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Low-power pulsed-laser annealifigPPLA) was applied to IlI-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.

[. INTRODUCTION crystal state occurs from a melted matetfaEqually unsuc-
cessful was the use of low-power annealing by continuous-
It is well known that ion implantation is nowadays the wave lasers, which also results in heating up to high
most reliable doping techniques for IlI-V semiconductor temperatures. As a consequence, the application of these two
materialst? The main reasons for this lie in the shortcomingstechniques to compound semiconductors like GaAs and InP
of the conventional thermal diffusion technique, namely thedoes not successfully resolve the problem related to the al-
poor control of the doping profile and the stoichiometric in-teration of the surface stoichiometry.
stability of the surface. The high temperatufesequested to An alternative technique called low-power pulsed-laser
induce an efficient diffusion processing can often exceed thannealing LPPLA) (Ref. 7) was demonstratét'?to remove
critical temperatureT, characteristics of the material. On the damage introduced by ion implantation at temperatures
definition, atT>T, the alteration of the stoichiometry due to much below the melting. It was shoWrthat in this case the
different thermal volatility of the components can no longerexperimental condition required to recover the upper layers
be neglected;® typical values beind@.=600 °C for GaAs, of GaAs and InP samples without decomposition of the
and T.=300 °C for InP On the other hand, ion implanta- stoichiometry is to keep its temperatufe: T, strictly at any
tion, considered generally as a low-temperature technologyoint of the irradiated surfacé:*®* This can be achieved by
requires a recovery of the structural damage produced by thgsing an optical homogenizer, which is able to ensure uni-
bombarding ions and activation of the electrical carriersform intensity of the laser pulse across the beam. As a con-
Conventional annealing normally increases the specimesequence the lateral heat flol@long the surfadecan be
temperature above the critical valle (Refs. 7-9 so that neglected, and the presence of transversal temperature gradi-
one of the two components begins to sublimate at a higheents will depend on the intrinsic characteristics of the im-
rate, leaving many vacancies in the substrate. To overcomganted material only, i.e., on inhomogeneous absorption co-
this complication, one has to heat the specimens in an oveefficients rather than on a not-uniform lateral distribution of
pressure of the more volatile component or alternatively tadhe energy. One can therefore consider the laser effects to be
use specimen capping. Even if all the processing regimesaused by a uniform{iin a well-determined time interval
were well established, their application would add substantwo-dimensional heat source that varies only with the in-
tial additional costs to the devices based on Ill-V compoundsiepth coordinate due to the light absorption of the material.
which would overshadow the merits of their advanced per- In the present paper we present experimental and numeri-
formance, e.g., high electron mobility, etc. It would make acal data on applying LPPLA in the conditions outlined above
difference, however, if one could anneal the specimen in théo two IlI-V compound semiconductors: GaAs and InP. Both
implantation chamber, and so avoid specimen contaminatiomaterials are ideal candidates for LPPLA since each one con-
during transportation or use of additional precautions. tains a component with sublimation temperature far below
One of the first attempts in this direction was to make use¢he melting point of the compound and therefore the condi-
of conventional high-power lasers. At this kind of annealing,tion T<T_ is crucial.
however, the recovery of the implanted region to a single- Experimental results on the effects of LPPLA and the cor-
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TABLE |. Implantation conditions for GaAs and InP specimens.

Dose Energy Temperature R, AR,

Implanted ion (atoms/crf) (keV) (°C) (nm) (nm)
GaAs zn 10t 140 110+10 56.6 27.8
InP zZn" 104 140 110-10 75.2 39.5

responding observation technique used incl(alestructural  3330. A homogeneous energy distribution across the beam
reordering of the ion-induced defects studied by reflectiorwas achieved by using an optical system consisting of a con-
high-energy electron diffractiofRHEED) and Rutherford denser and an optical guide. This ensures a mixing of the
backscatteringRBS) analysis;(b) activation of the electrical radiation spatial modes which results in losing the spatial
carriers demonstrated by electrical measurements; (@nd coherence, and then in a homogenization of the energy
evaluation of the As/Ga ratio near the surface of laser-beamycross the bear?:14
treated GaAs, based on x-ray photoelectron spectroscopy The number of laser pulses was varied between 10 and
(XPS) analysis. _ _ 30, the duration of each pulse beidgry,y=25 ns. The

A complementary mathematical model is developed 1Qynean power densitp, of the pulse, defined as the energy of
predict the laser-induced heat distribution in GaAs and InIZ[’J1e pulse divided byAtpyy, Was varied between 4.5 and

samples up to temperatures corresponding to the critic 5 MW/cn®. After good mechanical, optical, and thermal

v_alueTc defined above. The model IS based on t.he.as.sumps'tabilization of the laser system, it is possible to obtain a
tion that the laser energy absorbed in the material is instan-

