a) 2.07 eV, @) 2.30 eV and (c) 3.44 eV. The 
values of E defined as e = hv - E&) are also s h o w  within the figure, where hv is the 
photon energy and EG(T) is the bulk band-gap energy al temperature 7,  obtained from 1331. 
The emission yields are plotted OD a linear scale in the upper panel and on a logarithmic scale 
in the lower panel for each photon energy. The power indices ohmined from the  log-log plots 
of (a) are 2.6, 5.4 and 11.2 for the A and S components and laser ablation, respectively. that of 
@) is 10.0 for laser ablation and that of (e) is 15.0 for laser ablation. 

not increase abruptly until the fluence crosses 1.1 J cm-'. The Y-F relation in this fluence 
range shows a power dependence with a power index of 10. We determined the ALF to be 
1.3 J cm-* from this figure. Only a small amount of emission, of the order of the noise 
level and not very dependent on fluence, is observed below ALP. A similar difference is 
observed for GaAs (figure 3(b)) as well: a rapid increase in the yield is observed only for 
laser fluence above 500 mJ cm-2. Similarly as for GaP, we determined the ALP for GaAs to 
be 540 J cm-' from figure 3 (b). These results indicate that the Y-F relations characteristic 
of the A and S components are absent at E = 0.031 eV for GaP and at E = -0.035 eV for 
GaAs. 

For photons above the band-gap energies (figures 2(c) and 3(c)), a difference in sub- 
ablation emission of the GaP(I10) and GaAs(ll0) surfaces is evident: the A and S 
components are observed for GaAs but absent for GaP. It is also clear that the ALF is 
much smaller in this case than those for photon energies below the band-gap energies for 
both GaP and GaAs. Further details of the E dependences of the sub-ablation emission yield 
and ALF for the GaP(ll0) and GaAs(l10) surfaces are described in the following sections. 

3.2. Temperature dependences of ablaiion loserfluence and sub-ablation G 8  emission yield 
for sub-band-gap photons 

We have investigated the temperature dependence of sub-ablation emission yield and ALF 
for the GaP(I10) surface in the photon energy range between 1.35 eV and 2.00 eV, where 
only direct defect excitation is the cause of the sub-ablation emission and laser ablation. 
Figure 4 shows the temperature dependence of the sub-ablation emission yield for several 
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Figure 3. The laser fluence dependence of Gao emission yield for GaAs(ll0) for fhree different 
values of E:  (a) E = -0.087 eV; (b) E = -0.035 eV and (c) E = 1.10 eV. E is defined as 
E = hu - E d T ) ,  where hu is the photon energy and EG(T)  is the bulk band-gap energy at 
temperature T. obtained from 1331. These values of E were obtained for photons of (a) 1.35 eV 
and ( c )  2.53 eV at room temperature (297 K) and for photons of @) 1.38 eV at 350 K. The 
emission yields are plolted on a linear scale in the upper panels and an a logarithmic scale in the 
lower panels. The power indices obtained from the log-log plots of (a) are 2.6, 3.6 and 11.4 for 
the A and S component and laser ablation. respectively, that of (b) is 14.1 for laser abhtion and 
those of (e) are 3.8, 6.4 and 15.2 for the A and S components and laser abhiion, respectively. 

sub-band-gap photon energies. The data points in the figure include the results of the 
temperature dependence of the S-component yield obtained at several spots on the surface 
for several photon energies; the plots of the same symbol showing different yield at a 
given temperature were obtained at different spots. The overall temperature dependence is 
found to be very weak, although the results show an unsystematic distribution of data points 
beyond the experimental error. Such a distribution seems to arise from the difference in 
the temperature dependence of the optical absorption coefficient of a specific defect state 
involving the emission of Gao by photons of a given energy. 

Figure 5 shows the temperature dependence of ALF for a photon energy of 1.70 eV. Two 
different positions on a sample were taken to obtain ALF at each temperature. Since the ALF 
depends on the location of an irradiated spot, we can only conclude from the experimental 
results of figure 5 that the ALF decreases slightly as the temperature increases or is almost 
independent of temperature. 

