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1. INTRODUCTION

The interaction of pulsed laser radiation with a
GaAs surface has been studied for more than 20 years.
The persistent interest in this interaction is caused by
the wide use of gallium arsenide in modern microelec-
tronics and optoelectronics [1] and also, in particular,
by the fact that nonequilibrium pulsed laser irradiation
can initiate various phase transformations in semicon-
ductors and affect a number of properties of the surface
layer within the irradiated zone [2, 3]. When interacting
with GaAs, optical radiation irreversibly changes the
chemical composition and microstructure of this com-
pound [2–6], as well as its luminescent [3, 7, 8] and
electrical [6, 7, 9] characteristics, and it stimulates the
generation of point and extended defects [7, 10, 11] and
affects the properties of oxide layers [2, 3, 12] and the
surface profile [13, 14].

The single-shot irradiation of semiconductors with
nanosecond laser pulses (or laser pulses with other
widths) in the spectral region of the band-to-band
absorption of light was used in the majority of early
studies; the density 

 

W

 

 of the incident energy was var-
ied. The irradiated areas were comparatively large (typ-
ically, larger than 1–10 mm

 

2

 

); the distribution of opti-
cal-radiation intensity was quasi-uniform throughout
the irradiated area, which ensured that there were no
shearing strains within this area. Variations in the semi-

conductor properties were caused mainly by the gener-
ation of defects and were observed near the surface; for
these variations to occur, the incident-energy density 

 

W

 

in the pulses should have been close to the calculated
thresholds 

 

W

 

m

 

 for the formation of the surface (meta-
stable) liquid phase [2, 3]. The results were predomi-
nantly explained by the thermal effect of illumination
[2–6] or the combined effect that involved (for 

 

W

 

 < 

 

W

 

m

 

)
electronic excitations in the semiconductor [7, 10].

In order to gain insight into the contribution of pho-
tostrains to the production of defects, we carried out
direct photostrain studies of semiconductors and metals
using a different approach. This is based on the use of
localized and multiple moderate-energy focused sin-
gle-mode irradiation events with controlled and almost
Gaussian light-intensity distribution [15–18]; i.e., we
have 
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10–100 mJ/cm
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 is the incident-energy density at
the laser-spot center, 

 

ω

 

 = 10–100 

 

µ

 

m is the laser-spot
radius at the sample surface, and 

 

τ

 

 = 0.1–1 

 

µ

 

s is the
characteristic width of the pulses. As expected, we
observed an appreciable increase in the strain-related
effects. Specifically, we observed the low-threshold
effect of shearing strains and stresses that arise due to
local irradiation on point-defect production in the sur-
face layers of germanium and silicon [19–22].

Naturally, controlled photodeformation effects in
the vicinity of previously detected deformation-related
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Abstract

 

—Atomic-force microscopy and analysis of both photothermal (quasi-static) strains of surfaces and
the kinetics of intensity of specularly reflected light were used to study special features of defect production in
GaAs in relation to the number 

 

N

 

 of focused laser pulses incident on the surface. Irradiation of the semiconduc-
tor was accompanied by its electronic excitation, local heating, and deformation of surface layers. It is shown
for the first time that the genesis of surface defects and damage in semiconductors (within the laser spot with a
micrometer diameter) has a multistage character in the vicinity of the plasticity threshold. The defect-induced
and plastic nanometer-scale surface displacements 

 

∆

 

U

 

z

 

 increase with increasing 

 

N

 

 only if the shearing surface
strains 

 

ϕ

 

 exceed the previously determined values 10

 

–5

 

 < 

 

ϕ

 

0

 

 < 10

 

–4

 

 for deformation-related elasticity (quasi-
elasticity) limits in GaAs. The origination of nanoscale defects and their self-organization at the early stages
of photostrains in the semiconductor is discussed. The possible relation between the defects observed and
the subsequent catastrophic damage to micrometer-sized regions of GaAs at large values of 

 

N

 

 is considered.
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limits of elasticity (quasi-elasticity) in semiconductors

 

ϕ

 

0

 

(

 

W

 

0

 

) [21–25] attract particular interest. Our previous
publications concerned with the aforementioned effects
included primarily electrical and optical studies of Ge
and Si under conditions of laser scanning of actual sur-
faces. The number of laser pulses was maintained con-
stant (

 

N

 

 

 

≈

 

 10

 

3

 

), whereas the value of 

 

W

 

 was varied
[19

 

−

 

22]. At the same time, the number 

 

N

 

 of laser pulses
can be considered as one of the most natural control
parameters (along with the energy density 

 

W

 

). There-
fore the study of the earliest stages of defect production
(when 

 

N

 

 is still small) is of most interest. In order to
simplify the interpretation of the results, it is appropri-
ate to carry out the measurements in the absence of
laser scanning, i.e., when the laser-beam position at the
surface is fixed.

