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Defect-initiated emission of Ga atoms from the GaAs (110) 
surface induced by pulsed laser irradiation 
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Noriaki Itoh 
h p ~ m e n t  of Physics, Faculty of Science. Nagoya University, Furocho, Chikusaku, Nagoya 
464-01, lapan 

Received 4 May 1993 

Abstract. We have measured the Gao emission yield from GaAs(1 IO) surfaces for laser pulses of 
several photon energies near the band-gap energy 1.435 eV. ranging from 1.33 eV to 2.53 eV. 
Similarly to the case for emissions of Si atoms from Si(100) and of Ga atoms from GaP 
surfaces, we find that the Gao emission yield, under rep ted  irradiation with laser pulses at 
Ruences smaller than that for ablating the surface, decreases hom its initial value rapidly at 
first and then slowly, while repeated irradiation by laser pulses above the ablalion lhreshold 
Ruence increases the emission yield gradudly. It is found that the Gao emission yield for laser 
pulses below the ablation lhreshold depends strongly on the photon energy hu: h e  emission 
yield is relalively small for hv c 1.39 ev (region I): the emission yield is essentially zero for 
1.39 eV < hv < 1.42 eV (region 11); and the yield increases in a slepwise fashion when the 
photon energy in-es across the msilion energies involving surface states for hv > 1.42 eV 
(region 111). It is suggested that the emission for region I is induced by electronic excitation 
of defeca on the surface, while that for region In is induced most dominantly by elecmonic 
transitions involving surface states. It is also found that the yield is a power function of the 
laser Ruence with power indices 2 4  for the rapidly decaying component and 4-7 for he slowly 
decaying componenl, depending on !he photon energy. 

1. Introduction 

Defects on solid surfaces have been a topic of major importance because of the role played 
by the defects in surface catalysis [I1 and in epitaxial growth of superlattices [Z]. The 
invention of scanning tunnelling microscopy (STMI has revealed the existence of several 
types of defect on so-called cleaned surfaces [3\. It iS suggested also that the STM technique 
can be used for the elimination of atoms on-tattice points on surfaces 141 and deposition 
of atoms on specific sites on surfaces [ 5 ] .  However, since the observation and control of 
defects by means of STM is limited to a smaii surface area, a technique for characterizing 
and controlling defects over a large area on surfaces has to be developed. 

Recently, high-sensitivity measurements, using resonant ionization spectroscopy (RIS). 
of Ga" emission from the GaP(Tii) [6] and GaF'(I IO) surfaces [7,8] and of Si" emission 
from the Si( I IO) surface [9] induced by pulsed laser irradiation, have demonstrated that the 
particle emission is initiated by defects on &&faces. The emission yield under repeated 
irradiation of the same spot on the surfaces, with laser pulses of a fixed fluence below 
the ablation threshold, is shown to decrease first rapidly from the initial value and then 
slowly, even after thousands of laser shots. Similar measurements for irradiation with laser 
pulses above the ablation threshold, detected by low-energy electron diffraction (LEED) have 
shown that the yield increased as the irradiatioo was repeated. Several types of defect are 
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differentiated by the yield versus shot-number relation; the rapidly decaying component (A 
component) is ascribed to emission from adatom-type defects, from which elimination of 
a weakly bonded atom (WBA) leaves a defect-free surface; the slowly decaying component 
(S component) is ascribed to emission from kink-type defects, from which elimination of a 
WBA leaves a WBA of nearly the same atomic structure; and the increasing component (D 
component) is ascribed to emission from vacancy-type defects, from which elimination of 
a WBA increases the number of WBAS on the surface 171. 

