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Low-power pulsed-laser annealing~LPPLA! was applied to III-V compound semiconductors GaAs and InP.
The effects have been analyzed using several experimental techniques such as reflection high-energy electron
diffraction, Rutherford backscattering spectroscopy, x-ray photoelectron spectroscopy, and electrical measure-
ments. In addition, a calculation method was developed to study the heat propagation in the irradiated sample
during the LPPLA process. The irradiation conditions, realizing a uniform surface laser-energy distribution,
made possible a unidimensional approach. The results obtained experimentally and by numerical modeling
agree well if one assumes that a solid-phase epitaxy takes place. The XPS measurements for GaAs and InP
show, in particular, that a range of the irradiation power density exists where the LPPLA can effectively restore
the lattice order without appreciable alteration of the surface stoichiometry. At higher power density of irra-
diation, the As and P vacancies introduced by the laser, in GaAs and InP, respectively, may no longer be
neglected.

I. INTRODUCTION

It is well known that ion implantation is nowadays the
most reliable doping techniques for III-V semiconductor
materials.1,2The main reasons for this lie in the shortcomings
of the conventional thermal diffusion technique, namely the
poor control of the doping profile and the stoichiometric in-
stability of the surface. The high temperaturesT requested to
induce an efficient diffusion processing can often exceed the
critical temperatureTc , characteristics of the material. On
definition, atT.Tc the alteration of the stoichiometry due to
different thermal volatility of the components can no longer
be neglected,3–6 typical values beingTc>600 °C for GaAs,5

andTc>300 °C for InP.6 On the other hand, ion implanta-
tion, considered generally as a low-temperature technology,
requires a recovery of the structural damage produced by the
bombarding ions and activation of the electrical carriers.
Conventional annealing normally increases the specimen
temperature above the critical valueTc ~Refs. 7–9! so that
one of the two components begins to sublimate at a higher
rate, leaving many vacancies in the substrate. To overcome
this complication, one has to heat the specimens in an over-
pressure of the more volatile component or alternatively to
use specimen capping. Even if all the processing regimes
were well established, their application would add substan-
tial additional costs to the devices based on III-V compounds
which would overshadow the merits of their advanced per-
formance, e.g., high electron mobility, etc. It would make a
difference, however, if one could anneal the specimen in the
implantation chamber, and so avoid specimen contamination
during transportation or use of additional precautions.

One of the first attempts in this direction was to make use
of conventional high-power lasers. At this kind of annealing,
however, the recovery of the implanted region to a single-

crystal state occurs from a melted material.10 Equally unsuc-
cessful was the use of low-power annealing by continuous-
wave lasers, which also results in heating up to high
temperatures. As a consequence, the application of these two
techniques to compound semiconductors like GaAs and InP
does not successfully resolve the problem related to the al-
teration of the surface stoichiometry.

An alternative technique called low-power pulsed-laser
annealing~LPPLA! ~Ref. 7! was demonstrated11,12to remove
the damage introduced by ion implantation at temperatures
much below the melting. It was shown12 that in this case the
experimental condition required to recover the upper layers
of GaAs and InP samples without decomposition of the
stoichiometry is to keep its temperatureT,Tc strictly at any
point of the irradiated surface.11,13 This can be achieved by
using an optical homogenizer, which is able to ensure uni-
form intensity of the laser pulse across the beam. As a con-
sequence the lateral heat flow~along the surface! can be
neglected, and the presence of transversal temperature gradi-
ents will depend on the intrinsic characteristics of the im-
planted material only, i.e., on inhomogeneous absorption co-
efficients rather than on a not-uniform lateral distribution of
the energy. One can therefore consider the laser effects to be
caused by a uniform~in a well-determined time interval!
two-dimensional heat source that varies only with the in-
depth coordinate due to the light absorption of the material.

In the present paper we present experimental and numeri-
cal data on applying LPPLA in the conditions outlined above
to two III-V compound semiconductors: GaAs and InP. Both
materials are ideal candidates for LPPLA since each one con-
tains a component with sublimation temperature far below
the melting point of the compound and therefore the condi-
tion T,Tc is crucial.

Experimental results on the effects of LPPLA and the cor-
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responding observation technique used include~a! structural
reordering of the ion-induced defects studied by reflection
high-energy electron diffraction~RHEED! and Rutherford
backscattering~RBS! analysis;~b! activation of the electrical
carriers demonstrated by electrical measurements; and~c!
evaluation of the As/Ga ratio near the surface of laser-beam-
treated GaAs, based on x-ray photoelectron spectroscopy
~XPS! analysis.

A complementary mathematical model is developed to
predict the laser-induced heat distribution in GaAs and InP
samples up to temperatures corresponding to the critical
valueTc defined above. The model is based on the assump-
tion that the laser energy absorbed in the material is instan-
taneously transferred into a lattice as heat source. This im-
plies that the real temperature rise in the specimen should, in
any case, not exceed the calculated one. A detailed compari-
son of the limits of the theoretical calculations and the ex-
perimental results is discussed.

Since the temperature range of interest is far below the
melting point of the materials considered, the recovery of the
crystalline order cannot be attributed to a local melting of the
specimen ~as in the high-power pulsed-laser annealing,
HPPLA!. The process is discussed in terms of a solid-phase
epitaxial regrowth instead.

II. EXPERIMENTAL

A. Ion implantation

The specimens used in the annealing experiments were
~100! single-crystals wafers of semi-insulating GaAs and InP
~Sumitomo Corporation Ltd., Japan!. They were implanted in
a random direction at 7° tilt, with Zn ions, at an energy of
140 keV and a dose of 1014 cm22. The ion current did not
exceed 2mA cm22, and during the implantation process the
samples were intentionally heated at 110610 °C. The im-
plantation conditions, together with the obtained projected
range and straggling, are reported in Table I.