Previously, we used X-ray and chemical microanal-
ysis, electron microscopy, and Auger spectroscopy to
study the situation where the laser-beam position at the
GaAs surface was fixed and the value of 

 

N

 

 was large
(

 

N

 

 

 

≈

 

 10

 

5

 

–10

 

6

 

) [26]. We found that GaAs was a more
complex object than Ge or Si, mainly due to the volatil-
ity of arsenic [2, 3] and possible development of vari-
ous low-threshold phenomena [26, 27]. Note, for exam-
ple, that nonsteady (acoustic) strains initiated by local-
ized irradiation induced decomposition of GaAs in a
thin (~4–7 nm) surface layer. This decomposition gave
rise to a nearly equal number of unbonded Ga and As
atoms even at fairly large distances (on the order of mil-
limeters) from the irradiated zone with a radius of 

 

ω

 

 

 

≈

 

20 

 

µ

 

m [26]. The long-range effect of laser pulses
observed by Barskov 

 

et al.

 

 [26] was not related (as in
[28]) to a nonsteady thermal field localized in the vicin-
ity of the irradiated region. Indeed, some processes that
vary quite slowly with time and are mainly related to
the temperature gradients are dominant on the micro-
second time scale within the laser-spot area; these pro-
cesses are quasi-static and are referred to as photother-
mal strains of solid-state surfaces [16–25]. These slow
shearing strains in pulsed photoacoustic spectroscopy
of the laser-beam deflection [15–18] are typically char-
acterized by the values of local inclinations of the
strained surface 

 

ϕ

 

 

 

≡

 

 (

 

dU

 

z

 

/

 

dr

 

), where 

 

U

 

z

 

 is the effective
normal displacement of the surface and 

 

r 

 

is the distance
from the beam center. When 

 

ϕ

 

 > 

 

ϕ

 

0

 

 

 

≈

 

 (5–6) 

 

×

 

 10

 

–5

 

 and,
accordingly, energy densities 

 

W

 

 > 

 

W

 

0

 

 

 

≈

 

 100 mJ/cm

 

2

 

[22], macrodamage (structural catastrophe) was previ-
ously observed in micrometer-scale GaAs regions [26].
Microcraters of regular circular shape with a depth of
~(1–5) 

 

µ

 

m and radius 

 

ω

 

 = ~20 

 

µ

 

m were formed
(mainly due to noncongruent evaporation of arsenic) at
the GaAs surfaces within the laser spot at large values
of 

 

N

 

 [26]. We emphasize that the genesis of earlier (ini-
tial) stages of defect production in local GaAs regions
as the value of 

 

N

 

 increased has not yet been studied.
In this study, we used atomic-force microscopy

(AFM) and analysis of both photothermal surface
strains (PTSSs) and the intensity of specularly reflected
light to gain insight for the first time into the process of

formation of finer, nanoscale variations in the GaAs
surface profile as a result of multiple quasi-static pho-
tostrains in micrometer-sized regions of semiconduc-
tors in the vicinity of thresholds 

 

ϕ

 

0

 

(

 

W

 

0

 

) [22] with wide
ranges of variations in 

 

N

 

 (from unity to 10

 

5

 

).
This study may be useful to justify the boundaries of

nondestructive modes in GaAs laser microscopy [29]
and to simulate the degradation processes in small-
sized (1–10 

 

µ

 

m) semiconductor optoelectronic devices
(for example, those designed for millimeter-region
wavelengths) subjected to local overheating [30, 31]
and, as a consequence, to strains [32].

2. EXPERIMENTAL

The samples were 5 

 

×

 

 5 mm

 

2

 

 in area, had a (100) ori-
entation of the surface, and were cut from a single epi-
taxial GaAs structure composed of a 2.4-

 

µ

 

m-thick film
with electron concentration 

 

n

 

 

 

≈

 

 10

 

16

 

 cm

 

–3

 

. The film was
grown by liquid-phase epitaxy on a heavily doped sub-
strate (

 

n

 

+

 

 

 

≈

 

 10

 

18

 

 cm

 

–3

 

) with a thickness of ~250 

 

µ

 

m.
Details of the preliminary preparation of the surface for
irradiation were described in [26].

