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The effects of the ambient atmosphere in the annealing chamber on the electrical and structural character-
istics of Zn-implanted 11I-V compound semiconductors, processed by low-power pulsed-laser annealing are
presented. The samples were analyzed using several complementary experimental techniques: Reflection high-
energy electron diffraction, Rutherford backscattering spectroscopy, Raman spectroscopy, secondary ion mass
spectroscopy, and electrical measurements. During the laser beam irradiation in the presence of gas inlet into
the annealing chamber the ambient gas atoms diffused well into the target changing the stoichiometry and the
electrical parameters. Redistribution of the implanted impurity was also observed. By varying the type of gas
used and its pressure, it was possible to achieve electrical activation of up to 80%. It seems all structure and
electrical parameters achieve their best values at the same ambient atmosphere and density of the deposited
laser powerP, e.g., 1.5 atm of MandP=6.5 MW/cn? for InP.[S0163-18209)12803-(

[. INTRODUCTION plants. thep-type dopants in InP are known to have lower
activation efficiency. In this case a maximum sheet hole con-
In recent years, remarkable interest has been paid to theentration of 16 cm™2 and an electrical activation below
advantages of using compound semiconductors such &% have been obtained instead. The values correlate with
GaAs and InP in optoelectronic and microwave device techthe broadening of the implant profile observed, due to inward
nology. Among these materials, InP seems to be particularlgiffusion of p-type dopants during the subsequent elevated
attractive (e.g., for fiber optics applicationsiue to higher temperature annealin§;?? required to recover the high-
values of the peak electron drift velocity and the breakdowrdensity damage.
field with respect to other similar materials such as GaAs and We recently reported data on application of low-power
Si1~8 In addition, the combination of high-radiation resis- pulsed-laser annealing.PPLA) technique to ion-implanted
tance and electrical efficiency makes InP very attractive foiGaAs and InP® The LPPLA was carried directly in air to
solar cells manufacturing in aerospace technofojyFi- make it work in the cheapest and easiest way, but the forma-
nally, indium phosphide is promising substrate material fortion of laser-induced surface oxide was demonstrated to play
the fabrication of field-effect transistors, avalanche photoa crucial role. This layer was particularly restrictive in the
diodes and IMPATT diodes. Most recently, particular in- case of InP material, since it reduced the efficiency of using
terest was paid to the study of nitride-related compounds durepetitive laser pulses. It was concluded that LPPLA process-
to their potential application in short-wavelength optical de-ing in vacuum is not good enough and a controlled ambient
vices such as blue light-emitting diod¥s° The nitrides on  of Ar or N, is needed to prevent formation of surface oxides.
InP are also attractive for surface passivation of special The purpose of the present paper is to provide and com-
devices'’ pare results obtained by applying the LPPLA processing to
The electrical properties of implanted InP have been studGaAs and InP samples in vacuum and in a controlled atmo-
ied in several paper§=?°The results reported in the litera- sphere. The following complementary analytical techniques
ture show that a high-peak carrier concentration ofwere used in the investigations: high resolution cross-section
10*® cm 3 is achievable in substrated doped witltype im-  transmission electron microscop$HRXTEM), reflection
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high-energy electron diffractio(RHEED), Rutherford back- tions were carried out in a JEM 2010 electron microscope
scattering spectroscofiRBS), secondary ion mass spectros- operating at an acceleration voltage of 160 kV.
copy (SIMS), microRaman spectroscofWRS), and electri-
cal measurements.

In order to facilitate the interpretation of the obtained re- C. RBS analysis
sults it is worth summarizing the main mechanisms involved The samples were analyzed by using 1.5 MeV accelerated
in the solid-phase epitaxy induced by LPPLA, according toHe* beam, incident normally onto the specimen surface.
Ref. 26. The most essential experimental condition tospectra in both random and channeled mode were collected
achieve good-quality laser annealing is that the sample temygt a scattering angle of 160°. The detector sensitivity was
perature must be kept far below the melting value at any3 153 keV/ch and the collected current was abop#4 The
point of the surface. Furthermore, in compound semiconducrecorded spectra for samples before and after the laser treat-
tors it should be below the stoichiometric decompositionment were processed to extract the polynomial fit to the
temperature, too. In these conditions, the invoked process ®fackground of the surface damage peak and to obtain the