taneously transferred into a lattice as heat source. This i _ulse-to-pulse amplitude fluc_tuat|_0n_ in the rangein_ii%.
plies that the real temperature rise in the specimen should, i he maximum va!ue of the irradiation power density used
any case, not exceed the calculated one. A detailed compafi2S Peen chosen in order to keep the maximum surface tem-
son of the limits of the theoretical calculations and the exPerature of the irradiated sample well below the melting
perimental results is discussed. thrgshold. In our case, indeed, the ion implantation damage
Since the temperature range of interest is far below th&€ing not so heavy to produce amorphizatiand, as a con-
melting point of the materials considered, the recovery of théequence, a lower absorption coefficietite melting occurs
crystalline order cannot be attributed to a local melting of thewith an estimated irradiation power density of about 11
specimen (as in the high-power pulsed-laser annealing,MW/Cm2 (0.275 mJ/crf). This evaluation has been obtained
HPPLA). The process is discussed in terms of a solid-phasby the analytical-iterative method whose details are de-

epitaxial regrowth instead. scribed in the present papgsee Sec. Il A. The pulses rep-
etition rate was about 0.05 Hz and, as a consequence, the
Il. EXPERIMENTAL time interval between the pulses was so long that the tem-
perature peak caused by each pulse can be considered as
A. lon implantation starting from the room temperature. The light-absorption

The specimens used in the annealing experiments weréepth is larger than the projected range of the implanted ions.
(100) single-crystals wafers of semi-insulating GaAs and InPAll the irradiation conditions and the optical constants are
(Sumitomo Corporation Ltd., JapaiThey were implanted in  reported in Table I1.

a random direction at 7° tilt, with Zn ions, at an energy of

140 keV and a dose of ¥#Hcm 2. The ion current did not

exceed 2uA cm™2, and during the implantation process the C. Analysis techniques

samples were intentionally heated at 3@ °C. The im- ;1 RHEED (Reflection high-energy electron diffraction) analysis

plantation conditions, together with the obtained projected
range and straggling, are reported in Table . 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
The LPPLA experiments were carried out directly in air atto the surface and, as a consequence, the observation of re-
room temperature, irradiating the ion-implanted samplegdlection diffraction patterns corresponding to different azi-
with a Q-switched Standard Ruby Laser Systé¥K model  muthal directions. Moreover, by varying the glancing angle

B. LPPLA (low-power pulsed-laser annealiny

TABLE Il. Optical constants and laser-pulse parameters for GaAs and InP specimens at the ruby wave-
length(A\=694.3 nn).

Energy laser

densities Pulse duration FWHM Reflectivity Absorption
(mJ/cnf) (ns (n9 % coeff. cm™Y)
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 9T
information related to different depths of the examined ma- K1,2W+F(X1t)201,2pl,2§ 1)
terial.

2. RBS (Rutherford backscattering spectroscopy) analysis ~ With the initial condition

The GaAs samples were analyzed by using 1.5- and
2-MeV He" ions incident normally onto the specimen sur- T(x,t=0)=300 K 2
face. The backscattered ions were collected at a scattering
angle of y=160° and 97°, correspondingly, the analyzerand the boundary condition
channel width being 5.0 keV ¢li. In the case of InP the
initial He™ energy was 1.5 MeV, the scattering angle was
160°, and the detector sensitivity was 3.153 keV'ch Kl(ﬂ) -0 &)

X '
3. XPS (X-ray photoelectron spectroscopy) =

The measurements were performed in an UHV chamber :
. . - HereK, , c; 5 andp, , respectively, are the thermal con-
using a monochromatized A« photon sourcdh»=1486 g, tiity the heat capacity, and the density in layer 1 or 2.

eV), and a hemispherical electron energy analyzer, the SYSrhe source ternF (x,t) is linked to the power densiti(t)

tem resolution being 0.35 eV. In order to obtain the larges e .
XPS sampling depth, we have investigated tteare levels bt the beam hitting the surface of the sample by the relation

of both Ga and As, i.e., the core levels at lower binding

energy of the samples. In these conditions, due to the large F(x,t)=(1—R)lo(t) e ™, 4
escape deptli26 A) of the emitted photoelectrons with a

kinetic energy of about 1450 eV, we have an XPS samplingR and « being respectively the reflection and the absorption
depth of about 50 A> coefficients at the ruby wavelength=694.3 nm. For the

The surface ratio between As and Ga has been determingféam intensity, on the basis of the revealed wave shape, we
from the analysis of the As@ core-level densities. To in- assume the following expression:

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 e (t7to)"/2b 0<t=ot

for the As & core level and the 0.014 b/atom for the Ga 3 () = a b2 —C¢ V== ®)

core level, respectivef? ot
0 elsewhere,

4. Electrical measurements

The sheet resistivity measurements were carried out byherea, b, andc assume different values depending on the
using the Van der PauivdP) method. In our case the cur- €nergy density hitting the sample, and the center of the
rent source and the voltage meter were integrated in a singf@aussian-like pulse shape is placed exactlyoat; of the
instrument(Keithley 236. The commutations between the laser pulse duratiofsee Table I1t;=28 n9.

typical configurations of the VdP method were realized using The adiabatic boundary condition can be defined if one
a manual commutator. 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 neglectdd An additional condition is given by