The GaAs samples were irradiated with focused
laser pulses (without scanning the beam) in atmo-
spheric air at room temperature. The second harmonic
of a pulsed Nd:YAG laser with wavelength 

 

λ

 

 = 0.53 

 

µm
and characteristic pulse width τ ≥ 0.4–0.5 µs was used
for irradiation. The total pulse width at a 0.1 level of
Imax was no smaller than 1.5 µs. The pulse-repetition
rate was f = 10–25 kHz; the pulse train could be inter-
rupted using a shutter with the exposure time ∆ti rang-
ing from 0.005 to 10 s. The single-mode laser radiation
was focused on GaAs samples to a spot with a regular
shape and Gaussian radius ω ≈ 20 µm. The spot size
was monitored during irradiation using the PTSS
method [16] to reveal characteristic profiles of arising
quasi-elastic strains; an SOK-1-01 optical microscopy
accessory was also used [23].

The incident-energy density W = E/πω2 (E is the
total energy in a pulse) ranged from 10 to 350 mJ/cm2

at the laser-spot center; the range of variations in W was
chosen so that the previously ascertained thresholds for
the origination of inelastic strains in GaAs surface lay-
ers (W0 ≈ 100 mJ/cm2 [22]) were within this range. We
emphasize that, for the microsecond laser pulses used
in this study, the calculated [3] melting thresholds for
GaAs Wm ≥ 1–1.2 J/cm2 were much higher than those
for pulses with well-studied nanosecond-scale values
of τ (Wm ≈ 200 mJ/cm2) [2, 3].

In order to study the kinetics of large-scale damage
within the laser spot (0.1–1 µm), we used the PTSS
method [16, 23] and relied on the time dependence of
integrated intensity Ip(t) of the probe He–Ne laser beam
reflected specularly from the semiconductor surface
under a continuous train of focused laser pulses. We
paid special attention (as in [33]) to steady-state values
of Ip(t) attained in the time intervals between the pulses.
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The point in time t0 at which the ratio Ip(t0)/Ip(0)
decreased irreversibly to the level of 0.9 was considered
as the onset of catastrophic damage. A new (undam-
aged) GaAs region was chosen each time for repeated
recording of the Ip(t) kinetics, which was monitored
using an SOK-1-01 microscope. The method for deter-
mining t0 and, accordingly, the critical number of irra-
diating laser pulses N0 = ft0 was also described previ-
ously [34, 35].

In order to study the earlier stages of defect produc-
tion in GaAs (i.e., at N � N0), we used an AFM system
and an optical microscope, which were incorporated
into the equipment supplied with a Nanoscope-111a
(Digital Instruments) scanning probe microscope. Indi-
vidual areas of the semiconductor (with a small number
of pulses N) were subjected to local pulsed irradiation
with fixed energy densities Wi, where Wi/W0 = 0.1, 0.9,
1.15, 1.35, 1.6, 2.0, 2.6, 3.0, and 3.5. In this case, the
number of pulses N was varied by varying the irradia-
tion time ∆ti (see above). An array of photoirradiated
GaAs regions obtained on a single epitaxial structure
made it possible to study special features of the defect-
producing surface strains and the nanoscale damage
that formed in relation to both W at N = const and the
number of laser pulses N at a fixed energy density Wi .

The resolution of the optical microscope made it
possible to observe only the most radical variations in
the surface profile at a level of irreversible displace-
ments ∆Uz ≈ 1 µm. Atomic-force microscope was used
to study a finer evolution of the surface nanoprofile
(∆Uz ≈ 1 nm) at the early stages of deformation (small
N and W ≈ W0). The AFM measurements were performed
in atmospheric air. The microscope operated in the contact
mode; the rigidity of levers was 0.01–0.2 N/m. The AFM
images were processed and analyzed using a FemtoSkan-
0.01 special software package [36].