crystalline solid-state regrowth is probably connected withgepth distribution of defects induced by the treatment itself.
destabilization of the lattice, which occurs when a critical

density of valence-band electrons is photoexcited after ab-
sorbing the laser radiation. D. SIMS measurements
When the damage induced by ion implantation is not ho-

mogeneous, which is common at implantation doses below;s_3f instrument. The primary ion beam consisted of a 50
1-5x10' ions cm 22" local thermal gradients and subse- na”cs+ with an incident energy of 2 keV rastered over a
guent mechanical stresses rise up. They facilitate the drifting50>< 250 um? The contrast aperture, field aperture and im-

of mainly unstable interstitial point defects through the de'age field were set at 400, 750, and 15, respectively
stabilized lattice and their recombination with vacancies. The The Cs. NCs'. and Z’nCé‘,ions weré measured éince

B . 1 .
Fjura_tlogzgc))f these [;]rml:esses 'T of;he order of 1 (ngp_' this allows for improved depth resolution, increases sensitiv-
ing tim .bsllnce the aserhpu S€ urrlalt_lon is about18, it (especially in the case of\and a reduction of any matrix
is reasonable to expect that several jumpings occur duringisect present. Concentration versus depth plots were derived
the laser treatment, normally consisting of a sequence of 2f), . - by normalizing the area under the ZACCs" versus
laser pulses, about. depth curves to the known implanted dose. Depth scales
were defined using DekTak IIA surface profilometer.

SIMS depth profiling was carried out on a Cameca

Il. EXPERIMENT

A. Materials and processing E. Micro-Raman spectroscopy

The specimens used consisted of semi-insulating GaAs Micro-Raman spectroscopy measurements were per-
and InP(100 single-crystal wafer¢Sumitomo Corporation formed at RT using a Jobin Yvon T64000 triple spectrometer
Ltd., Japah 400-um thick. They were implanted with 140- equipped with a M cooled CCD detection system. The slits
keV Zn* ions to a dose of I8 cm~? at 7° from the sample  were set at resolution of 0.6 ¢rh The spectra were recorded
normal. The ion current did not exceedqu® cm™? and the in backscattering geometry from the sample surface, using
samples were intentionally heated during the implantationhe 5145- and 4579-A lines of an Adaser.
processing to keep the temperature at£10 °C.

To avoid the surface micromelting, appearing at 9 MW/
cn? for GaAs and 11 MW/ crhfor InP, respectively, the F. Electrical measurements
implanted samples were irradiated with 20 consecutive ruby- Tphe sheet resistivity measurements were carried out by
laser pulses OAtgyyy=25 ns with a frequency of 0.05 Hz.  ysjng the Van der Pau@/dP) method. In our case the cur-

The average power density of the pulses used in the procesgsnt source and the voltage meter were integrated in a single
ing (in the range of 5.5 to 7 MW/cfwas expected to result instrument (Keitley 23§. The commutations between the

in effective lattice recovers” typical configurations of the VdP method were realized using
a manual commutator. The Hall measurements have been
B. Electron microscope observations performed by using a 2T Bruker magnetic-field generator.

The crystal structure of the GaAs and InP samples, both
before and after 'Fhe annealing, was cpntrolleq in a'AEI Ill. RESULTS AND DISCUSSION
EM6G Electron Microscope. It was equipped with a high-
resolution electron-diffraction stage, which allows the As already pointed out briefly in the Introduction, LPPLA
sample rotation around the normal to the surface and, as experiments require that the temperature of the irradiated
consequence, the observation of reflection-diffraction patsample does not exceed a critical valligabove which the
terns corresponding to different azimuth directions. alteration of the stoichiometric ratio becomes substantial. It
The cross-sectional specimens were obtained by preparingas shown, that as a consequence, the LPPLA is efficient
sandwich structures @011) cut slices from(100) GaAs sub-  within a well-defined range of the laser power density only.
strates only. The sandwiches were mechanically prethinnedrollowing the model and the calculations already reported in
dimpled, and, as a last step, etched by Aeam at RT until Ref. 26, the irradiation power densities used in this work
the electron transparency occurred. The HRTEM observawere set at 5.5 MW/cAtfor GaAs(that results in a tempera-
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FIG. 2. RBS spectra in channeling mode. The peak correspond-
ing to the surface damage is shown for virgin, as-implanted, and
implanted plus LPPLA treated specimens of InP.