One of the characteristics of defect-initiated emission is that the yield depends strongly 
on the photon energy. In the case of Gao emission from the GaP(110) surface, the emission 
was observed by laser pulses with photon energies below the indirect band-gap energy, while 
it was diminished almost completely as the photon energy increased across the band-gap 
energy [IO]. It has been argued that the emission is induced by electronic excitations of the 
surface states below the conduction-band edge and/or by excitations of the defects on the 
surface. Further detailed comparison of the excitation spectrum for Ga emission with the 
surface band structure has not been carried out, pmly because the location of the surface 
valence and conduction bands relative to the bulk bands for GaP is still controversial [ 11,l2]. 
The GaAs(1 IO) surface is of most interest for studies of the excitation spectrum, since the 
surface electronic structures have been studied in detail; occupied and unoccupied surface 
states on the GaAs(l IO) surface are swept from the band gap [13,14], while surface defect 
states are found within the band gap [15,161. 

The purpose of the present paper is threefold. First, we demonstrate that defect-initiated 
emissions of Ga atoms from the GaAs(ll0) surface, similar to those from Gap surfaces, 
indeed take place. Second, we report that the excitation spectra for defect-initiated Gao 
emission from the GaAs(l10) surface for photon energies ranging from 1.33 eV to 253 eV, 
across the bulk band gap Ex = 1.435 eV, reflect the surface and bulk band structures. Third, 
the yield of Ga atoms is found to be a power function of the laser fluence, with power indices 
of 2-4 for emission from adatom-type defects and 4-7 for that from kink-type defects. 

2. Experimental details 

A GaAs(l IO) (n-type, Si-doped) wafer measuring IO mmx 12 mmx0.445 mm was mounted 
on a manipulator placed in an ultra-high-vacuum (UHV) chamber of which the base pressure 
was 5 x 10"' Torr. The surface was cleaned by repeated cycles of AI+ bombardment 
(500 eV, 3 fiA cm-') followed by annealing to 800 K for 5 min in UHV. A W wire was 
attached to a Ta sample holder to heat the specimen, and the temperature of the Ta holder 
was measured using a chromel-alumel thermocouple. The temperature difference between 
the specimen and the sample holder was less than 20 K. After the cleaning procedures, the 
surface exhibited a sharp ( I  x I )  LEED pattern, and no residual contaminant on the surface 
was detected by Auger electron spectroscopy (AES). confirming that the stoichiometry at the 
surface is preserved. 

Laser pulses for exciting the surface ('pump' laser) with several photon energies ranging 
from 1.33 eV to 2.53 eV were used in this study. Pump laser pulses of 28 ns duration were 
generated by an excimer-laser-pumped dye laser system. The laser beam was incident at an 
angle of 45" to the surface and was focused to a spot 0.4 mm in diameter on the surface. 
The fluence of each laser pulse at the sample surface was evaluated by monitoring the 
output of a calibrated photodiode onto which a small fraction of the beam is directed by a 
beam splitter. The fluence was varied from 1 mJ cm-' to several hundreds of mJ cmm2 by 
placing filters in the path of the laser beam. 
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Emitted Ga" atoms induced by laser irradiation were detected using RIS as reported 
elsewhere [8 ] :  Ga" atoms emitted by a pump laser pulse were resonantly ionized by 'probe' 
laser pulses generated by another excimer-laser-pumped dye laser. The probe laser beam of 
28 ns duration consists of fundamental and frequency-doubled beams; the photon energy of 
the fundamental beam was tuned at 2.157 eV, half of the ZP~/2-ZDpp transition energy of 
Ga" atoms; the frequency-doubled beam was used for excitation and the fundamental beam 
for ionization of the excited atoms. The probe laser pulse was delayed by 3 . 0 ~ ~  from the 
pump laser pulse. The beam passed parallel to the surface at a distance of 20 mm and was 
focused in front of the spot irradiated with the pump laser pulse. 

Emitted particles including ionized Ga atoms and impurity ions such as Kt and Na+ 
ions [ 171 were detected by a multi-channel plate placed in a shielded box facing the surface. 
Signals due to impurity ions were separated from those due to neutral atoms by means of a 
time-of-flight mass-spectroscopic technique and by measuring the signat without the probe 
laser beam. The output signals were stored in a microcomputer through an analogue-to- 
digital converter. The detection limit of Ga" atoms by a laser pulse was estimated to be 
< monolayers (ML) [SI. 