B. LPPLA „low-power pulsed-laser annealing…

The LPPLA experiments were carried out directly in air at
room temperature, irradiating the ion-implanted samples
with a Q-switched Standard Ruby Laser System~JK model

3330!. A homogeneous energy distribution across the beam
was achieved by using an optical system consisting of a con-
denser and an optical guide. This ensures a mixing of the
radiation spatial modes which results in losing the spatial
coherence, and then in a homogenization of the energy
across the beam.12,14

The number of laser pulses was varied between 10 and
30, the duration of each pulse beingDtFWHM525 ns. The
mean power densityP0 of the pulse, defined as the energy of
the pulse divided byDtFWHM , was varied between 4.5 and
7.5 MW/cm2. After good mechanical, optical, and thermal
stabilization of the laser system, it is possible to obtain a
pulse-to-pulse amplitude fluctuation in the range of62%.
The maximum value of the irradiation power density used
has been chosen in order to keep the maximum surface tem-
perature of the irradiated sample well below the melting
threshold. In our case, indeed, the ion implantation damage
being not so heavy to produce amorphization~and, as a con-
sequence, a lower absorption coefficient!, the melting occurs
with an estimated irradiation power density of about 11
MW/cm2 ~0.275 mJ/cm2!. This evaluation has been obtained
by the analytical-iterative method whose details are de-
scribed in the present paper~see Sec. III A!. The pulses rep-
etition rate was about 0.05 Hz and, as a consequence, the
time interval between the pulses was so long that the tem-
perature peak caused by each pulse can be considered as
starting from the room temperature. The light-absorption
depth is larger than the projected range of the implanted ions.
All the irradiation conditions and the optical constants are
reported in Table II.

C. Analysis techniques

1. RHEED (Reflection high-energy electron diffraction) analysis

The crystal structure of the samples, before and after the
annealing, was controlled in a AEI EM6G electron micro-
scope equipped with a high-resolution electron-diffraction
stage. Thus it allows the sample rotation around the normal
to the surface and, as a consequence, the observation of re-
flection diffraction patterns corresponding to different azi-
muthal directions. Moreover, by varying the glancing angle

TABLE I. Implantation conditions for GaAs and InP specimens.

Implanted ion
Dose

~atoms/cm2!
Energy
~keV!

Temperature
~°C!

Rp

~nm!
DRp

~nm!

GaAs Zn1 1014 140 110610 56.6 27.8
InP Zn1 1014 140 110610 75.2 39.5

TABLE II. Optical constants and laser-pulse parameters for GaAs and InP specimens at the ruby wave-
length ~l5694.3 nm!.

Energy laser
densities
~mJ/cm2!

Pulse duration
~ns!

FWHM
~ns!

Reflectivity
%

Absorption
coeff. ~cm21!

GaAs 125–188 56 25 34 28 900
InP 150–175 56 25 30.7 42 350
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of the electrons incidence, it was possible to obtain structural
information related to different depths of the examined ma-
terial.

2. RBS (Rutherford backscattering spectroscopy) analysis

The GaAs samples were analyzed by using 1.5- and
2-MeV He1 ions incident normally onto the specimen sur-
face. The backscattered ions were collected at a scattering
angle of c5160° and 97°, correspondingly, the analyzer
channel width being 5.0 keV ch21. In the case of InP the
initial He1 energy was 1.5 MeV, the scattering angle was
160°, and the detector sensitivity was 3.153 keV ch21.

3. XPS (X-ray photoelectron spectroscopy)

The measurements were performed in an UHV chamber
using a monochromatized AlKa photon source~hn51486
eV!, and a hemispherical electron energy analyzer, the sys-
tem resolution being 0.35 eV. In order to obtain the largest
XPS sampling depth, we have investigated the 3d core levels
of both Ga and As, i.e., the core levels at lower binding
energy of the samples. In these conditions, due to the large
escape depth~26 Å! of the emitted photoelectrons with a
kinetic energy of about 1450 eV, we have an XPS sampling
depth of about 50 Å.15

The surface ratio between As and Ga has been determined
from the analysis of the As 3d core-level densities. To in-
clude the effect of the different oxidation of the samples, the
As/Ga ratios have been calculated using the integrated XPS
intensity, employing as sensitivity factors the 0.025 b/atom
for the As 3d core level and the 0.014 b/atom for the Ga 3d
core level, respectively.16

4. Electrical measurements

The sheet resistivity measurements were carried out by
using the Van der Pauw~VdP! method. In our case the cur-
rent source and the voltage meter were integrated in a single
instrument~Keithley 236!. The commutations between the
typical configurations of the VdP method were realized using
a manual commutator.

III. MODELING OF LLPLA

A. Analytical model

Since the lateral dimensions of the irradiated samples
were smaller than the laser beam diameter, and because of
the power density uniformity across the beam, we can con-
sider the heat diffusion one-dimensional problem. Further-
more, based on the fact that the thermalization rate of the
photoinduced electron-hole pairs is very high~the thermali-
zation time is approximately 10212 s!, and that the high den-
sity of defects in the implanted region enhances the nonradi-
ative recombination, we assume that the absorbed laser
energy is instantaneously transferred into the lattice as ther-
mal energy.

A simple approach consists of solving the linear heat-
transfer equation in a double-layer medium where the first
layer (xP[2 l ,0]) is the implanted one, and the second layer
[xP(0,̀ )] is the virgin material. Then the equation describ-
ing the temperatureT as a function of the positionx and time
t can be stated as

K1,2

]2T

]x2
1F~x,t !5c1,2r1,2

]T

]t
~1!

with the initial condition

T~x,t50!5300 K ~2!

and the boundary condition

K1S ]T

]x D
x52 l

50. ~3!