pears almost completely restored, as seen in Rig. The

Zn-implanted(100) GaAs. The inserts show the corresponding se_fselected.arela dlffractltf)n pattern ShOWn |n. the insert comes
lected area diffraction pattern&) As-implanted surface layer. Ar- rom a circular area of about 100 nm in diameter and con-

rows show crystal islands buried in the amorphized layer after thdifMms the efficiency of the LPPLA processing.
implantation.(b) LPPLA restored crystal lattice of the same layer.

FIG. 1. XHRTEM micrographs{110 projection of 140 keV

. . . B. RBS analysis of the structural damage
ture increase of the irradiated surface to about 580 a@d

6.5 MW/cn? for InP (yielding a temperature rise to nearly _ 1"€ RBS spectra of InP samples in channeling mode are
290 °Q. In any case the RHEED analyses did not reveal an);llustrated in Fig. 2. The In-component surface peak is shown

substantial structure changes for laser treatment at densitiéd’ () virgin, (i) as-implanted andiii) implanted and then
below 5.0 MW/cr? for both GaAs and InE® annealed wafers. The samples were annealed,iambient

LPPLA experiments were carried out in vacuyp~/  atapressure of 1 atm, with different laser power densities as
atm) and in Ar or N, ambient at pressures of 0.5, 1, 1.5, angindicated in the flg_ure. The background of each sp'ectrum is
2 atm. The influence of the annealing atmosphere on th&uPtracted according to the “surface approximation” ap-
electrical activation of the implanted ions is followed by Proach. As expected, the spectrum of the as-implanted
comparing the results for various samples obtained by elec@MPple gives the highest yield resulting from the ion-beam-
trical measurements and using complementary techniqud@duced structural disorder. The damage yields of the an-

outlined above. nealed samples are lower than that of the as-implanted one,
for all depths studied being even lower than the yield of the
A. XHRTEM analysis of structure reordering virgin sample if the irradiated power density 6.5

) oo i MW/cm?. This behavior supports the idea that the LPPLA
~In Fig. 1, one can find illustrated th@ 10 lattice plane  eatment with suitable power density of the laser pulse can
imaging projections of cross-sectioned specimens of GaAsemoye even the shallow surface disorder caused by final
The maximum of the ion-beam-induced radiation damageyqjishing procedures of the wafer manufacturing. It is worth
[Fig. 1(a)] appears as a continuous amorphouslike structuré,sting here that studies of the composition impose a limit on
see the diffraction pattern in the insert. It is located betweefne | ppLA power density for treatment of InP samples up to

approximately 20 and 50 nm below the implanted surface, ag 5 pmwy/cn?, to avoid surface stoichiometric alteration of
shown by the stars in Fig.(@. The residual crystalline e compound at higher irradiation power densities.
zones, clearly visible in Fig. (&), play a crucial role in the

epitaxial regrowth induced by LPPL&.One can note that
some of these zones extend from the residual surface crys-
talline region toward the amorphized layer. Others appear as In Fig. 3 the SIMS depth versus concentration profiles of
rather small crystalline islands embedded in this layer. Thesén are shown for as-implanted and annealed InP samples at
regions probably originate from local zones where the iondifferent irradiation power densities. The annealing was
beam-deposited energy density is lower than the criticacompleted keeping the samples i, Bmbient at 1.5 atm.
value required for the transition to amorphous phase. The maximum position of the as-implanted Zn profile agrees
After the laser irradiation, carried out with 20 consecutivewell with that obtained by simulation, usingrIM95 com-
pulses of 5.5 MW/ crheach, the crystal order of GaAs ap- puter code Rp=74.3 nm). The experimentally measured

C. SIMS analysis
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FIG. 3. SIMS depth profiles of Zn concentration in as-implanted T \ O\ N
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FIG. 4. SIMS depth profiles of Zn concentration in as-implanted

: ~ : _and implanted plus laser-annealed samples of InP. Integral laser
straggling AR Pe;~55 nm is larger than that of the calcu dose isD=20x6.5 MW/cn?, LPPLA treatment was in vacuum or

lated value 32 nm. The deviation is probably related to thq\l ambient
elevated temperature during the implantation and the atomic? '
relocation(mixing) during the analysis.