In order to obtain the excitation spectra for laser-induced Gao emission, we varied the 
temperature of the specimen as well as the photon energy hv of the pump laser pulses. The 
temperature dependence of the Ga" emission yield at several photon energies was converted 
to the dependence of the yield on the difference between the photon energy and the band 
gap energy E,(T)  at the temperature of the specimen. The same method was used by Okano 
et ai [IO] for Gao emission from GaP(I 10) surfaces. 

3. Results 

The Ga" emission yield Y as a function of the shot number n of laser pulses with an energy 
of 1.35 eV, 0.09 eV below E,, incident on the same spot of the surface at 300 K is shown 
in figure 1. The laser fluence was fixed at ( a )  0.21 J cm-' and (b) 0.4 J c d .  Evidently, 
the Y-n relation for 0.21 J cm-a has a rapidly decaying component (A component) of 
the emission followed by a nearly constant component ( S  component), lasting even after 
1000 shots. It was found that the LEED pattem at the irradiated spot was unchanged after 
prolonged laser irradiation. For laser pulses with a laser fluence of 0.4 J cm-', on the other 
hand, the yield increases gradually as the shot number increases and then becomes nearly 
constant (D component). Permanent damage was introduced after repeated irradiation by 
0.4 J laser pulses. Since the increase of the yield as shown in figure I(b) was not 
observed below 0.4 J cm-', we determined the ablation threshold CJD to be 0.4 J cm-'. 

The temperature dependences of the S-component yield measured by repeated irradiation 
on the same spot of the G A S (  1 IO) surface with 0.21 J om-' laser pulses for photon energies 
1.33, 1.35 and 1.36 eV, are shown in figure 2. Each yield-versus-temperature curve consists 
of three regions, I, II and ID, bordered by two critical temperatures, TL and TH: emissions 
are observed in region I below TL and in region III above TH, while no emission is observed 
in region II, between TL and TH. 

In figure 3, the photon energy dependences of TH and TL are compared with that for 
the temperature TC at which the photon energy coincides with Eg, obtained by Panish and 
Casey [18]: E,(T) = 1.522-5.8~ 10-'TZ/(T+300). It isclearthat TH isalmost the same 
as Tc and vanes in parallel to Tc, while TL is significantly smaller than TC and shows a 
photon energy dependence different from TH and Tc. In view of these experimental results, 
we ascribe the temperature dependence of the Gao emission yield to the temperature-induced 
variation of the band gap. 
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Figure 1. The emission yield of Fao as a function of the shot number of 1.35 eV laser pulses. 
incident repeatedly on the same spot of a cleaned G M l  IO) surface at 3W K. at BuenEes of 
(a) 0.21 J cm-2 and (b) 0.4 J cm'*. For 0.21 J crK2 laser pulses. the yield decays rapidly 
from its initial value (A component) and becomes almost constant (S component). while the 
yield increases on repeated irradiation by 0.4 J cmW2 laser pulses. 
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F!ure 2. The temperature dependences of the S-companent yield of the Gao emission from the 
same spot of Ihe cleaned GaAsU IO) surface repeatedly irradiated by 0.21 J c W 2  laser pulses 
for sub-gap photon energies. 1.33, 1.35, and 1.36 eV. The yield becomes effectively zero at a 
temperature denoted by TL and S W  increasing again at a temperahue denoted by TH. 