HereK1,2, c1,2, andr1,2 respectively, are the thermal con-
ductivity, the heat capacity, and the density in layer 1 or 2.
The source termF(x,t) is linked to the power densityI 0(t)
of the beam hitting the surface of the sample by the relation

F~x,t !5~12R!I 0~ t !ae
~2ax!, ~4!

R anda being respectively the reflection and the absorption
coefficients at the ruby wavelength~l5694.3 nm!. For the
beam intensity, on the basis of the revealed wave shape, we
assume the following expression:

I 0~ t !5H a
e2~ t2t0!2/2b2

bA2p
2c, 0<t<2t0 ,

0 elsewhere,

~5!

wherea, b, andc assume different values depending on the
energy density hitting the sample, and the center of the
Gaussian-like pulse shape is placed exactly att05

1
2 of the

laser pulse duration~see Table II,t0528 ns!.
The adiabatic boundary condition can be defined if one

considers that the influence of the Stephan-Boltzmann ther-
mal surface radiation on the temperature always remains be-
low 0.12%, so that the heat loss through the specimen sur-
face can be neglected.17 An additional condition is given by
the continuity of the temperature and of the heat flux at the
interface, namely

T1~x50,t !5T2~x50,t !, ~6!

K1

]T1
]x U

~x50!

5K2

]T2
]x U

~x50!

. ~7!

The mathematical problem has been solved using the
Green-function method,18–20which allows us to calculate the
temperature distribution induced by an ideal impulsive heat
source located at any position inside the sample by means of
four thermal functionsGi , j (x,j,t), as reported in Appendix
A.

The general expressions for the temperatures in both the
implanted (i51) and the virgin (i52) zones, therefore are
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Ti~x,t !5E
2 l

0

G1i~x,j,t !w1~j!dj1E
0

`

G2i~x,j,t !w2~j!dj2ai
2E

0

t

G1i~x,2 l ,t2t!c~t!dt

1E
0

tE
2 l

0

G1i~x,j,t2t! f 1~j,t!dj dt1E
0

tE
0

`

G2i~x,j,t2t! f 2~j,t!dj dt ~8!

f i(x,t)5[Fi(x,t)]/cir i being the source term,wi~x)5300 K
the initial condition,a i

2 the thermal diffusivity in the layeri
( i51 and 2! andc~t)5[ ]T1(x,t)/]x] x52 l50 K cm21 the
adiabatic boundary condition at the surfacex52 l .

By integration of~8! we obtainT(x,t) representing the
time evolution of the in-depth temperature profile in different
conditions. Values of the physical parameters of virgin and
implanted GaAs and InP needed to calculate the profiles in
these materials are listed in Tables II and III.21,22

It should be noted that for the implanted layer density and
heat capacity we have chosen the same values as for the
virgin layer, the main reason being the lack of measurement
data in the literature. In any case, it is reasonable to consider
that the density of the low-dose-implanted layer does not
differ significantly from the virgin material. Furthermore, im-
plantation of such doses at elevated temperature~such as
110 °C! is accompanied by relatively low crystalline disor-
der, so that an assumption of unchanged heat capacity sounds
reasonable.

The above-described formulas have been applied to cal-
culate the temperature behavior of GaAs and InP samples
during the laser irradiation at a power density of 5~Fig. 1!
and 6.5 MW/cm2 ~Fig. 2!, respectively. TheP0 values used

are chosen within the power density intervals~for GaAs and
InP! where the LPPLA technique is effective. The results of
the calculations clearly show that, in any case, the obtained
temperatures are quite below the melting point. Furthermore,
the respective maximum surface temperature are 728 K for
GaAs irradiated at 5 MW/cm2 ~Fig. 1!, and 687 K for InP
irradiated at 6.5 MW cm2 ~Fig. 2!. These results indicate that,
at the above-specified irradiation conditions, InP reaches
temperatures above its critical temperature~about 300 °C!
while GaAs does not exceed its critical temperatureTc
~about 600 °C!. While the calculation for GaAs agree with
the experimental results~see RHEED, XPS, and RBS data!,
indicating that GaAs irradiation with 5 MW/cm2 does not
cause exceeding of the stoichiometric alteration limit
~600 °C!, the results obtained for the analytical calculation
for 6.5-MW/cm2-irradiated InP seem to be in contrast with
the experimental results~see RHEED, XPS, etc.!.

In order to estimate the accuracy of the two-layer model
in evaluating the maximum surface temperature reached dur-
ing laser irradiation, we compare~for the GaAs case! the
surface temperature behavior obtained with this analytical
model and a more realistic numerical method outlined in
Sec. III B. As can be seen in Fig. 3, where the results of the

FIG. 1. Analytical calculations of the temperature distribution as
a function of the time and the depth inside the sample for a GaAs-
irradiated sample with a power density of 5 MW/cm2.

FIG. 2. Analytical calculations of the temperature behavior as a
function of the time and depth inside the sample for an InP-
irradiated sample with a power density of 6.5 MW/cm2.

TABLE III. Thermal parameters for GaAs and InP specimens~300 K!.

K25Kcr @W/~cm K!# K15K impl @W/~cm K!# c @J/~g K!# r ~g/cm3!

GaAs 0.5795 331022 0.3287 5.319
InP 0.7395 3.7531022 1.325 4.79
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comparison are presented, the analytical prediction~curvea!,
is considerably below the numerical calculation~curvef!, the
deviation parameter

DT

T
31005

Tnum2Tan
Tnum

3100 ~9!

being of the order of 9.8%.Tnum andTan, respectively, are
the numerical and the analytical maximum temperatures.