3. RESULTS AND DISCUSSION
3.1 Boundaries of Defect-Producing Inelastic Strains

As noted previously [22–25], the controlled inelas-
tic processes initiated in semiconductors by multiple
pulsed laser irradiation of micrometer-sized areas are
limited from below in the energy density W by the region
of reversible linear photoacoustics (thresholds W0), and
are limited from above by uncontrolled damage-form-
ing processes (Wd thresholds). At W0 < W < Wd and ω =
10–100 µm, the number N of laser pulses becomes an
important parameter of inelastic effects [22].

In this context, we studied in GaAs primarily the
dependences of the upper thresholds Wd on N using the
methods described previously [34, 35] (Fig. 1). To this
end, we measured the kinetics Ip(t) at W < W0 = 90–
100 mJ/cm2 (case 1, Fig. 1a, curve 1) and at W > W0
(case 2, Fig. 1a, curve 2). In case 1, we failed to detect
appreciable variations in Ip(t) for N ≥ 107–108 in the
intervals between the pulses. In case 2, we determined

the critical number of pulses  (Fig. 1a, curve 3) andN0
i

then plotted the dependences of  on  for several
(i) fixed destructive levels of the energy density W0 <

 < 3.5W0 (Fig. 1b). We emphasize that appreciable
degradation and catastrophic damage in micrometer-
sized irradiated semiconductor regions always devel-
oped when N exceeded N0; furthermore, we had
Ip(t)  0 when N  ∞ (Fig. 1a).

It can be seen from the experimental dependence
Wd(N) shown in Fig. 1b that there is a sharp boundary
that is located at W ≈ W0 and separates the irradiation-
induced regions of degradation of the semiconductor
from relatively nondestructive irradiation levels. In
order to make certain that precisely the mode of quasi-
elastic strains in GaAs was realized under the condi-
tions of our experiments at W < W0 = 90–100 mJ/cm2,
we used (as in [22, 26]) the PTSS method (Fig. 2a).
Using this method, we managed to confirm the view
that, at ϕ ≡ (dUz/dr)max < ϕ0 ≈ 5–6 × 10–5, the photo-
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Fig. 1. (a) Kinetics Ip(t) of the intensity for a continuous
probing laser beam reflected specularly from the semicon-
ductor (normalized to the initial intensity Ip(0)): (1) in the
mode of nondestructive quasi-elastic photostrains in GaAs,
ϕ < ϕ0 (W < W0); (2) with destructive irradiation of the
semiconductor, ϕ > ϕ0 (W > W0); and (3) the scheme for
determining the critical number of laser pulses N0.
(b) Dependence of the damage thresholds Wd (in units of
W0 = 90–100 mJ/cm2) on log(N0) for GaAs at ω ≈ 20 µm.
The numbers 0–5 illustrate the trend for an increase in N at
W/W0 ≈ 1.35. Numerical values of Ni are listed in the table.
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strains ϕ(t) in GaAs are indeed completely reversible in
time, and the features of the photostrain’s kinetics do
not vary from pulse to pulse up to N ≥ 107–108 [22].

Since the shearing strains dUz/dr may play a signif-
icant role in the mechanisms of point defect production
and catastrophic damage in monatomic semiconductors
and metals [19–25], we used the PTSS method [16] to
study the features of the ϕ(r) distribution over the beam
cross section for GaAs (Fig. 2b, curve 1). The largest
strains were observed at the time instants that corre-
sponded to the completion of laser pulses t = 1.5–2.0 µs,
i.e., to the time instants that corresponded to the com-

pletion of the main heat release in the semiconductor
[2, 3]. The maximal values of ϕ were shifted in refer-

ence to the beam cross-section center by rmax ≈ ω/  =
12–15 µm. Note that the similar distribution ϕ(r) in
metals at early stages of strain development was previ-
ously related to a partial accomplishment of “quasi-sin-
gle-mode” conditions of displacements Uz(r) [17, 18].

Thus, the preliminary study of the kinetics Ip(t, W)
and strains ϕ(t, r, W) made it possible to correctly
choose the modes of studying the early stages of defect
production and nanodamage in GaAs in coordinates
(W, N). Defect production under the aforementioned
conditions (W/W0 ≥ 1 and N/N0 � 1) for various values
of N was thereafter studied using the AFM method.

The genesis of nanometer-sized defects and damage
in GaAs was studied for various combinations of the
values of W and N. As an example, we used the numbers
from 0 to 5 to illustrate the trajectory of the increase in
N for W/W0 ≈ 1.35. The corresponding AFM results are
shown in Figs. 3a–3d and are listed in the table. We
managed to separate several different stages in the
development of defect and damage production. Below,
we describe the main characteristics of these stages in
order of increasing N (numerical values of Ni for
W/W0 ≈ 1.35 are listed in the table).