3.3. Photon energy dependences of' ablation laser fluence and sub-ablation Gd emission 
yield 

3.3.1. Near the band-gap energy. In this section we describe the photon-energy dependences 
of sub-ablation emission yield and ALF for the GaP(l1O) and GaAs(l10) surfaces at photon 
energies near the band-gap energies. A detailed photon-energy dependence of the sub- 
ablation emission yield and ALF for a short range scan around the band-gap energy ( &NO) 
is obtained by changing the sample temperature. 
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Flgure 4. The temperature dependence of Gao sub- 
ablation emission yield for several photon energies 
below the band-gap energy for the CaP(II0) surface. 
The yield obtained with laser beams of several photon 
energies W e s n  300 K and 350 K were taken to be 
unity, An error bar is shown only for the data point at 
3M) K but is nearly the same lor olher data points. 

Figure 5. The temperature dependence of ablation laser 
Ruence (Am) for photons of 1.70 eV for GaP(1 IO). 

-0.039 eV, for l i e r  Euencesof (a) 0.5 J cm+ and (3) 0.16 1 cm-l for 
photons slightly below the band-gap energy (2.14 eV) lor GaP(110). 
E is defined as E = hv  - Eo(T), where hv is the photon energy and 
Eo(T) is the bulk band.gap energy at temperature 7, obtained from 
1331. The sample temperature was changed from 300 K to 500 K for 
fixed photon energy lo change the value of E .  

0 100 

NUMBER OFLASER SHOTS 

Figure 6 shows the Y-n relation for the sub-ablation emission at a photon energy of 
2.14 eV and laser fluence of  (a) 0.5 J cm-' and (b) 0.16 J cm-'. The value of E was 
altered at n = 100 by changing the temperature from 300 K to 500 K. Figure 6(a) shows 
that the emission yield, after it becomes nearly constant after repeated irradiation, decreases 
substantially when E is increased. No similar substantial reduction in the emission yield, 
however, is observed when laser pulses of the lower fluence are employed. This residual 
emission is of the same nature as those shown in figure 2(b) and (c). 
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Figure 7. Ablation laser Ruence (U) and Gd’ subablation emission yield for photons slightly 
below the band-gap energies for GaP(II0) as a function of E = hv - EO(?-). where hv is 
L e  photon energy and E d T )  is the band-gap energy at temperature T .  Ec (T)  for GaP is 
obtained using the empirical formula. E&) = 2.338 - 6.3 x T2/ (T  + 460), from [33]. 
These E dependences were obtained by changing the sample temperature between 300 K and 
700 K for photons of 2.07 eV (open squares) and 2.14 eV (open circles) for ALF and those of 
2.03 eV (full triangles). 2.07 eV (open diamonds) and 2.14 eV (full circles) for the sub-ablation 
emission yield. The laser fluences for inducing the sub-ablation emission were about half lhe 
ALF at 3W K for each photon energy. The sub-ablation emission is substantially reduced amund 
E = -70 meV. as indicated by a solid line. 

Figure 8. Ablation laser Ruence (AD) and Ciao sub-ablation emission for GaAs(l IO) for photons 
near the band-gap energy as a function of E = hu - EG(T), where hu is the photon energy and 
EdT) is the bulk band-gap energy al temperature T. &(T) for GaAs is obtained using the 
empirical formula, EG(T) = l.S22-5.8~10-~ T2/(T+300). from [33]. These E dependences 
were obtained by changing L e  sample temperature between 300 K and SO0 K for pholons of 
1.35 eV (open circles) and 1.38 eV (full circles) for ALF and for photons of 1.35 eV (open 
squares) and 1.38 eV (full squares and shondashed line) for the sub-ablation emission yield. 
The solid line and long-dashed line indicate E dependences of sub-ablation emission yield for 
photons of 1.35 eV and 1.36 eV, respectively, obtained from [IS]. 