A. Analytical model the continuity of the temperature and of the heat flux at the
énterface, namely

Ill. MODELING OF LLPLA

Since the lateral dimensions of the irradiated sample
were smaller than the laser beam diameter, and because of
the power density uniformity across the beam, we can con- Ti(x=0)=T,(x=0}), (6)
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 highe thermali- Ty
zation time is approximately 10? s), and that the high den- Ky “oX
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- The mathematical problem has been solved using the
mal energy. Green-function methotf~2°which allows us to calculate the

A simple approach consists of solving the linear heattemperature distribution induced by an ideal impulsive heat
transfer equation in a double-layer medium where the firssource located at any position inside the sample by means of
layer (xe[—1,0]) is the implanted one, and the second layerfour thermal functionsG; ;(x,§,t), as reported in Appendix
[xe (0,°)] is the virgin material. Then the equation describ- A.
ing the temperatur€ as a function of the position and time The general expressions for the temperatures in both the
t can be stated as implanted (=1) and the virgin (=2) zones, therefore are

aT,

=Ky —
(x=0) oX

Y

(x=0)



4760 G. VITALI et al. 53

TABLE lll. Thermal parameters for GaAs and InP speciméR0 K).

Ko=K¢ [Wi(em K)] K1 =Kimpi [W/(cm K)] ¢ Mg K] p (glcnT)
GaAs 0.5795 %1072 0.3287 5.319
InP 0.7395 3.7%1072 1.325 4.79

0 0 t
Ti(th): J‘iIGli(X!glt)(Pl(g)dg_F ,fO GZi(Xigrt)QDZ(g)dg_a?foGli(X!_lvt_ T) l,b(’T)dT

t [0 e
" foquli(x’f't_T)fl(gaT)d§ dr+ fofo Gyi(X,ét—71)f (€, 7)dé dr 8

fi(x,t) =[F;(x,t)]/c;p; being the source terng;(x)=300 K  are chosen within the power density intervéftsr GaAs and
the initial condition,a? the thermal diffusivity in the layer  InP) where the LPPLA technique is effective. The results of
(i=1 and 2 and y(t)=[dT,(x,t)/dx],__,=0 Kcm ! the the calculations clearly show that, in any case, the obtained
adiabatic boundary condition at the surface —1. temperatures are quite below the melting point. Furthermore,

By integration of(8) we obtainT(x,t) representing the the respective maximum surface temperature are 728 K for
time evolution of the in-depth temperature profile in differentGaAs irradiated at 5 MW/ch(Fig. 1), and 687 K for InP
conditions. Values of the physical parameters of virgin andrradiated at 6.5 MW crh(Fig. 2). These results indicate that,
implanted GaAs and InP needed to calculate the profiles iat the above-specified irradiation conditions, InP reaches
these materials are listed in Tables Il and?f?? temperatures above its critical temperat(adout 300 °G

It should be noted that for the implanted layer density andvhile GaAs does not exceed its critical temperatdre
heat capacity we have chosen the same values as for tli@bout 600 °Q. While the calculation for GaAs agree with
virgin layer, the main reason being the lack of measuremerthe experimental resulisee RHEED, XPS, and RBS data
data in the literature. In any case, it is reasonable to considéndicating that GaAs irradiation with 5 MW/cirdoes not
that the density of the low-dose-implanted layer does notause exceeding of the stoichiometric alteration limit
differ significantly from the virgin material. Furthermore, im- (600 °Q), the results obtained for the analytical calculation
plantation of such doses at elevated temperatateh as for 6.5-MW/cnt-irradiated InP seem to be in contrast with
110 °Q is accompanied by relatively low crystalline disor- the experimental resulisee RHEED, XPS, etk.
der, so that an assumption of unchanged heat capacity soundsin order to estimate the accuracy of the two-layer model
reasonable. in evaluating the maximum surface temperature reached dur-

The above-described formulas have been applied to calpg laser irradiation, we compargdor the GaAs casethe
culate the temperature behavior of GaAs and InP samplesurface temperature behavior obtained with this analytical
during the laser irradiation at a power density offsg. 1) model and a more realistic numerical method outlined in
and 6.5 MW/cr (Fig. 2), respectively. Thé®, values used Sec. lll B. As can be seen in Fig. 3, where the results of the

FIG. 1. Analytical calculations of the temperature distribution as  FIG. 2. Analytical calculations of the temperature behavior as a
a function of the time and the depth inside the sample for a GaAsfunction of the time and depth inside the sample for an InP-
irradiated sample with a power density of 5 MWA&m irradiated sample with a power density of 6.5 MWfcm
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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%.

900

800

B. Numerical model

700 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
B¢ ¢ therefore a better approximatiSl”].lndeed, 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

0 10 20 30 40 50 60 70 80 during the irradiation, it is necessary to take into account the
Time (ns) inhomogeneity of the ion-implanted specimen and the non-
linear temperature dependence of the thermal parameters

FIG. 3. Comparison between the surface temperatures durin(T), c(T), andp(T), according to the summary in Table
the irradiation at 5 MW/crhof a GaAs sample, calculated by the IV.?1?2 Hence a more realistic approach to the problem
analytical model in an iterative way, using constant thermal paramneeds the solution of nonlinear inhomogeneous heat-transfer

eters at 30Qcurvea), 730(curveb), 831 (curvec), 845(curved), equation in an inhomogeneous medium:
and 847 K(curvee), and by the numerical modéturvef).