This comparison shows that the analytical model can only
be considered an approximation of the ‘‘real’’ maximum sur-
face temperature value, i.e., for a rough estimation of how far
is the temperature reached from the melting point. In order to
decrease the deviation parameter, we used an iteration step
procedure. That is at each step of the analytical calculation
the surface temperature was evaluated by using constant
thermal parameters estimated at the maximum surface tem-
perature reached in the preceding step. These results are also
reported in Fig. 3~curvesb–e!, and demonstrate that the
iteration data rapidly converge, slightly overestimating the
maximum temperature reached~at a givent! in the numerical
calculation. This behavior is due to the decrease of the

Green-function prime derivative with respect to the tempera-
ture down to values practically negligible with increasing the
temperature and time. The temperature deviation parameter
decreases down to about 5%.

B. Numerical model

The assumption of constant thermal parameters within the
frames of the double-layer model have allowed us to solve
the exposed heat-propagation problem analytically. This
simple solution gives valuable rough estimates of surface
temperature to prevent melting of the material under irradia-
tion.

The model is not quite suitable, however, for ion-
implanted specimens, since the ion-induced damage is dis-
tributed inside the substrate and a multilayer model would be
therefore a better approximation.23 Indeed, to obtain more
accurate information on the upper limits of the laser power
density where the substrate stoichiometry begins to alter, and
to define the corresponding temperature energy distribution
during the irradiation, it is necessary to take into account the
inhomogeneity of the ion-implanted specimen and the non-
linear temperature dependence of the thermal parameters
K(T), c(T), andr(T), according to the summary in Table
IV.21,22 Hence a more realistic approach to the problem
needs the solution of nonlinear inhomogeneous heat-transfer
equation in an inhomogeneous medium:

]

]x SK~x,T!
]T

]x D1F~x,t !5c~x,T!r~x,T!
]T

]t
. ~10!

The complexity of the nonlinearity in such a medium re-
quires a numerical approach to be used. We first need to
define a model for the inhomogeneity of the ion-
implantation-induced damaging of the specimen. The analy-
sis of this damage in the implantation conditions used shows
that the damage distribution is similar to the Gaussian-like
distribution of the implanted impurities.24 The maximum of
the damage distribution can slightly differ~usually by up to
10%! from that of the implanted species, its position depend-
ing on the ion mass and energy. At a first approximation, we
will assume that the centers of the damage and implanted-ion
distributions are located at the same depth. Furthermore,
since the high-resolution transmission electron microscopy
~HRTEM! analysis of implanted specimens indicates that the
damaging consists of clusters of defective material dispersed
in a crystalline matrix,25 it appears reasonable to consider the
macroscopical thermal conductivity as a Gaussian function
of the in-depth coordinate with a minimum centered at the
maximum damage.

That is, we can define

FIG. 3. Comparison between the surface temperatures during
the irradiation at 5 MW/cm2 of a GaAs sample, calculated by the
analytical model in an iterative way, using constant thermal param-
eters at 300~curvea!, 730 ~curveb!, 831 ~curvec!, 845 ~curved!,
and 847 K~curvee!, and by the numerical model~curve f!.

TABLE IV. Temperature dependence of GaAs and InP thermal parameters.

Kcr~T!
@W/~cm K!#

K impl~T!
@W/~cm K!#

c(T)
@J/~g K!#

r(T)
@g/cm2#

GaAs 544

T1.2
331022 0.30717.2531025T 5.3192~T2300)31024

InP 289

T1.45
3.7531022 0.6410.22831022T 4.79
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K~x,T!5Kcr~T!2@Kcr~T!2K impl~T!#expS 2
~x2Rp!

2

2DRp
2 D

~11!

where the functionsKcr(T) andK imp(T), reported in Table
IV, are the heat conductivity of the crystalline material
[Kcr(T)# and the maximum damage layer [K impl(T)], re-
spectively,Rp and DRp are the mean implanted-ion range
and range straggling, respectively.

The problem has been solved using a finite-difference
method stable in the time and space scales, with respect to
the temperature variation involved in the LPPLA of im-
planted specimens. A simple explicit finite-difference scheme
is stable if:26–29

t<
1

2

h2

a2
, ~12!

wheret andh, respectively, are the time and space steps of
the bidimensional grid, whilea2 is the thermal diffusivity. As
a consequence it cannot be used when the requested time
step and the minimum space step are 1029 s and 531029 m,
respectively, as in the present case.

For this reason, we adapted the Crank–Nicolson
scheme,26,28,29 which is an implicit unconditionally stable
method, to the nonuniform grid obtained, gradually refining
the space step near the maximum of the damage distribution.
The numerical scheme is developed starting from the equa-
tion

]2T

]x2
5C~x,t,T,Tx ,Tt!

52
F~x,t !

K~x,T!
1
c~x,T!r~x,T!

K~x,T!

]T

]t

2
]T

]xS ] ln@K~x,T!#

]x U
T5cost

1
]T

]x

] ln@K~x,T!#

]T U
x5cost

D . ~13!

Using the finite difference operators involved in the
Crank-Nicolson scheme,26,28,29we first obtained a nonlinear
algebraic equations system which can be reduced to a linear
one as shown in Appendix B. The obtained linear algebraic
equations system, reduced in tridiagonal form, has been
solved using an iterative algorithm26,27 in theFORTRANcode.
The obtained data were processed to yield three-dimensional
plots of the temperature over time and depth coordinates
representing the time evolution of the in-depth temperature
profile during the laser irradiation.