Figure I shows the sub-ablation emission yield of the S component for photons of 
energies of 2.03, 2.07 and 2.14 eV and also the ALF for photons of energies of 2.M eV 
and 2.14 eV, plotted as a function of E for GaP(1 lo), obtained by varying the temperature. 
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As shown by the solid line, sub-ablation emission yield is substantially reduced around 
E = -70 meV. On the other hand, the ALP depends little on E :  i.e. the crossing of the 
photon energy over the band-gap energy does not influence the ALP. 

A similar E dependence of sub-ablation emission yield for photons of 1.35, 1.36 and 
1.38 eV and that of ALF for photons of 1.35 eV and 1.38 eV for GaAs(ll0) are shown 
in figure 8; the results for the sub-ablation emission for 1.35 eV (solid line) and 1.36 eV 
(dashed line) have been published elsewhere [18]. Open squares and full squares with a 
dotted line are the results of the E dependence of the sub-ablation emission yield for photons 
of 1.35 eV and 1.38 eV, respectively, obtained with the same sample as used to obtain the 
E dependence of ALF. The sub-ablation emission yield is substantially reduced in the range 
from E = -50 meV to E = -70 meV, depending slightly on the photon energies of the laser 
pulse, and recovered near E = 0. The difference in the E dependence of the sub-ablation 
emission yield observed in GaAs and GaP can be attributed to the difference in their bulk 
band structures, which is direct for GaAs and indirect for GaP, as will be discussed later. 
The ALF obtained for photons of 1.35 eV (open circles) and 1.38 eV (full circles) shows 
a little E dependence: the ALF between E = -45 meV and E = -10 meV is about 40% 
higher than those at higher and lower E .  ?his seems to be correlated to the reduction of 
sub-ablation emission yield in the same E range for daAs(ll0). 

3.3.2. Above the band-gap energy. We measured the ALF as a function of E for the 
GaP(I10) and GaAs(ll0) surfaces and the sub-ablation emission yield for GaP(110) for E 

> 0. Figures 9 and 10 show the E dependences of (a) ALF and (b) sub-ablation emission 
yield for GaP and GaAs, respectively. Figure lO(b) is reproduced from the E dependence 
of the sub-ablation emission yield for the GaAs(ll0) surface reported by Kanasaki et al 
[181. 

In figures 9(a) and lO(a), open circles indicate the E dependence of ALF obtained by 
changing the wavelength of laser pulses at 300 K and open squares indicate a similar E 

dependence obtained at 500 K. Data obtained at 400 K are also plotted at E = -10 meV and 
E = -40 meV for GaAs(1 IO). Solid lines in figures 9(a) and lO(a) indicate the bulk optical 
absorption coefficient (Y of GaF' [34,35] and GaAs [36,37], respectively. The E dependences 
of ALF for both GaAs and GaF' are similar: they start to decrease at E = 0.2-0.3 eV and 
decrease further at E = 0.8-1.1 eV. 

Data points in figure 9(b) are obtained by changing the temperature for several photon 
energies. The sub-ablation emission yield is extremely small in CaP for E z 0. For the 
GaAs(l10) surface, a correlation is found between the E dependence of ALF and that of 
the sub-ablation emission yield the former shows stepwise reductions in the energy range 
E = 0.2-0.7 eV and 1.1-1.5 eV, while the latter increases in nearly the same energy range 
E = 0.4-0.7 eV and 1.1-1.2 eV. A similar correlation cannot be obtained for GaF'(110), in 
which the sub-ablation emission yield is reduced at E = -70 meV and does not recover as 
it does in the case of GaAs. 

4. Discussion 

As described in section 1, the sub-ablation emission originates from on-surface-type defects 
(adatoms and steps), while the emission near the ALF originates from sub-surface-type 
defects (vacancies). We will first discuss the general feature of the Y-F and Y-s relations 
for these two types of defect, which are listed in table 1. 