We measured the temperature dependences of the S-componenl yield in the temperature 
range from 300 K to 550 K for several photon energies hv between 1.35 eV and 2.53 eV. 
The yield is plotted as a function of hv - E,(T) in figure 4. Evidently, the yield is scaled 
by hw - E,(T) except below the band gap, for which only the result obtained at 1.35 eV 
is shown. The figure includes the variation of the bulk optical absorption coefficient of 
GaAs with photon energy [19]. The yield increases as hu - E,(T)  increases from zero, and 
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Figure 3. The photon energy dependences of the 
temperatures TL and Tx ,shown in figure 2. Also shown 
is the photon energy dependence of the IemperaNre Tc 
at which the photon energy wlncides with the band-gap 
energy E, of GaAs. 

becomes constant at around 100 meV above E,. It is enhanced further when hu - E,(T) 
increases across 0.42 eV and 1.10 eV. Apart from the step-wise increases, the dependence 
of the yield on hu - E,(T) is extremely small. Evidently the variation in the yield as a 
function of hu - E,(T) does not follow the variation in the optical absorption coefficient, 
shown by a broken curve, 

So far, we have described the results of the spectroscopic studies for the S component 
of the emission. In order to see whether the temperature dependence of the A component 
is similar to that of the S component, we obtained the Y-n relations for laser pulses of 
1.35 eV at sample temperatures of 450 K (region 11, hu - E,(T) = -0.015 eV) and of 
550 K (region In, hv - E , ( T )  = 0.034 eV). Figure 5(u) and (b)  shows typical results 
obtained by laser pulses of a fluence of 0.21 J cm-’ at 450 K and at 550 K, respectively. 
Comparing these results with that of figure l(o) for region I, it is clear that the yields of 
the A component are almost the same for regions I and III, while the yield for region Il 
is much smaller. (Note that the scale of the abscissa is expanded for figure 3 0 )  and (b )  
compared with figure I@).) Similar results were obtained for several spots on the surface. 
It follows that the electronic transitions for region I1 are ineffective for both the A and S 
components of the emission. 

The relations between the yield Y and the fluence @ for the GaAs(l10) surface are 
found to be non-linear, similar to the GaP [SI and Si [9] surfaces. Figure 6(a )  and ( b )  
shows the Y-0 relations for the A and S components obtained with 1.35 eV and 2.53 eV 
photons, respectively, at 300 K. The Y - 0  relation for the A component was obtained by 
repeated irradiation of a previously unirradiated spot on the surface by increasing laser 
fluence gradually, while the Y-0 relation for the S component was obtained for the surface 
from which the A component is eliminated. Each curve exhibits a superlinear dependence 
of the yield on the laser fluence: there is an apparent threshold laser fluence above which 
the yield becomes appreciable. The threshold laser fluences of the A and S components 
are 60 mJ cm-’ and I10 mJ cm-’. respectively, for 1.35 eV photons, and 6 mJ cm-’ 
and 28 mJ cm-’, respectively, for 2.53 eV photons, at room temperature. Similar Y-@ 
relations were obtained on spots of surfaces with and without pre-irradiation to eliminate 
the A component. The power indices were in the range of 2 4  for the A component and 
4 7  for the S component The ablation threshold laser fluence for laser pulses at 2.53 eV 
was found to be 60 mJ cm-’, much smaller than the value of 400 mJ for 1.35 eV 
laser pulses. 
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Figure 4. The emission yield of Gao atoms as a function of hv - E8(T), where hv is the 
photon energy and Ez(T) is the band-gap energy at temperature 7 .  The dam plots are compiled 
from the resulls of the measurements of the temperature dependences obtained by laser pulses of 
several photon energies between 1.35 and 2.53 eV, A multiplication factor was used so hat the 
yields at h e  Same value of hv - E,(T) oblained at two different photon energies are identical 
The broken curve shows the optical absorption mfficient of GaAs obtained by Slurge [19]. 