3.2. Time Interval Corresponding 
to the Latent Buildup of Defects

It is found that, with the smallest number of laser
pulses (N < N1), the latent buildup of point defects is

dominant and the nanometer-scale amplitudes ∆  of
the random surface profile are retained; this profile is

characteristic of unirradiated GaAs with ∆  < 1 nm.
The method of dynamic indentation has been previ-
ously applied to certain semiconductors (among them,
GaAs) to show [37] that, at short durations (≤1–10 ms)
of pulsed contact loading, the dislocation-unrelated
mechanisms of microplasticity in the surface layers
with preferential point migration (rather than extended)
defects near the surface are dominant. The defect-diffu-
sion mechanisms of microplasticity are characteristic
of relatively small near-surface stresses in semiconduc-
tors [19–22] and can be in effect at comparatively low
temperatures (including 295 K) [38].

3.3. Stage 1

At N1 < N < N2, clusters of point defects are formed
in the semiconductor regions shifted by r = 6–7 µm to
the periphery in reference to the irradiation-spot center
(Fig. 2b, curves 3). These clusters are not oriented spa-
tially and are related by the AFM method to a preferen-
tial reduction in the initial surface-profile amplitude in
the semiconductor (Fig. 3a). The complex profile fea-
tures are observed with a certain increase at the nano-
crater center within each nanocrater. The difference in
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Fig. 2. (a) Schematic representation of the PTSS method
[16, 22]: (1) a pulsed single-mode “heating” laser beam
with a diameter of ~2ω, (2) a continuous probing laser beam
whose deflection 2ϕ(r, t) from the strained surface 3 is mea-
sured at various points (4) of the surface ri. (b) Typical dis-
tributions of (1) quasi-static shearing strains ϕ(r) ≡
dUz/dr(r) arising in GaAs at W ≤ W0 [26] and (2) normal-
ized calculated temperature T(r)/T(0) over the cross section
of the “heating” beam; (3) radial distribution of primary
damaged regions detected at W ≥ W0. (c) Schematic repre-
sentation of damaged regions within the irradiated zone of
GaAs; this scheme was derived on the basis of the combined
data obtained using the AFM method.
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heights ∆Uz for these defects amounts to 1.5–2.0 nm,
and the characteristic dimension of surface-profile fea-
tures is 10–50 nm (see table). The results of comparing
the aforementioned characteristics of the defects with
the previous data obtained using X-ray microanalysis
[26] suggest that the detected local nanometer-scale
depressions in the GaAs surface profile are mainly
caused by an escape of arsenic from the semiconductor.
Further development of early damage-formation stages
and origination of new types of defects occurred mainly
within the aforementioned peripheral regions (i.e., near
the boundaries of the laser spot) (Fig. 1c) and was
accompanied by the extension of these regions as N
increased.

3.4. Stage 2

Spatial self-organization of unoriented clusters
composed of nanometer-sized defects along one of the
crystallographic axes in GaAs was observed at N2 <
N < N3 (Fig. 3b). Depression regions (with ∆Uz = 5–
7 nm) in the profile merge into fairly thin (50–100 nm)
and extended (400–600 nm) lines with a spatial period
of 100–200 nm (Fig. 3b, table). We emphasize that the
above processes continue to be predominant at dis-
tances r0 = 5–10 nm from the laser-spot center (Fig. 2b,
curve 3, Fig. 2c) rather than at the center itself, where a
photoinduced increase in the temperature ∆T(r) and the
concentration of nonequilibrium electrons are maximal
[2, 3, 15–18, 23] (Fig. 2b, curve 2). These observations
clearly indicate that not only the temperature ∆T(r) and
electronic excitation of semiconductors but also local
shearing quasi-static strains ϕ ≡ dUz/dr contribute sig-
nificantly to the processes of defect production and
redistribution under investigation (Fig. 2b, curve 1).
Indeed, the regions of origination (stage 1) and primary
self-organization (stage 2) of the defects under condi-
tions of local photodeformation of GaAs were always
found between the peaks of ∆T(r) and ϕ(r) (Fig. 2b,
curves 1–3). Such a multifactorial character of point
defect formation was previously studied in detail for
quasi-single-mode conditions of irradiation of semi-
conductor with nanosecond laser pulses; an electronic–
deformational–thermal model was suggested to inter-
pret the experimental data [39–41]. The effects of self-
organization of defects are much less pronounced in
radial directions (the y axis in Fig. 2c), which are per-
pendicular to the observed extended lines of defect
clusters (Fig. 3b). This fact suggests that the defect
clusters migrate (and then merge together) more easily
along a certain crystallographic direction, which was
detected using the AFM method; the above orienta-
tional behavior can be attributed, e.g., to the piezoelec-
tric effect [1–3]. The aforementioned directions can
correspond to projections of piezoelectric axes onto the
(100) plane. Apparently, the shearing strains dUz/dr and
subsurface stresses σzr [23–25] that are perpendicular to
these directions (Fig. 2c) may be much less efficient.