Evidently the power indices for the Y-F relation for sub-surface-type defects for GaP 
and GaAs in a wide photon-energy range are larger than those for on-surfacetype defects. 
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h v - W T  (ev) 
FIgure 9. (a) Ablation laser Ruence (ALF) and (b) Gao sub-ablation emission yield for GaP(1 IO) 
as a function of E = h v  - Eo(T), where hv is the photon energy and Ec(T) is Ihe bulk 
band-gap energy at tempemure T, obtained from [33]. A solid line indicates the bulk optical 
absorption coefficient (e) of GaP, obtained from I341 and 1351. We e dependence of ALF was 
obtained by changing the laser wavelength at 300 K (open circles) and 500 K (open squares). 
The data plots for subablation emission yield are compiled f" the results of e dependences 
of Ciao sub-ablation emission yield obtained by changing temperam beween 300 K and 500 K 
for several fixed photon energies in the range of 2.07-3.44 eV. A solid line shows that the 
sub-ablation emission yield is substantially reduced around E = -70 meV and is not recovered. 

The results are consistent with the suggestion that the laser ablation is initiated by vacancies 
on the surface; the emission of W A S  associated with vacancies on the surface leads to 
evolution of vacancy clusters and hence increases the number of WAS [16]. Thus the Y-F 
relation involves the contributions of the bond breaking and of the increase in the number of 
WAS during a laser pulse. It has been shown that the latter contribution gives a quadratic 
relation, and that the overall F dependence is given by Y a (F")*, where m' is the power 
index required to break a WBA bond [ZO]. Thus although the power indices for the emission 
above ALF are higher than those for the sub-ablation emission, it appears that the number 
of excitations for breaking the bonds for WAS on vacancies or sub-surface-type defects lies 
in a range of five to seven, and similarly for the on-surface-type defects. According to the 
present results, the power indices responsible for breaking the bonds are in the range two 
to seven for all defect types in GaAs and GaP. 

Both sub-surface-type and on-surface-type defects can comibute to the emission induced 
by photons below the band-gap energies, due to the multiple electronic excitation of defects 
leading to bond breaking [16]. The reduction of the sub-ablation emission yield is observed 
slightly below the bulk band-gap energies for GaP and GaAs; stepwise for GaP and resonant 
type for GaAs. The increase of ALF. which corresponds to the decrease in the sub-ablation 
emission yield, has been observed only for GaAs and not for GaP. The photon-energy 
dependences of ALF above the band-gap energy for GaP and GaAs are very similar. 

Sub-ablation emission and ablation induced by sub-band-gap photon energies, can only 
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Figure 10. (a) Ablation laser fluence (U) and (b) Ciao sub-ablation emission yield for 
GaAs(l10) as a Function of E = hv - EG(T), where hv is the photon energy and Eo(T) 
is the butk band-gap energy at temperature T. obtained from [33]. A solid line indicates the 
bulk optical absorption ccefficient (U) of GaAs, obtained &om 1361 and [371. The E dependence 
of ALF was obtained by changing the laser wavelength at 300 K (open circles), 400 K (open 
triangles) and 500 K (open squares). (b) is reproduced from []SI. 

be ascribed to photon absorption by defects. The temperature dependence of the sub- 
ablation emission yield and ALF for photons below the band-gap energy may involve both 
the cross section for optical excitation of the defects and the efficiency of atomic ejection 
at the excited state. The fact that there is little temperature dependence for several photon 
energies suggests that the temperature dependence of the cross section is small and also that 
the optical absorption band due to defect transitions is broad. Such a broad optical absorption 
band is characteristic of defects that involve strong electron-lattice coupling [38]. 