600

Temperature (K)

500

400

LI S B N N R B N B N B I B N N N S S B B B S D B e

:_: ..I.... v e b e b e by v b e b }

JT oT
comparison are presented, the analytical predidiionvea), ﬁ_x( K(x,T) ot F(x,t)=c(x,T)p(x,T) e (10

is considerably below the numerical calculati@earvef), the

deviation parameter 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
being of the order of 9.8%l ,,,, and T,,,, respectively, are that the damage distribution is similar to the Gaussian-like
the numerical and the analytical maximum temperatures. distribution of the implanted impuriti€d. The maximum of
This comparison shows that the analytical model can onljthe damage distribution can slightly diffeusually by up to
be considered an approximation of the “real” maximum sur-10%) from that of the implanted species, its position depend-
face temperature value, i.e., for a rough estimation of how famg on the ion mass and energy. At a first approximation, we
is the temperature reached from the melting point. In order tavill assume that the centers of the damage and implanted-ion
decrease the deviation parameter, we used an iteration stéfstributions are located at the same depth. Furthermore,
procedure. That is at each step of the analytical calculatiosince the high-resolution transmission electron microscopy
the surface temperature was evaluated by using constattiRTEM) analysis of implanted specimens indicates that the
thermal parameters estimated at the maximum surface tendamaging consists of clusters of defective material dispersed
perature reached in the preceding step. These results are alaa crystalline matrixX? it appears reasonable to consider the
reported in Fig. 3(curvesb—e), and demonstrate that the macroscopical thermal conductivity as a Gaussian function
iteration data rapidly converge, slightly overestimating theof the in-depth coordinate with a minimum centered at the
maximum temperature reachét a givert) in the numerical maximum damage.
calculation. This behavior is due to the decrease of the That is, we can define

AT Toun—T
— X 100= ——2% 100 9)
T Tnum

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

KedT) Kimpi(T) c(T) p(T)
[W/(cm K)] [W/(cm K)] [Jg K)] [g/cn?]
GaAs 544 3x10°? 0.307+7.25x10°°T 5.319-(T—-300)x 10" *
T_12
InP 289 3.75x1072 0.64+0.228<107°T 4.79

T1.45
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(X—Rp)?
2AR; )
(11)

where the functionK(T) and K,,,(T), reported in Table

IV, are the heat conductivity of the crystalline material Gre s
[K{T)] and the maximum damage layeKf,,(T)], re- #%%2”’%
spectively,R, and AR, are the mean implanted-ion range g s ‘ i :

KX, T)=Ke(T)—[Ked(T) - KimpI(T)]eXF( -

At

A

Ll % OB

Y IR

Il
s

AN

i

%//%lf/ I 5
H H ~ i U ok
and range straggling, respectively. ) : m%%f%%%%%ﬁi’
. .. . i T A
; Ty N
The problem has been solved using a finite-difference % /;%z;% N %%%%”%WM
; ; ; % .
method stable in the time and space scales, with respect to H %W%%%%%%%’W
.. . . . i Wi 00
Uyl oy N ol o,
the temperature variation involved in the LPPLA of im- & e —
; ; F it fi ; iy e
planted specimens. A simple explicit finite-difference scheme SR
is stable if26-2° W6 s
iy o T o i
=
2 ==
Sy it
= — — iy
=2a (12 =

where 7 and h, respectively, are the time and space steps of
the bidimensional grid, whila? is the thermal diffusivity. As
a consequence it cannot be used when the requested time

. 5 -9
step and the minimum space step are1and 510°° m, model, in a GaAs sample irradiated with a power density of 5

respectively, as in the present case. 5 . .
. . MW/ funct f depth and tim&ef. 13.
For this reason, we adapted the Crank—Nicolson e as a function of depth and tim&ef. 13

scheme®28:2% which is an implicit unconditionally stable

method, to the nonuniform grid obtained, gradually refining

the space step near the maximum of the damage distributiofe@As samples following their implantation and treatment
The numerical scheme is developed starting from the equawith a laser pulse oPy=5 MW/cn¥ (i.e., an energy density
tion of 125 mJ/cm). 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
temperaturel ;=873 K, at which the As evaporation rate is
_ F(xp + c(x, Tp(x,T) JT no more negligiblé.

K, T) K(x,T) 4t

aT(& IN[K(x,T)]
X ax

(lln] D

FIG. 4. Temperature distribution, calculated by the numerical

P

WZ‘I’(X,LT,TX T

1. RHEED analysis

T=cod The RHEED pattern analysis of the virgin and annealed

13 GaAs specimenfFigs. 5a)—5(c)] shows that the irradiation

: (13 with 30 pulses of 5 MW/crh supplies sufficient energy to

X=cog - . A .
recover the crystalline order without concurrent stoichio-

Using the finite difference operators involved in the Metric changes due to the cumulative losses of As atoms: in

Crank-Nicolson schent&;?®?°we 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 algorittfi?’ in the FORTRAN code.

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.