3.5. Stage 3

Enlargement of oriented bands in the GaAs surface
profile occurs when N3 < N < N4 (Fig. 3c). A one-
dimensional (1D) wavelike profile with a height differ-
ence ∆Uz = 15–20 nm a transverse (lateral) dimension
of 200–250 nm, and a period of 400–500 nm is formed
on a larger scale without changing the spatial orienta-
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Fig. 3. AFM images of GaAs surface areas at various stages
of defect formation under conditions of multiple quasi-
static deformation of the semiconductor. The size of the
imaged area is (a–c) 2 × 2 µm2 and (d) 4.5 × 4.5 µm2. The
profiles of the normal surface displacements ∆Uz(x) along
the vertical direction z are shown on the right (x is the coor-
dinate in the surface plane).
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tion of the bands (see table). In our opinion, although
the period of the wavelike structures in stage 3 almost
coincides with the wavelength λ, this period is not related
to the phenomena of optical interference [2, 3, 29], since
the period of similar structures observed in stage 2 was
much shorter than λ (see text above and table). A pre-
dominant lowering of the surface profile (formation of
depressions) occurs in stage 3 (as in previous stages);
this lowering is apparently related to the continuing
escape of arsenic from the semiconductor. Two estab-
lished facts count in favor of this hypothesis. First,
damage to the GaAs surface with a diameter of 10–
15 µm is accompanied by the formation of sharp edges
of the profile, with the height of these edges equal to
15–20 nm. It will be recalled that a similar effect was
previously attributed to noncongruent evaporation of
arsenic, which was corroborated by the observation of
blue cathodoluminescence using an optical microscope
in the microanalyzer in the region of the forming profile
edge due to the origination of Ga2O3 in this region as a
result of oxidation of unbonded gallium. Second,
according to the AFM data, the remaining portion of
unbonded gallium is involved in the formation of
nanometer-sized drops in stage 3 in the direction of the
y axis (Fig. 2c), which was predicted previously on the
basis of stoichiometric data obtained by Auger spec-
troscopy of GaAs [26].

3.6. Stage 4

As the number N of the laser pulses incident on
GaAs increased (N4 < N < N5), individual defects in the
form of craters appeared at several sites of the semicon-
ductor surface, mainly at distances r ≈ r0 from the laser-

spot center. One such defect has a fairly regular (circu-
lar) shape with a bottom depth of ∆Uz = 120–150 nm
and a transverse dimension of ~1 µm and is shown in
Fig. 3d. It was ascertained by the AFM method that
such local pitting (erosion) of GaAs occurs only against
a background of oriented enlarged profile bands with
height difference ∆Uz ≥ 30–40 nm (Fig. 3d). These
bands were already formed at stage 3 and are addition-
ally developed in stage 4. Comparison of the AFM data
on N = N4 and the dependences Wd(N) at W/W0 ≈ 1.35
in Fig. 1 suggests that it is the observed stage 4 that
should be identified with the onset of catastrophic deg-
radation of GaAs. It should be recalled that the thresh-
olds Wd of the aforementioned damage were conven-
tionally determined previously in semiconductors and
metals either from irreversible decrease in the intensity
of specularly reflected light or using various versions of
optical microscopy [23–25, 29, 34, 35]. In this study,
we used the AFM method on the nanometer scale of
surface displacements to monitor for the first time the
earlier stages (stages 1–3) of defect production in
micrometer-sized regions of GaAs.