Formation of a re-sonance excited state in which a defect excited state interacts with 
an exciton state is considered to induce the transfer of the defect excitation energy to the 
bulk, reducing the sub-ablation emission yield. Another way of interpreting the cause of 
the reduction of the yield is the resonance energy transfer from the defect excited state to 
the bulk exciton. From the point of view of the multiple excitation model, such an energy 
transfer to the bulk that occurs at any stage of a series of multiple excitations will prohibit 
the emission. In order that the sub-ablation emission yield is reduced, such a transfer should 
occur before the start of relaxation of the defect excited slate leading to the emission. We 
presume that such a rapid transfer of the defect excitation energy to the bulk is the cause 
of the reduction of the yield near the bulk band-gap energy. 

The reduction in the yield of the sub-ablation emission near the band-gap energy is 
observed for the on-surface-type defects in both GaP and GaAs; stepwise in the former and 
resonant type in the latter. For GaAs. which is a direct semiconductor, the exciton state 
near the bulk band-gap energy perturbed by defects on the surface consists predominantly 
of the excitons at the r point. Thus the resonant energy transfer from the defect excited 
slate on the surface to the bulk can occur only in the energy range of the exciton at the r 
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point. On the other hand, the similar perturbed exciton state near the indirect band gap of 
GaP consists of excitons that have different translational momentum and hence extends to 
a higher energy above the indirect band gap [39]. Therefore the resonance energy transfer 
for GaAs is expected to be limited to the near-band-gap energy range, while that for GaP 
is expected to extend to higher energies. It i s  to be noted that these considerations suggest 
further that the bulk excitation does not make any contribution to the sub-ablation emission. 

Another difference between GaP and GaAs is that an increase in the ALF near the band- 
gap energy is observed only for GaAs and not for GaP (figures I and 8). If the same 
mechanism of the resonance transfer used to account for the reduction of the sub-ablation 
emission yield can be applied to explain the increase in ALF, then one expects an increase 
in ALF near the bulk band-gap energy for both GaP and GaAs. However a resonant-type 
increase is observed only in GaAs. Two competing processes are conceivable for the transfer 
of the energy of defect excitation to the bulk: the resonant energy transfer. as described 
above, and the migration of the excitons away from the surface into the bulk. The former, 
which causes a decrease in the sub-ablation emission yield and an increase in the ALP, 
appears to be more favourable for the decrease in sub-ablation emission yield in GaAs and 
GaP and for the increase in the ALF of GaAs. The experimental result that no change in 
ALF is observed for GaP appears to indicate that the migration of the excitons generated 
by the resonant energy transfer is inhibited for sub-surface-type defects in GaP and that the 
exciton excitation energy is dissipated by defects. 

For photon energies above the band-gap energy, we note in particular that the photon- 
energy dependences of ALF for GaP and GaAs are very similar: it decreases at & - 0.3 eV 
and again at E - 1.0 eV. These results are important with respect to two points of view: 
(a) the photon-energy dependence of the bulk optical absorption coefficient for GaP and 
GaAs is completely different but the those of ALF are similar; and (b) the photon-energy 
dependence of the sub-ablation emission yield is correlated with that of ALF for GaAs. 

The bulk optical absorption coefficient changes abruptly across the bulk band-gap energy 
for -0.1 eV < E < 0.3 eV, by three orders of magnitudes for GaP and by four orders 
of magnitudes for GaAs, yet there is almost no decrease in ALF in this energy range. The 
change in optical absorption coefficient for 0.3 eV < E < 1.0 eV for GaP is two orders 
of magnitude and only by a factor of five for GaAs, but ALF changes by a factor of three. 
Thus there is no direct correlation between the bulk optical absorption coefficient and the 
ALF (191. 