IV. RESULTS AND DISCUSSION

A. GaAs case

We will first discuss the application of the methods out-
lined above to the laser irradiation of implanted GaAs speci-
mens. The implantation conditions are specified in Table I.
Figure 4 illustrates the expected temperature behavior of

GaAs samples following their implantation and treatment
with a laser pulse ofP055 MW/cm2 ~i.e., an energy density
of 125 mJ/cm2!. One can note that under these conditions the
laser pulse will cause a maximum temperature of about 807
K at the surface, which appears 42 ns after the beginning of
the pulse. This value is well below the critical dissociation
temperatureTc5873 K, at which the As evaporation rate is
no more negligible.6

1. RHEED analysis

The RHEED pattern analysis of the virgin and annealed
GaAs specimens@Figs. 5~a!–5~c!# shows that the irradiation
with 30 pulses of 5 MW/cm2 supplies sufficient energy to
recover the crystalline order without concurrent stoichio-
metric changes due to the cumulative losses of As atoms: in

FIG. 4. Temperature distribution, calculated by the numerical
model, in a GaAs sample irradiated with a power density of 5
MW/cm2 as a function of depth and time~Ref. 13!.

FIG. 5. Diffraction patterns along thê001& azimuthal direction
of GaAs samples virgin~a!, implanted~b!, and laser annealed with
30 pulses of power density 5~c!, and 6 MW/cm2 ~d!.
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fact the diffraction pattern of the laser-annealed specimen
@Fig. 5~c!# appears quite regular in the geometry, and the
spots have a narrow bar form, in agreement with the calcu-
lations prediction.

2. RBS analysis

In Fig. 6 we compare the aligned spectra obtained for
virgin, as-implanted, and annealed (P055 MW/cm2!
samples. According to the calculations, by irradiating with
such a power density, the specimen temperature should rise
up to values at which the As-atom losses can still be ne-
glected. From the figure, one can observe that after the
LPPLA treatment the surface damage of the implanted
sample is about as low as for the virgin specimen, in agree-
ment with the RHEED patterns presented earlier@Figs. 5~a!–
5~c!#.

3. XPS analysis

In order to estimate the behavior of the As atoms in dif-
ferent annealing conditions, we have measured the As/Ga
ratio near the surface of the virgin, as-implanted, and an-
nealed samples at LPPLA power density varying from 4.5 up
to 7.5 MW/cm2 with intervals of 0.5 MW/cm2.

As in the experiments reported in previous sections, the
laser treatment was applied in air at room temperature. Ob-
viously the formation of oxides during this irradiation will
complicate the analysis itself, and for that reason the XPS
analysis was carried out twice, before and after a deoxidiza-
tion of the specimens using chemical etching in HCl diluted
at 3%. As a result we want to eliminate the contribution of
the oxides and determine their role. In the case in which it

clearly appears that the oxide formation will constitute a
limitation for the annealing process, we will have to repeat
the treatment in a vacuum chamber or, better, in a controlled
atmosphere.

Figure 7 illustrates the full XPS spectrum which was ob-
tained on the GaAs material used. The arrows indicate the
position of the As and Ga signals, the latter referring to a
surface layer of about 50 Å thick. For more details, in Fig. 8
we report two series of XPS spectra corresponding to
samples examined before@Fig. 8~a!# and after@Fig. 8~b!# the
chemical deoxidization procedure. The areas of the peaks
related to each component were used to evaluate the As/Ga
ratio.

For a better understanding of the mechanisms involved in
LPPLA, we made a systematic study of the dependence of
the As/Ga ratio on the annealing conditions. In Fig. 9, we
have plotted the ratio of 3d peaks normalized to the corre-
sponding FES coefficients for oxidized~curvea! and deoxi-
dized~curveb! samples. The experimental pointsA1 andB1

FIG. 6. Rutherford backscattering spectra of GaAs samples in
the channeling mode: virgin~1!, as-implanted~2!, and implanted
plus LPPLA with 3035 MW/cm2 ~3!; 2 MeV He1 scattering angle
150° ~Ref. 12!.

FIG. 7. XPS spectrum of virgin and deoxidized GaAs samples
in which are indicated the Ga and As 3d levels.

FIG. 8. Comparison between 3d core levels of Ga and As in
GaAs samples: virgin~1!, as-implanted~2!, and laser annealed with
30 pulses of 4.5 MW/cm2 ~3!; and 5~4!, 5.5~5!, 6 ~6!, 6.5~7!, 7 ~8!,
and 7.5 MW/cm2 ~9!, respectively, before~A! and after~B! deoxi-
dization treatment.
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refer to virgin samples, and one can consider the value cor-
responding toB1 as a standard for the As/Ga concentration
ratio at a clean surface of the substrate. The lower value of
the oxidized virgin sample, corresponding to pointA1, can
be attributed to the presence of native oxides with oxygen
bound preferentially to the Ga component~Ga2O3, Ga2O5!
~Refs. 30 and 31! ~in the related XPS spectrum the O signal
is very strong indeed!. During the deoxidization, the Ga at-
oms taking part in the oxide molecules are loosed in the
chemical bath, so that the As/Ga ratio reaches a higher value,
B1 ~Fig. 9!.

The XPS spectra taken after ion implantation reveal that,
on the oxidized surface~seeA2 in Fig. 9!, the As/Ga ratio
remains substantially unchanged while an As excess on the
deoxidized surface is present~B2!. This fact can be attributed
to the intense formation of Ga oxides at the disordered sur-
face layers of GaAs, which occurs when the specimen is
exposed, after the implantation, to air at room temperature.
Assuming that the ion-induced surface disorder enhances the
oxygen adsorption, the thickness of the material with pos-
sible formation of Ga oxides is increased. The successive
etching dilutes the Ga oxides leaving the surface layer en-
riched with As with a consequent increase of the As/Ga ratio
~B2!. In all cases the thickness of the surface oxide is small
compared to that of the implanted layer, as confirmed by the
r sheet resistivity measurements presented below.

Before further discussing the behavior of the curves pre-
sented in Fig. 9, it is worth noting that all the reported values
are obtained by irradiating the samples, with different laser
doses, starting from the same initial conditionB2. As a con-
sequence, the first laser pulse always impinges on an As-rich
GaAs surface.