JT 9 IN[K(x,T)]
+_ —_
X aT

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- FIG. 5. Diffraction patterns along th@01) azimuthal direction
mens. The implantation conditions are specified in Table lof GaAs samples virgiita), implanted(b), and laser annealed with
Figure 4 illustrates the expected temperature behavior a80 pulses of power density &), and 6 MW/cn? (d).
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— (1) virgin .A,
—-— (2) as- implanted ’ l — o
1500 —| . (3) 30 pulses, P.= 5 MW/cm? i l g |

H =
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; l 5 As
3 l | ‘? Ga 3d
] i 2 3d
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2 1000 " g
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<
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Binding Energy (eV)
FIG. 7. XPS spectrum of virgin and deoxidized GaAs samples
in which are indicated the Ga and Asl 3evels.
0

clearly appears that the oxide formation will constitute a
275 300 325 350 CHANNEL No. 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-

FIG. 6. Rutherford backscattering spectra of GaAs samples ir%amed on the GaAs material used. The arrows indicate the

the channeling mode: virgil), as-implanted2), and implanted position of the As and Ga signals, the latter referring to a

plus LPPLA with 30<5 MW/cn? (3); 2 MeV He" scattering angle surface layer of about 50 A thick. For more details, in Fig. 8
150° (Ref. 12. we report two series of XPS spectra corresponding to

samples examined befofEig. 8a)] and aftefFig. 8b)] the
chemical deoxidization procedure. The areas of the peaks

fac;t the diffraction pattern of the. laser-annealed SPECIMERy | ated to each component were used to evaluate the As/Ga
[Fig. 5(c)] appears quite regular in the geometry, and th atio

spots have a narrow bar form, in agreement with the calcu- For a better understanding of the mechanisms involved in

lations prediction. LPPLA, we made a systematic study of the dependence of
the As/Ga ratio on the annealing conditions. In Fig. 9, we
2. RBS analysis have plotted the ratio of @ peaks normalized to the corre-
In Fig. 6 we compare the aligned spectra obtained fosponding FES coefficients for oxidizédurvea) and deoxi-
virgin, as-implanted, and annealedPf=5 MW/cn¥) dized(curveb) samples. The experimental poifts andB1
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- Ga3d
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 eafliégs. 5a)—
5(c)].

L
1300 1040 780 520 260 0
DEPTH (A)

A

N\

%4
i
o
T

i
o
11

T
i
PTLL

3. XPS analysis

Intensity (arb.un.)
|
>‘<EE

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- A A

nealed samples at LPPLA power density varying from 4.5 up o ANt ,W/LPZ
to 7.5 MW/cnt with intervals of 0.5 MW/crf, ﬁV/LAAL/ o AN

As in the experiments reported in previous sections, the 15 20 25 30 40 45 S0 i5 20 25 30 40 45 350
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 F|G. 8. Comparison betweend3core levels of Ga and As in
analysis was carried out twice, before and after a deoxidizagaas samples: virgifil), as-implanted?), and laser annealed with
tion of the specimens using chemical etching in HCI diluted30 pulses of 4.5 MW/cf(3); and 5(4), 5.5(5), 6 (6), 6.5(7), 7 (8),
at 3%. As a result we want to eliminate the contribution ofand 7.5 MW/cri (9), respectively, beforéA) and after(B) deoxi-
the oxides and determine their role. In the case in which itlization treatment.

Binding energy (eV)
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FIG. 9. Experimental As/Ga
0.8 - surface ratio as a function of the
irradiation conditions for a GaAs
sample beforéA) and after deoxi-
0.6 - a | not etched dization (B).
0.4

Power Density (MW/cm?)