3.7. Stage 5

Individual microcraters that had arisen at stage 4
merged into a single macroscopic defect at N > N5 =
105–106. As a result, a “giant” circular crater was
formed. This crater had a depth of ∆Uz = 1–5 µm and a
transverse dimension of 10–30 µm; the latter was close
to the diameter 2ω of the laser spot at the semiconduc-
tor surface. Previously, we studied such final stages of
damage production in GaAs using electron microscopy
and X-ray and chemical microanalysis [26]. The AFM

Consecutive stages of genesis of nanometer-sized defects in GaAs with increasing number N of destructive (W/W0 ≈ 1.35)
quasi-static photostrains in the micrometer-sized regions of GaAs

Stage no.
The number N of 

pulsed quasi-static 
photostrains

The dominant type of generated defects

Characteristic sizes

the height 
difference 
∆Uz, nm

lateral 
dimension, 

nm

the structure 
period, nm

0 (latent) 1 < N < N1
Latent buildup of point defects at amplitudes of the 
displacement fluctuations ∆Uz < 1 nm - –

1 N1 < N < N2 Unoriented clusters of nanodepressions at the
surface

1.5–2 10–50 –

2 N2 < N < N3 Merging of the clusters into oriented bands
of depressions

5–7 50–100 100–200

3 N3 < N < N4 Enlarged oriented waves of the surface nanoprofile 15–20 20–250 400–500

4 N4 < N < N5 Deepened waves of depressions in the surface
nanoprofile

30–40 ~250 ~500

Local pitting (erosion) of GaAs, individual
microcraters

100–150 ≤1000 –

5 N > N5 A unified macroscopic crater (a catastrophe) 1–5 (1–3) × 104 –

Note: The values of N were equal to N1 ≈ (2–5) × 102, N2 ≈ 2.5 × 103, N3 ≈ 104, N4 ≈ (5–10) × 104, and N5 ≥ 105–106 under conditions
of local pulsed laser irradiation of GaAs at ω ≈ 20 µm and W/W0 ≈ 1.35 (see text).

∆Uz
0 1<
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measurements of the array of laser-irradiated GaAs
areas showed that the features of nanometer-sized dam-
aged surface regions depended on both the energy den-
sity of incident radiation (for W > W0) and the number
N of pulsed quasi-static photostrains in the semicon-
ductor. Similar results could be obtained not only by
varying N at W = const but also by increasing W under
conditions of N = const. Indeed, an increase in W inev-
itably resulted in a shift of the aforementioned stages of
the defect formation in GaAs to smaller values of N.

4. CONCLUSION

The results obtained make it possible to consider the
process of catastrophic damage in micrometer-sized
GaAs regions exposed to multiple laser pulses from a
unified standpoint; i.e., this process is considered as
multistage. The earliest (initial) stages of defect forma-
tion in a semiconductor subjected to inelastic deforma-
tion (W > W0 [22]) feature the latent buildup of mainly
point defects (arsenic vacancies, excess of gallium
[26]) from pulse to pulse. As N increases, individual
defects merge into nanometer-sized clusters and, thus,
form chaotic local depressions in the surface profile and
are subsequently involved in orientational self-organi-
zation of these clusters. We used the PTSS and AFM
methods to show that not only the elevated tempera-
tures or electronic excitation but also the shearing
strains dUz/dr(r) and subsurface stresses contribute sig-
nificantly to the mechanisms of the defect formation and
the clusters’ migration [23–25]. The results obtained are
consistent with both the quasi-1D electronic–deforma-
tional–thermal model of the laser-induced defect produc-
tion in semiconductors [39–41] and the strain-stimulated
“dimensional” effects [23–25, 34, 35].

The consecutive stages of defect formation (moni-
tored for the first time by the AFM method in microme-
ter-sized GaAs regions) at increasing nanometer-scale
surface displacements ∆Uz show clearly (as in the case
of Ge [42]) that the processes of self-organization of the
defect clusters are gradually transformed into subse-
quent nanoscale and microscale damage in the semi-
conductor. We believe that similar mechanisms of
defect generation in GaAs can also be encountered in
the case of other methods for heating the micrometer-
sized semiconductor regions, for example, by passing
the electric current through the sample. Thus, the pro-
cesses studied may give rise to fundamental limitations
on the standard operation modes of commercial small-
sized devices (Gunn and Schottky diodes and other
devices) with local heat release [30] and, correspond-
ingly, with local strains [32] in the active semiconduc-
tor layers.
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