The LPPLA treatment carried out at 4.5 MW/cm2 ~A3 and
B3! induces an initial in-depth diffusion of the As atoms with
a consequent decrease of the surface As/Ga ratio toward the
characteristic virgin value~B1!. This fact, compared also
with the results obtained by other analytical techniques, can
be interpreted as an indication that a lattice reconstruction is
beginning~B3!.

At 5 MW/cm2 ~A4, andB4! and 5.5 MW/cm2 ~A5 andB5!
the surface concentration ratio~pointsB4 andB5! becomes
almost the same~within the experimental error! as that for
the virgin sample~B1!. One can possibly conclude that all
crystal lattice positions have been occupied, and that the
stoichiometric recovery is nearly complete. When the irradia-
tion power density rises up to 6 MW/cm2 ~A6 andB6!, the As
oxides at the surface~e.g., As2O3! seem to increase, as one
can see fromA6, while the As/Ga ratio on the deoxidized
samples remains about unchanged. This situation supports
the idea that at this power density the irradiation provokes a
weakening of the As-Ga bonds, so that the surface As atoms
may be oxidized in a thermodynamically stable form. Fur-
thermore, at 6.5 MW/cm2 ~A7 andB7! the As/Ga concentra-
tion ratio in the oxidized sample peaks to about the same
value as that of the deoxidized specimen. One could con-
clude from here that under laser action the As-Ga bonds are
weakened enough to oxidize all surface As atoms, but not to
release them. This corresponds to the As sublimation limit,
i.e., the power density response temperature above which the
alteration in the stoichiometry of the surface layers becomes
substantial, as illustrated by~A8! and ~B8!.

Finally, when the irradiation power density is set at 7.5
MW/cm2, the As/Ga concentration ratio at the etched surface
~B9! increases strongly due to a heating above the As subli-
mation temperature in a thicker layer of the material and an
outdiffusion of the As interstitial atoms;32 the latter are accu-
mulated in a region just below the oxidized surface acting as
a capping layer. The increase fromA8 andA9, being lower
than the corresponding increment at the deoxidized surface
from B8 to B9, can be interpreted as a capping effect result-
ing from the surface oxide formed by the laser itself. As a
consequence the arsenic component in the surface oxides in-
creases. Due to the high-energy density deposited at the sur-
face, in this case all laser pulses other than the first ones
contribute to exceeding the sublimation temperature limit in
the surface layers; in fact, the laser energy absorbed at the
oxide is no longer sufficient to protect the bulk material from
overcoming this limit.

FIG. 9. Experimental As/Ga
surface ratio as a function of the
irradiation conditions for a GaAs
sample before~A! and after deoxi-
dization ~B!.
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The slight mismatch between the calculated value of the
upper power-density limit~6 MW/cm2!, and the XPS experi-
mental results showing a limit of about 6.5 MW/cm2, is
probably due to the assumption made in the theoretical
model which neglects the presence of a surface oxide and
considers the laser energy instantaneously transferred to the
lattice.

B. InP case

The temperature behavior obtained with the numerical
calculation of InP treated by LPPLA atP05 6 MW/cm2 is
illustrated in Fig. 10. The critical temperature of the com-
pound,Tc , is considered as equal to 573 K, assuming that
aboveTc the losses of P become substantial.6

1. RHEED analysis

The relevant RHEED patterns~Fig. 11! show that the
LPPLA treatment is able to recover the lattice order com-
pared to that of the implanted sample, with negligible addi-
tional disorder due to the laser processing itself. One can
deduce from these observations that the dissociation tem-
perature in these conditions is not reached, in agreement with
the calculations. Indeed, the temperature behavior shows
~Fig. 10! that the maximum surface temperatureTM5558 K
is reached about 44 ns after the beginning of the laser pulse.
TheTM value is belowTc , so that the laser irradiation sup-
plies energy to the lattice without any further damaging of
the crystal. Conversely, the laser-induced damage appears
clearly when the irradiation energy density rises above the
dissociation limit, i.e., whenTM exceeds the critical tempera-
ture.

2. RBS analysis

The structural recovery of InP induced by LPPLA was
also analyzed by using Rutherford backscattering spectrom-

etry ~RBS! carried out in the channeling mode. In Fig. 12 we
report these spectra~showing the In peak only! for three
different samples: virgin~2!, as-implanted~1!, and treated by
LPPLA ~3! with 15 pulses at 6.5 MW/cm2 each. The spectra
present the distribution of the damage, i.e., the background
of each spectrum is already subtracted. The irradiation con-
ditions are chosen within the efficient energy window of the
LPPLA technique.

As expected, the spectrum of the as-implanted sample
gives the highest yield~Fig. 12, curve 1! resulting from the
ion-beam-induced structural disorder. Conversely, the RBS
spectrum for the LPPLA sample~Fig. 12, curve 3! shows the
lowest yield. One can note that as a consequence of the laser
treatment the surface damage is even smaller than that of the
virgin specimen. This behavior supports the idea that in the
case of well-prepared semiconductor wafers the LPPLA pro-
cessing also removes the shallow surface disorder induced by
the final polishing procedure.11

The RHEED analysis was not able to detect this differ-
ence due to its low sensitivity~since the diffraction patterns

FIG. 10. Numerical calculations of the temperature distribution
as a function of the depth and time for an InP sample irradiated with
a power density of 6 MW/cm2.

FIG. 11. Diffraction patterns along the^001& azimuthal direction
of InP samples: virgin~a!, implanted~b!, and laser annealed with
five pulses of power densities of 6~c!, and 7 MW/cm2 ~d!.

FIG. 12. Aligned RBS spectra for InP samples: as-implanted
~1!, virgin ~2!, and implanted pulse LPPLA~3! with 15 pulses of 6.5
MW/cm2 each.
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are mainly influenced by atoms occupying the lattice sites!.
Conversely, the RBS channeling technique is sensitive to a
small number of defects altering the crystal channel continu-
ity and/or regularity.