refer to virgin samples, and one can consider the value cor- At 5 MW/cm? (A4, andB4) and 5.5 MW/cm (A5 andB5)
responding tB1 as a standard for the As/Ga concentrationthe surface concentration rat{points B4 andB5) becomes
ratio at a clean surface of the substrate. The lower value aimost the saméwithin the experimental errpras that for
the oxidized virgin sample, corresponding to poiit, can the virgin sample(B1). One can possibly conclude that all
be attributed to the presence of native oxides with oxygercrystal lattice positions have been occupied, and that the
bound preferentially to the Ga compone@a,0;, Ga0s) stoichiometric recovery is nearly complete. When the irradia-
(Refs. 30 and 3\(in the related XPS spectrum the O signal tion power density rises up to 6 MW/CrtA6 andB6), the As
is very strong indegd During the deoxidization, the Ga at- oxides at the surfacée.g., AsO;) seem to increase, as one
oms taking part in the oxide molecules are loosed in thean see fromA6, while the As/Ga ratio on the deoxidized
chemical bath, so that the As/Ga ratio reaches a higher valusamples remains about unchanged. This situation supports
B1 (Fig. 9. the idea that at this power density the irradiation provokes a
The XPS spectra taken after ion implantation reveal thatweakening of the As-Ga bonds, so that the surface As atoms
on the oxidized surfacéseeA2 in Fig. 9, the As/Ga ratio may be oxidized in a thermodynamically stable form. Fur-
remains substantially unchanged while an As excess on thermore, at 6.5 MW/cf(A7 andB7) the As/Ga concentra-
deoxidized surface is presdif#2). This fact can be attributed tion ratio in the oxidized sample peaks to about the same
to the intense formation of Ga oxides at the disordered survalue as that of the deoxidized specimen. One could con-
face layers of GaAs, which occurs when the specimen iglude from here that under laser action the As-Ga bonds are
exposed, after the implantation, to air at room temperatureveakened enough to oxidize all surface As atoms, but not to
Assuming that the ion-induced surface disorder enhances threlease them. This corresponds to the As sublimation limit,
oxygen adsorption, the thickness of the material with posi.e., the power density response temperature above which the
sible formation of Ga oxides is increased. The successivalteration in the stoichiometry of the surface layers becomes
etching dilutes the Ga oxides leaving the surface layer ensubstantial, as illustrated HA8) and (B8).
riched with As with a consequent increase of the As/Ga ratio Finally, when the irradiation power density is set at 7.5
(B2). In all cases the thickness of the surface oxide is smalMW/cm?, the As/Ga concentration ratio at the etched surface
compared to that of the implanted layer, as confirmed by théB9) increases strongly due to a heating above the As subli-
p sheet resistivity measurements presented below. mation temperature in a thicker layer of the material and an
Before further discussing the behavior of the curves preeutdiffusion of the As interstitial aton%;the latter are accu-
sented in Fig. 9, it is worth noting that all the reported valuesmulated in a region just below the oxidized surface acting as
are obtained by irradiating the samples, with different lasela capping layer. The increase frod8 andA9, being lower
doses, starting from the same initial conditiBd. As a con- than the corresponding increment at the deoxidized surface
sequence, the first laser pulse always impinges on an As-ridinom B8 to B9, can be interpreted as a capping effect result-
GaAs surface. ing from the surface oxide formed by the laser itself. As a
The LPPLA treatment carried out at 4.5 MW/2fA3 and consequence the arsenic component in the surface oxides in-
B3) induces an initial in-depth diffusion of the As atoms with creases. Due to the high-energy density deposited at the sur-
a consequent decrease of the surface As/Ga ratio toward tifi@ce, in this case all laser pulses other than the first ones
characteristic virgin valugBl). This fact, compared also contribute to exceeding the sublimation temperature limit in
with the results obtained by other analytical techniques, cathe surface layers; in fact, the laser energy absorbed at the
be interpreted as an indication that a lattice reconstruction isxide is no longer sufficient to protect the bulk material from
beginning(B3). overcoming this limit.
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FIG. 10. Numerical calculations of the temperature distribution

FIG. 11. Diffraction patterns along ti01) azimuthal direction

of InP samples: virgir(a), implanted(b), and laser annealed with
five pulses of power densities of(6), and 7 MW/cnd (d).

as a function of the depth and time for an InP sample irradiated witttry (RBS) carried out in the channeling mode. In Fig. 12 we
a power density of 6 MW/cfa report these spectréshowing the In peak on)yfor three
different samples: virgiti2), as-implantedl), and treated by
The slight mismatch between the calculated value of thd-PPLA (3) with 15 pulses at 6.5 MW/cfreach. The spectra
upper power-density limit6 MW/cm?), and the XPS experi- present the distribution of the damage, i.e., the background
mental results showing a limit of about 6.5 MW/gnis  Of each spectrum is already subtracted. The irradiation con-
probably due to the assumption made in the theoreticadlitions are chosen within the efficient energy window of the
model which neglects the presence of a surface oxide andPPLA technique.
considers the laser energy instantaneously transferred to the AS expected, the spectrum of the as-implanted sample
lattice. gives the highest yieldFig. 12, curve ] resulting from the
ion-beam-induced structural disorder. Conversely, the RBS
B. InP case spectrum for the LPPLA sampl&ig. 12, curve 3shows the
' lowest yield. One can note that as a consequence of the laser
The temperature behavior obtained with the numericatreatment the surface damage is even smaller than that of the

calculation of InP treated by LPPLA &,= 6 MW/cn? is

virgin specimen. This behavior supports the idea that in the

illustrated in Fig. 10. The critical temperature of the com-case of well-prepared semiconductor wafers the LPPLA pro-
pound,T., is considered as equal to 573 K, assuming thatessing also removes the shallow surface disorder induced by

aboveT, the losses of P become substarttial.

1. RHEED analysis

The relevant RHEED pattern@-ig. 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 showsg
(Fig. 10 that the maximum surface temperatdig=558 K
is reached about 44 ns after the beginning of the laser pulse.
The Ty value is belowT, 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., wheiT,, exceeds the critical tempera-
ture.

2. RBS analysis

the final polishing procedur.
The RHEED analysis was not able to detect this differ-
ence due to its low sensitivitisince the diffraction patterns
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FIG. 12. Aligned RBS spectra for InP samples: as-implanted

The structural recovery of InP induced by LPPLA was (1), virgin (2), and implanted pulse LPPL{8) with 15 pulses of 6.5
also analyzed by using Rutherford backscattering spectronMw/cm? each.
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2,000 gap®® In InP [Fig. 13b)] this effect on the sheet resistivity
seems to be opposite, i.e., increasing the number of laser
pulsesN results in a drastic fall op by about two orders of
magnitude(from 2 MQ/ to 20 KY/O when N, increases
from 0 to 1Q. Since, according to RHEED data, the struc-
tural reordering agrees well with the, behavior, one can
therefore assume an increase in the carrier densities and/or
their mobility with N,.