4. Discussion 

The present results for the laser-induced Gao emission from the GaAs(ll0) surface exhibit 
several features typical of defect-initiated emission obtained for the Ga* emissions hom 
GaP(iii) [6] and (110) [7,8] surfaces and for the Sio emissions from Si(100) surfaces [91. 
First, the emission yield is a power function of laser Ruence with power indices of 2-7. 
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Figure 5. The ermssion yield of Gao as a function of the shot number of 1.35 eV laser pulses 
of a fluence of 0.21 J cm-' a( sample temperatures of (a )  450 K (region 11) and (b) 550 K 
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Figure 6. The laser fluence dependences of the A (open circles) and S (filled circles) components 
of the emission from (he CJAs(1 IO)  surface induced by ( 0 )  1.35 eV and (b )  253 eV Imr 
pulses a1 300 K. The threshold laser Auencer above which the emission (I appreciable are ( U )  

60 mJ cm-' and (b) 6 ml cm-' for Ihe A component and ( U )  110 mJ 
for the S component. 

and (b )  28 mJ 

Second, the emission yield is reduced by repeated irradiation with laser pulses first rapidly 
(A component) and then slowly (S component) below the ablation threshold fluence, while it 
increases above the ablation threshold (D component). Thus it appears that defect-initiated 
emissions of constituent atoms are generally observed in semiconductors. The A and S 
components have been ascribed to the emissions of WBAS from adatom-type and kink-type 
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defects on surfaces, respectively. while the D component has been ascribed to emissions 
from vacancy-type defects on surfaces. The decrease of the yield reflects the removal of 
defects and the increment reflects the growth of vacancy clusters. 

A mechanism for explaining the superlinear relation between Y and 0 has been 
suggested by Hattori et a1 181: the bond breaking leading to the defect-initiated emission 
occurs due to cascade excitations of defects on the surface: a metastable state induced 
after each excitation is excited successively within a laser pulse and emission occurs if an 
anti-bonding-type excited state emerges. Khoo et ai [20,21] argued that the anti-bonding 
state emerges by multiple excitation, since the (multi-)holes are transferred into inner defect 
orbitals. The value of the power index in the Y 4  rekition is indicative of the number of 
cascade excitations until the anti-bonding excited state emerges. The present results indicate 
that 2-4 cascade excitations are needed to break a bond of WAS at adatom-type defects 
and 4-7 cascade excitations are needed for kink-type defects. We presume that the value 
of the power index is larger for defects for which the surrounding atoms are bonded more 
strongly [22]. 

As shown in the preceding section, the defect-initiated Gao emissions from the 
GaAs(l IO) surface are observed for laser pulses in regions I and In. In view of theoretical 
and experimental studies of surface electronic structures of GaAs(l IO) surfaces [13,14], both 
occupied and unoccupied surface bands are swept from the bulk band-gap region. Thus we 
suggest that the emissions by photons in region I are caused by electronic excitations of the 
surface defects. We presume that the metastable states produced by the defect excitation as 
well as the initial defect state possess substantial optical absorption coefficients for photons 
slightly below the band-gap energy, and hence the superlinear dependence of the yield on 
fluence is conceivable. In fact, a very weak photon energy dependence has been observed 
in a wide photon energy range below the band-gap energy for GaP [23]. 

In order to assign surface optical transitions associated with the enhancements of the 
emission at hu - E,(T) = 0.42 eV and 1.10 eV, we compared these energies with the 
transition energies involving surface states. Figure 7 shows a schematic band StIUCNIe 
of the GaAs(ll0) surface including possible optical transitions at the point: TI, the 
transition from the occupied surface band to the unoccupied surface band; TI, from the 
occupied surface band to the bulk conduction band; and T3, from the bulk valence band 
to the unoccupied surface band. In view of normal and inverse photoemission experiments 
124.251. the differences TZ - E,(T) and T3 - E,(T) are estimated to be (0.5 k0.2) eV and 
(0.56 f. 0.1) eV. respectively. It follows that TI - Eg = TZ t T3 - 2Eg = (1.06 i~ 0.3) eV. 
Thus the stepwise rise in the yield at 0.42 eV is close to the T2 and T3 transition energies 
and that at 1.10 eV is close to the TI transition energy. 