3. XPS analysis

The results of the XPS measurements for virgin, as-
implanted, implanted, and laser-treated InP samples will be
published elsewhere.33 The dependence of the P/In surface
concentration ratio on the irradiation conditions were inves-
tigated showing a behavior analogous to that for GaAs. In
fact the P/In ratio, drastically altered for the implanted
sample, was demonstrated to decrease, at increasing irradia-
tion power density, down to values typical of the virgin InP
obtained withP056.5 MW/cm2.

4. Electrical measurements

In addition, we have studied the resistivity behavior of
laser-annealed specimens depending on different parameters
such as the total laser dose, number of laser pulses, etc. We
have reported earlier similar study for the GaAs case,34

showing that a good electrical carriers activation can be
achieved only if a thermal treatment at relatively low tem-
perature~580 °C! is combined with LPPLA. Here we present
only the results for the InP case concerning the dependence
of the sheet resistivity on the number of laser pulses@Fig.
13~b!#, and compare the behavior with that of GaAs. In the
latter case34 the increase in the number of laser pulses at
LPPLA led to a recovery of the structural disorder induced
by ion implantation, and to an increase of the sheet resistiv-
ity, probably due to a reduction of the defects density in the

gap.35 In InP @Fig. 13~b!# this effect on the sheet resistivity
seems to be opposite, i.e., increasing the number of laser
pulsesN results in a drastic fall ofrs by about two orders of
magnitude~from 2 MV/h to 20 kV/h whenNp increases
from 0 to 10!. Since, according to RHEED data, the struc-
tural reordering agrees well with thers behavior, one can
therefore assume an increase in the carrier densities and/or
their mobility with Np .

The interpretation of thers behavior as an immediate en-
hancement of the carrier mobility seems to be in contrast
with the increase ofrs for N>15 @Fig. 13~b!# if one does not
consider the role of the oxide formation. After the first few
laser pulses, quite a thick oxide layer is formed on the
sample surface~as revealed by RHEED! which begins to
decrease the penetration of the laser energy toward the bulk.
The laser pulses coming later induce the adsorption of the
oxygen atoms by the surface, thus increasing the sheet resis-
tivity again. In other words, the increase ofrs which can be
ascribed to the presence of surface oxides does not rule out a
cumulative effect of LPPLA in the structural reordering.

The important conclusion from the LPPLA processing of
InP samples in air is that the laser irradiation itself, produc-
ing a thick oxide layer, at some stage stops and prevents the
further effect of LPPLA. In order to gain the full advantage
of the cumulative effect of laser pulses in LPPLA on the
sheet resistivity of InP, one has to complete all measurements
in a controlled inert~e.g., Ar! atmosphere. Such control ex-
periments are now under way.

The upper limit for LPPLA is obtained by irradiating the
InP samples with a power density ofP057 MW/cm2. Similar
to the case for GaAs, the distortion of the stoichiometry in
the implanted layer is indicated by increase of the spot size
and by spreading of the Kikuchi lines in the diffraction pat-
terns @see Fig. 11~d!#. These observations are in agreement
with the numerical predictions for GaAs- and InP-implanted
samples irradiated with 6 and 7 MW/cm2, respectively, as
reported in Figs. 14 and 15 where the temperature can appar-
ently exceed the critical sublimation values for both As and P
atoms.

Furthermore, in order to illustrate the temperature gradi-
ent fields inside the specimen~which in the authors’ opinion
are responsible for the defects migration!, we have calculated
the space distribution of the temperature gradient as a first
derivative of the temperature~plotted in Fig. 14! with respect
to the in-depth coordinate. One can find that maximum dam-
age is observed in the region where the~negative! tempera-
ture depth gradient has a minimum~i.e., maximum absolute
value!, this value being responsible for the migration of point
defects toward the undamaged crystal. The calculated tem-
perature space gradient versus time and in-depth coordinates
is shown as a density plot in Fig. 16, the lighter and darker
zones corresponding, respectively, to higher and lower abso-
lute values of this gradient. The lighter zones can be consid-
ered as space-unstable regions where the laser energy is ab-
sorbed uniformly in the vicinity of each point only. The
maximum absolute value of the temperature depth gradient is
of the order of 106 K/cm.

In Fig. 17 we present a similar density distribution of the
temperature time gradient~calculated as absolute values of
the first derivative of the temperature from Fig. 14 with re-
spect to time! vs time and depth. As before, the lighter and

FIG. 13. Sheet resistivity of GaAs-~a! and InP-~b! irradiated
samples as a function of the pulse number. The power density was
5 MW/cm2 for the GaAs sample, and 6.5 MW/cm2 for InP.
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darker zones correspond, respectively, to higher and lower
absolute values of the gradient. It may be worth noting that
the existence of this gradient is not in conflict with the initial
assumption that the energy is transferred instantaneously to-
ward the lattice. The time gradient of the temperature results
from the Gaussian-like shape of the laser pulse vs time, and
therefore of the energy transfer to the crystal lattice. In other
words, the plot in Fig. 16 indicates time-space regions with
an energy-transfer rate so intense~with respect to the heat
propagation! that quite an unstable equilibrium state vs time
at each point originates.35 In this sense the regions character-

FIG. 14. Numerical calculations of the temperature distribution
as a function of the depth and time for a GaAs sample irradiated
with a power density of 6 MW/cm2 ~Ref. 13!.

FIG. 15. Temperature surface, calculated by the numerical
model, as a function of the depth and time for an InP sample irra-
diated with an energy of 7 MW/cm2.

FIG. 16. Density plot of the space-temperature gradients, in ab-
solute value, of a GaAs-irradiated sample with an energy density of
5 MW/cm2 in dependence on the time and in-depth coordinates.
The lighter and darker zones correspond, respectively, to higher and
lower absolute values of the temperature space gradients.