The correlation between the photon-energy dependences of ALF and the sub-ablation 
emission yield for GaAs suggests that the process that enhances the sub-ablation emission 
yield reduces the ALF. Kanasaki er a/ [24] have suggested that the stepwise enhancements 
of the sub-ablation emission yield for the GaAs(l10) surface occur at photon energies 
corresponding to the direct transitions from the surface occupied state [40] to the bulk 
conduction band and to unoccupied states [41] at the point. The correlation for GaAs 
suggests that the decrease of the AW can be explained in terms of the onset of the transitions 
involving the surface states. The transition from the occupied surface state to the unoccupied 
bulk state for GaP has been found to occur at E- 0.5 eV [42]. The experimental results for 
the energy of  transition from the occupied surface state to the unoccupied surface state for 
GaP are scattered and in the range of E = 0.2-1.2 eV [31,43,44]. Therefore, it is not yet 
possible to draw any conclusion on the E dependence of ALF for GaP. However, because 
of the similar dependences of GaP and GaAs, we suggest that the same mechanism can be 
used to explain the E dependence of ALF as for GaAs. 

The reduction in ALF by the initiation of the surface optical transitions suggests that the 
2D e-h pairs confined within the surface states contribute to laser ablation very effectively. 
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The decrease in ALF at the onset of the transitions involving the surface occupied states 
can be atmbuted to the increase in the number of excitations confined to the surface. The 
absence of enhancement of the sub-ablation emission yield for GaP at these photon energies 
suggests that the escape of the excitation energy of the on-surface-type defects to the bulk 
excited state is particularly effective for GaP. Further detailed theoretical studies are needed 
to reveal the interactions between the excited states of defects on surfaces, surface excitons 
and bulk excitons. 

5. Conclusion 

In conclusion, we have investigated here the photon-energy dependences of laser-induced 
sub-ablation emission yield and ablation laser fluence (ALF) for the GaP(110) and GaAs(110) 
surfaces using the high-sensitivity measurements. The sub-ablation emission yield is found 
to be substantially reduced for photons slightly smaller than the band-gap energy for both 
the GaP(110) and GaAs(ll0) surfaces: the reduction is stepwise for GaP and resonant 
type for GaAs. For laser ablation we presented evidence that its initial process is purely 
electronic: we found that the photon-energy dependence of ALF for both GaP and GaAs 
determined by high-sensitivity measurements shows no direct correlation to that of the bulk 
optical absorption coefficient. Furthermore the photon eneIgy dependence of ALF shows a 
rather good correlation to that of the sub-ablation emission yield for GaAs(l10). suggesting 
that the reduction of the ALP can be ascribed to the onset of the transition involving surface 
intrinsic states. We have presented a mechanism to interpret the photon-energy dependences 
for the laser-induced defect-initiated atomic emission from the GaP(ll0) and GaAs(ll0) 
surfaces on the basis of the band structures of bulk and surface and the interaction of defect 
states with the bulk and surface intrinsic states. 

Acknowledgments 

The work is partially supported by Grant-in-Aid of Ministry of Education, Science and 
Culture. The authors express their gratitude to Professor R T Williams for suggesting the 
method of determining the laser fluence on the sample. 

References 

[I] Svitzlrer B, Pospieszczyk A and Tagle J A 1981 P h y .  Rev. Len. 47 356 
[2] Liu 1 M. K m  Y H and Bloembergen N 1981 Appl. Phys. Len. 39 755 
[3] Ichige M. Matsumoto Y and Namiki A 1988 NueL Instrum. Mefhods B 33 820 
141 Kelly R, Cuomo 1 I. Leav P A. Rothenberg 1 E, Braren B E and Aliotta C F 1984 Nuci. Insfrum Merhodr 

[SI Dreyfus R W, Kelly R and WaIkup R E 1986 Appi. Phys. Lett. 49 1478 
161 Sutcliffe E and Srinivasan R 1986 J. Appl. Phys. 60 3315 
[n Dyer P E  and Sidhu 1 1984 J.  Appl. Phys. 57 1420 
[SI Garrison B 1 and Srinivasan R 1984 J. Appl. Phys. 57 2909 
[9] Dye R C, Muenchausen R E and Nogar N S 1991 Chem. Phys. Letf. 181 531 
[IO] Dyer PE, Greenough R D, h a  A and Key P H 1988 Appl. Phys. Left. 53 534 
1111 Koren G, Gupta A, Baseman R I, Lutwyche M I and Laibowitz R B 1989 Appl. Phys. Len. 55 2450 
[I21 Haglund R F Jr and Itoh N 1993 h e r  Ablation: Principles andApplicafions ed J C Miller (Berlin: Springer) 
[I31 von Allmen M 1987 Laser-Beam Interactions wirh Marerials (Berlin: Springer) 
(141 Hick, J M, Urbach L E, P l w r  E W and Dai H-L 1988 Phys. Rev. Len. 61 2588 