The interpretation of the, behavior as an immediate en-
hancement of the carrier mobility seems to be in contrast
with the increase op for N=15[Fig. 13b)] 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 surfacdas revealed by RHEEDwhich 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 @f 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-

o bt L1 ing a thick oxide layer, at some stage stops and prevents the
o0 5 1% | 15 b20 25 30 further effect of LPPLA. In order to gain the full advantage
wises number of the cumulative effect of laser pulses in LPPLA on the
FIG. 13. Sheet resistivity of GaAda) and InP-(b) irradiated ~ Sheet resistivity of InP, one has to complete all measurements

samples as a function of the pulse number. The power density wd8 @ controlled inere.g., Aj atmosphere. Such control ex-
5 MW/cn? for the GaAs sample, and 6.5 MW/érfor InP. periments are now under way.

The upper limit for LPPLA is obtained by irradiating the
are mainly influenced by atoms occupying the lattice sites INP samples with a power density By=7 MW/cn?. Similar
Conversely, the RBS channeling technique is sensitive to £ the case for GaAs, the distortion of the stoichiometry in

small number of defects altering the crystal channel continuthe implanted layer is indicated by increase of the spot size
ity and/or regularity. and by spreading of the Kikuchi lines in the diffraction pat-

terns[see Fig. 11d)]. These observations are in agreement
3. XPS analysis with the numerical predictions for GaAs- and InP-implanted
. samples irradiated with 6 and 7 MW/énrespectively, as
The results of the XPS measurements for virgin, as'reported in Figs. 14 and 15 where the temperature can appar-

implanted, implanted, and laser-treated InP samples will b - C
published elsewher®. The dependence of the P/in surface%mly exceed the critical sublimation values for both As and P

. . . L - . toms.

concentration ratio on the irradiation conditions were inves- Furthermore, in order to illustrate the temperature gradi-
;lga:tetﬂ shF())/\;vmg ? bedhaw?r zlalnalolg[]ousd th) th?:] for G?As; (Ij nt fields inside the speciméwhich in the authors’ opinion

ac | € nd ratio, tra}[S ('f? 38 altere otr_ € impian edare responsible for the defects migrajiome have calculated
sample, was demonstrated to decrease, at Increasing irradige, ghace distribution of the temperature gradient as a first

tion power density, down to values typical of the virgin InP derivative of the temperatufplotted in Fig. 14 with respect

1,000

500

Sheet Resistivity (kOhm/(J)
S S
S <o

50

obtained withPy=6.5 MW/cnf. to the in-depth coordinate. One can find that maximum dam-
. age is observed in the region where thegative tempera-
4. Electrical measurements ture depth gradient has a minimuie., maximum absolute

In addition, we have studied the resistivity behavior of value), this value being responsible for the migration of point
laser-annealed specimens depending on different parameteatefects toward the undamaged crystal. The calculated tem-
such as the total laser dose, number of laser pulses, etc. Vgerature space gradient versus time and in-depth coordinates
have reported earlier similar study for the GaAs c¥se, is shown as a density plot in Fig. 16, the lighter and darker
showing that a good electrical carriers activation can bezones corresponding, respectively, to higher and lower abso-
achieved only if a thermal treatment at relatively low tem-lute values of this gradient. The lighter zones can be consid-
peraturg(580 °Q is combined with LPPLA. Here we present ered as space-unstable regions where the laser energy is ab-
only the results for the InP case concerning the dependena®rbed uniformly in the vicinity of each point only. The
of the sheet resistivity on the number of laser pulgéig.  maximum absolute value of the temperature depth gradient is
13(b)], and compare the behavior with that of GaAs. In theof the order of 18 K/cm.
latter cas® the increase in the number of laser pulses at In Fig. 17 we present a similar density distribution of the
LPPLA led to a recovery of the structural disorder inducedtemperature time gradieritalculated as absolute values of
by ion implantation, and to an increase of the sheet resistivthe first derivative of the temperature from Fig. 14 with re-
ity, probably due to a reduction of the defects density in thespect to timg vs time and depth. As before, the lighter and
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with a power density of 6 MW/cf(Ref. 13. FIG. 16. Density plot of the space-temperature gradients, in ab-
. . solute value, of a GaAs-irradiated sample with an energy density of

darker zones correspond, respectively, to higher and lowe§ \w/cn? in dependence on the time and in-depth coordinates.