FIG. 17. Density plot of the time-temperature gradients, in ab-
solute value, of a GaAs-irradiated sample with an energy density of
5 MW/cm2 in dependence of the time and in-depth coordinates. The
lighter and darker zones correspond, respectively, to higher and
lower absolute values of the temperature time gradients.
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ized with higher values of the temperature time gradient can
be considered to be unstable in time. In our opinion such a
condition should be necessary in order to achieve solid-phase
epitaxial regrowth based on the migration of point defects set
free under the action of laser-induced space thermal gradi-
ents. As a consequence, matching the time-unstable regions
with the space-unstable areas, one can possibly evaluate the
time-space coordinates of interest to the solid-phase epitaxial
regrowth.

The role played by the laser-induced thermal gradients
could be fundamental in determining the lower limit of the
power density window where the low-power pulsed-laser-
induced epitaxial regrowth takes place. In fact a solid-phase
epitaxial regrowth can be obtained only if the irradiation
power density delivered on the sample induces space and
time gradients strong enough to produce nonequilibrium
zones.

The last statement is, indeed, one of the two following
fundamental hypotheses necessary to assume for a qualita-
tive explanation of the LPPLA.

~1! The laser energy is absorbed mainly by weakly
bonded electrons, located at the point defects~e.g., intersti-
tials! in an unstable equilibrium.

~2! During the laser-energy absorption these point defects,
in a pseudofree condition, can migrate through the potential
barriers in the solid matrix, driven by the local thermal gra-
dients. These gradients are due to the difference in the ab-
sorption coefficient of the residual crystalline isles. The pres-
ence of the latter near the surface of low-dose ion-implanted
substrate is clearly observed by high-resolution transmission
electron microscopy~HRTEM! ~see, e.g., Ref. 25!. At high
implantation dose, when crystalline isles disappear, the trans-
versal thermal gradients are correspondingly absent, and no
efficient LPPLA processing was found. In order to increase
the annealing effect, it is necessary to facilitate the intersti-
tials vacancies annihilation, and destroy the point-defect
clusters: successive superimposed laser pulses are especially
needed for that purpose.

V. CONCLUSIONS

In the present paper we have outlined, first, mathematical
method of calculating the distribution of temperature as a
function of both the relaxation time and the depth of im-
planted GaAs and InP samples during their LPPLA treat-
ment. Then, using a suitable optical experimental system, we
have carried out LPPLA experiments and then, on the treated
samples, investigations with several complementary tech-
niques to verify the calculated temperature rise during the
laser irradiation and thus to achieve an annealing of the im-
planted materials without appreciable stoichiometric
changes.

The results obtained for both GaAs and InP show good
agreement with the theory. In particular, the data reported for
the GaAs case show that just in the energy window where
the annealing occurs~pointsB4–B7 of curveb in Fig. 9! the
Ga/As ratio remains substantially constant. The electrical
measurements proved the capacity and the limits of the
LPPLA technique to change the resistivity of the samples, as
well as the difference between the GaAs and InP specimens.

The results revealed that much higher carrier mobility values
are obtained by LPPLA of InP than for GaAs in the same
conditions. Another important difference is that the forma-
tion of laser-induced oxides on InP puts a strong limitation
on the application of the LPPLA technique in air. This oxi-
dation leads to a fundamental decision that all the LPPLA
experiments on InP should be completed in a vacuum cham-
ber: by avoiding the formation of oxides, one can increase
the number of the applied laser pulses and also the total
energy deposited at the surface.

The data analysis in the previous sections confirms the
ability of LPPLA to recover the lattice order in III-V com-
pound semiconductors via laser-induced epitaxial regrowth
in a solid phase not only for GaAs~which was already re-
ported earlier! but also for InP. In both cases the upper limit
of the LPPLA window can be related to the laser-induced
change of the stoichiometric ratio, while the lower limit
probably takes its origin from the existence of an energy
threshold below which the obtained thermal gradients are not
sufficient to make effective the migration of defects across
the matrix potential barriers.

It should be noted that within the model assuming inho-
mogeneity, the maximum of the space-gradient distribution is
situated just in the region of the maximum damage produced
by the implantation. The high absolute values of these gra-
dients can be considered as responsible of the nonequilib-
rium condition where an epitaxial regrowth of the solid
phase arises.

On the basis of the discussed experimental results, some
ideas about the mechanisms involved in LPPLA-induced
solid-phase epitaxial regrowth have been proposed. At this
purpose, it is worth to underline that they are not yet com-
pletely understood, and that a comprehensive dynamical
model of LPPLA is still to be achieved.

In conclusion we may say that the LPPLA technique is
efficient in recovering the structural order of ion-implanted
substrates of III-V semiconductor compounds when the
power density of the laser irradiation is low enough to avoid
reaching the compound dissociation temperature at the speci-
men surface. If LPPLA is applied at a power density exceed-
ing this limit, the treatment will cause a cumulative loss of
the more volatile element, so that the stoichiometry of the
compound will be altered.
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APPENDIX A

Here we report an analytical approach based on the
Green-function method, and used to evaluate the temperature
distribution as a function of the time and the depth inside the
irradiated specimens.36 For these calculations we assumed a
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two-layer model with thermal, optical, and implantation pa-
rameters reported in Tables I–III.

APPENDIX B

Here we describe the numerical method used to evaluate
the temperature distribution as a function of the time and

depth inside the irradiated specimens considering all the non-
linear thermal parameters~Table IV! and the model already
described in the text to take into account the inhomogeneity
of the ion-implanted specimen.36 The applied algorithm
comes from a modification of the Crank-Nicolson scheme in
order to ensure stability and convergence.
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