B 9 329 



2112 A Okano et a1 

[I51 Hattori K. Okano A. Nakai Y. ltoh N and Haglund R F Jr 1991 1. Phys.: Condens. Matter 3 7W1 
[I61 Hattori K. Okano A, Nakai Y and Itoh N 1992 Phys. Rev. B 45 8424 
[I71 Nakai Y, Hatori K, Okano A, Itoh N and Haglund R F l r  1991 Nucl Instrum Methods. B 58 452 
I181 h a s a k i  1, Okano A. lshikawa K, Nakai Y and Itoh N 1993 J, Phys: Condenr. Moner 5 6497 
[I91 Okano A, Nakai Y and ltoh N to be published 
[201 Okano A, Matsuum A Y, Hattori K, Itoh N and Singh 1 1993 3. Appl Phys. 73 3158 
[21] Menzel D and Gomer R 1964 J.  Chem Phys. 41 331 
(221 Readhead P 1964 Con X Phys. 42 886 
[U] Okano A, Hattori K, Nakai Y and ltoh N 1991 Sue Sci. 250 U71 
[NI Kanasaki I. Okano A, Ishikawa K. Nakai Y and itoh N 1993 Phys. Rev. ktf. 19 2495 
[SI Manghi F, Benoni C M, Calandm C and Molinari E 1981 Phys. Rev. B 24 6029 
[26] Eastman D E and Freeouf I L 1975 Phys. Rev. Lett. 34 1624 
[27] Huijser A. Laar J V and Rooy T L V 1977 S u e  Sci. 62 472 
[28] Noman D, Mdjovem I T and Noms C 1977 Phys. Lert 63A 384 
[29] Guichar G M, Seknne C A and Thuault C D 1979 3, Vac Sci. Technol. 16 1212: 1978 Su$ Sci. 86 789 
[30] Straub D, Dose V and Altmann W 1983 Sue Sci. 133 9 
[31] Straub D, Skibowski M and Himpsel F 1 1985 1. Vac. Sci. Technol. A 3 1484 
[321 Chiamdia P, Fanfoni M, Nataletti P. Padova P D, Brillson L 1. Slade M L. Viturro R F., Kilday D and 

Margaritondo G 1989 Phys, Rev. B 39 5128 
[33] Panish M B and Casey J H C 1968 3. Appi. Phys. 40 163 
[34] Spitzer W C, G e n h e m n  M, Frosch C J and Gibbs D G 1959 J. Phys. Ckem. Solids 11 339 
I351 Davey J E and Pankey T 1969 J.  Appl. Phys. 40 212 
[36] Sturge M D 1962 Phys. Rer. 127 768 
[37] Aspnes D E and S h h a  A A 1983 Phys. Rev. B 27 985 
[38] Fowler W B (ed) 1968 Physics of Color Centers (New York: Academic) 
[39] Faulkner R A 1968 Phys. Rev. 175 991 
1401 Huijser A. Laar I V and Rooy T L V 1978 Phys. Lett. 65A 337 
[41] Straub D, Skibowski M and Himpsel F J 1985 Phys. Rev. B 32 5237 
1421 Sold F, Jerequel G. Barski A and Pinchau R 1984 Solid Sfate Commun. 52 37 
[43] Carstensen H, Claessen R, Man& R and Skibowski M 1990 Phys. Rev. B 41 9880 
[MI Riesterer T. Perteni P. Tschudy M and Reihl B 1987 Su$ Sci. 189il90 795 