absolute values of the gradient. It may be worth noting thatrye jighter and darker zones correspond, respectively, to higher and

the existence of this gradient is not in conflict with the initial |ower absolute values of the temperature space gradients.
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 intenseith respect to the heat
propagatioh that quite an unstable equilibrium state vs time
at each point originate$.In this sense the regions character-
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FIG. 17. Density plot of the time-temperature gradients, in ab-

solute value, of a GaAs-irradiated sample with an energy density of
FIG. 15. Temperature surface, calculated by the numericab MW/cn? in dependence of the time and in-depth coordinates. The

model, as a function of the depth and time for an InP sample irralighter and darker zones correspond, respectively, to higher and
diated with an energy of 7 MW/cfn lower absolute values of the temperature time gradients.
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ized with higher values of the temperature time gradient caThe results revealed that much higher carrier mobility values
be considered to be unstable in time. In our opinion such are obtained by LPPLA of InP than for GaAs in the same
condition should be necessary in order to achieve solid-phasgonditions. Another important difference is that the forma-
epitaxial regrowth based on the migration of point defects sefion of laser-induced oxides on InP puts a strong limitation
free under the action of laser-induced space thermal gradpn the application of the LPPLA technique in air. This oxi-
ents. As a consequence, matching the time-unstable regioggtion leads to a fundamental decision that all the LPPLA
with the space-unstable areas, one can possibly evaluate ta@periments on InP should be completed in a vacuum cham-
time-space coordinates of interest to the solid-phase epitaxiglg,- by avoiding the formation of oxides, one can increase

regrowth. the number of the applied laser pulses and also the total
The role played by the laser-induced thermal gradient%nergy deposited at tgg surface. P

could be fundamental in determining the lower limit of the The data analysis in the previous sections confirms the

power density window where the low-power pulse_d-laser-abi”ty of LPPLA to recover the lattice order in llI-V com-
induced epitaxial regrowth takes place. In fact a solid-phase . . . I
pound semiconductors via laser-induced epitaxial regrowth

epitaxial regrowth can be obtained only if the irradiation: lid oh t onlv for G hich read
power density delivered on the sample induces space arlf] @ So'ld phase not only for aAgvhich was already re-.
orted earlier but also for InP. In both cases the upper limit

time gradients strong enough to produce nonequilibriunf
zonesg.l g g P g of the LPPLA window can be related to the laser-induced

The last statement is, indeed, one of the two foIIowingChange of the stoichiometric ratio, while the lower limit
fundamental hypotheses necessary to assume for a qualifaobably takes its origin from the existence of an energy
tive explanation of the LPPLA. threshold below which the obtained thermal gradients are not

(1) The laser energy is absorbed mainly by weaklysufficient to make effective the migration of defects across
bonded electrons, located at the point defdets., intersti- the matrix potential barriers.
tials) in an unstable equilibrium. It should be noted that within the model assuming inho-

(2) During the laser-energy absorption these point defectgnogeneity, the maximum of the space-gradient distribution is
in a pseudofree condition, can migrate through the potentig$ituated just in the region of the maximum damage produced
barriers in the solid matrix, driven by the local thermal gra-by the implantation. The high absolute values of these gra-
dients. These gradients are due to the difference in the atslients can be considered as responsible of the nonequilib-
sorption coefficient of the residual crystalline isles. The presfium condition where an epitaxial regrowth of the solid
ence of the latter near the surface of low-dose ion-implanteg@hase arises.
substrate is clearly observed by high-resolution transmission On the basis of the discussed experimental results, some
electron microscopyHRTEM) (see, e.g., Ref. 35At high  ideas about the mechanisms involved in LPPLA-induced
implantation dose, when crystalline isles disappear, the transolid-phase epitaxial regrowth have been proposed. At this
versal thermal gradients are correspondingly absent, and ridirpose, it is worth to underline that they are not yet com-
efficient LPPLA processing was found. In order to increasepletely understood, and that a comprehensive dynamical
the annealing effect, it is necessary to facilitate the interstimodel of LPPLA is still to be achieved.
tials vacancies annihilation, and destroy the point-defect In conclusion we may say that the LPPLA technique is
clusters: successive superimposed laser pulses are especidfficient in recovering the structural order of ion-implanted
needed for that purpose. substrates of Ill-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-
V. CONCLUSIONS ing this limit, the treatment will cause a cumulative loss of

. , ._the more volatile element, so that the stoichiometry of the
In the present paper we have outlined, first, mathematlcai-I y

method of calculating the distribution of temperature as aompound will be altered.

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 ACKNOWLEDGMENTS
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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 occur@ointsB4-B7 of curveb in Fig. 9) the
Ga/As ratio remains substantially constant. The electrical Here we report an analytical approach based on the
measurements proved the capacity and the limits of th&reen-function method, and used to evaluate the temperature
LPPLA technique to change the resistivity of the samples, adistribution as a function of the time and the depth inside the
well as the difference between the GaAs and InP specimensradiated specimen®.For these calculations we assumed a

APPENDIX A
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two-layer model with thermal, optical, and implantation pa-depth inside the irradiated specimens considering all the non-

rameters reported in Tables [-III. linear thermal parametef3able IV) and the model already
described in the text to take into account the inhomogeneity
APPENDIX B of the ion-implanted specimefi. The applied algorithm

Here we describe the numerical method used to evaluateéemes from a modification of the Crank-Nicolson scheme in
the temperature distribution as a function of the time anddrder to ensure stability and convergence.
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