According to theoretical calculations by Manghi er al 1261, the dipole moments of the TI 
and fi transitions are strongly oriented along the [I  TO] direction, the direction of the Ga-As 
chains on the surface, while that of T3 is almost isotropic In order to reveal the anisotropy 
for the optical transitions leading to the stepwise increase at hv - E g ( T )  = 0.42 eV and 
I .  I O  eV, the present authors have measured the temperature dependences of the Gao emission 
yield for laser pulses of photon energies of 1.88 eV and 2.53 eV, polarized along the [ I  TO] 
and [OOI] directions [27]. It has been shown that the steps are observed only for laser 
beams pOlanZEd along the [liO] direction. The results indicate clearly that the step at 
hu - E,(T) = 0.42 eV is due to the TI transition and that at 1.10 eV is due to the TI 
transition. 

The stepwise increases at TI and TZ indicate that the two-dimensional (2D) electron- 
hole (e-h) pairs generated io the surface states play an important role in the emission of 
Ga atoms from the surface. In view of the superlinear dependence of the yield on fluence, 
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Figure 7. A schematic band structure of lhe GaAs(1 IO) 
( I  x 1) surface. The broken curve shows the top 
of the highest mupied surFdce band obtained from a 
photoemission measurement lk chain curve indicates 
the theoretical results for the bottom of the lowest 
unoccupied surface band, and full CUNS show the hulk 
band svuctures 71 and T2 are lhe electronic transitions 
at the r point from the occupied surface band to the 
unoccupied surface band and to the bulk conduction 
band. rrspectively. and T3 is t h l  from the hulk valence 

r X M E’ 7 band to the unoccupied surface band 1141. 

the following two mechanisms of the emission initiated from ZD e-h pairs are conceivable. 
The first possibility is that a metastable state is generated by trapping a 2D e-h pair by a 
defect and the resulting metastable state is further excited by incoming photons. In this 
case the photon energy dependence is indicative of that of the number of 2D e-h pairs. 
An alternative mechanism is that the metastable state interacts with e-h pairs, leading to 
formation of the anti-bonding state. In this case, the photon energy dependence is indicative 
of the mth power of the photon energy dependence of the number of 2D e-h pairs, where m 
is the power index for the Y-@ relation. It is not yet possible to decide which mechanism 
is effective. Both models assume that the onset of the metastable state formation starts by 
the interaction of the 2D e-h pairs with defects on surfaces and the anti-bonding state is 
induced, in one case as a result of multiple excitation of the metastable state, and in the 
other as a result of the interaction of the metastable state with ZD e-h pairs. 

We note that the bulk optical absorption coefficient of GaAs increases steeply around 
the boundary between region I and II where the A and S components are reduced Thus 
an absence of emissions is observed in the photon energy range where the bulk optical 
absorption coefficient is considerably large. As suggested by Okano et ai [IO], we ascribe 
the reduction of the emissions to the transfer of the excitation energy into the bulk, owing 
to resonance interaction between defect excitation and the bulk excitation. It appears that 
phonons are involved in the resonance interaction, since the separation between Eg and 
the critical photon energy Ti  at which the yield becomes zero increases as the sample 
temperature increases. 

It has been suggested that the laser-induced defect-initiated atomic emissions from 
semiconductor surfaces can be utilized for eliminating adatom- and kink-type defects from 
surfaces [22J The present experimental results demonstrate that the electronic excitation 
involving the surface valence band is particularly effective for elimination of these defects. 
Furthennore, it has been shown by Kanasaki er ol [28,29] that the interaction of the kink- 
type defects with reactive adsorbates such as Br [28] and 0 [29] enhances the emissions 
from the kink-type defects. Thus use of lasers with photon energies capable of excitation 
from the surface valence band under Brz and 02 atmosphere eliminates steps on the surface 
with considerably high efficiency. 
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