Zn distributions obtained after processing by LPPLA inInP, following the exposure to a laser pulse of 6.5 MWJcm
two different ambient conditions in the annealing chamberyvs time and depth are shown. The lighter and darker zones
vacuum( 6x 108 atm) and N, at 1.5 atm are compared in correspond respectively to higher and lower absolute values
Fig. 4. As one can see, only in the latter case we find a flaof the gradient® The plot indicates the existence of regions
distribution with nearly constant zinc concentration in a wide
interval of depths. On the contrary, in the case of LPPLA in
vacuum(6x 10~ 8 atm), the surface Zn concentration greatly
rises probably due to the decrease of Zn sublimation tem-
perature in vacuum. Moreover, some tendency of Zn diffu-
sion toward the surface results to be present also in samples &
annealed in B atmosphere.

It appears clearly from the reported spectra that the laser
treatment induces Zn redistribution depending on the irradia- o0
tion power density. In particular we obtained a flat Zn distri-
bution extending from 30 to 100 nm in the sample treated
with 6.5 MW/cn?. There are several driving forces behind L
this displacement process, including the concentration gradi-
ents of the implanted zinc and of the bombardment-induced
vacancy distributions, in addition to temperature gradients N
due to the adsorbed laser power. High-density photoexcita-
tion of bonding electrons causes structure instability and
atomic rearrangement within a few hundred femtosecdhds. A=
Laser energy is transferred to the lattice in several picosec- 0 200 400 600 800 1000
onds, generating thermal and mechanical stresses that affect Depth ()
the point defects. The effect is depending on the laser power FiG. 5. Contour plot of the temperature space-gradient distribu-
density, and most prominently, on the distribution of tem-tion (K cm™) vs time and depth for Zn-implanted InP sample,
perature gradients in the substrate. In Fig. 5, the distributioffollowing a laser pulse of 6.5 MW/cfnLighter zones indicate time-
of the space temperature gradient in Zn-implanted sample afpace region where this gradient is higher.

100 7

Time (ns)
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FIG. 6. Raman spectra, excited from Zn-implanted InP surfacé;ected with the presence of N in the InP lattice

in backscattering configuration with laser pulse at 4579 A wave-
length. The N pressure in the annealing chamber is indicated. The |n the case of ion implanted sample the spectrum is very
peaks LO and TO correspond to the longitudinal and transversgimilar to the virgin ondsee the peak position at 350.5 thn
optical phonons in InP. and the linewidth of the T® with only a slight increase af

with such intensive energy-transfer rafesth respect to heat (%10%? detected_. This is ascribed to partial rel_axa_tion of
cattering selection rules due to the implantation-induced

ropagation that a quite unstable state originates at eacS
poir?t g']I'he high-tem qerature radient betwee?\ 60 and 100 n%tructural disordef”
point. 9 P 9 Raman spectra change considerably for all samples

can contrlpute tqwa_rds _the diffusion of Zn atoms, fac'“.tatmgtreated by LPPLA. While the linewidths of the LO band do
their reaction with ion-induced In vacancies. According to I : -

. . : not change significantly, its peak positions are strongly red-
TRIM95 modeling, the maximum of these vacancies occurs at

depth of about 50—70 nm. Correspondingly. at a power den§h'ft6d’ by 6.8—-9.5 cm'. Simultaneously, a broad asymmet-

. A, ric band appears in the spectra. It is positioned at wave num-
sity of 6.5 MW/cnt one can find in Fig. 3 a large Zn- . ' o
concentration plateau of aboutx@0® cm 2, extending bers slightly higher than that for the TO band of the virgin

. InP, but has much higher intensity. These spectral features
from 30 to about' 100 nm. The oyerlappmg suggests, that th re characteristic of coupled modes between optical phonons
observed behavior of the impurity and the damage can b

; : ) Sndp—type plasmons. In particular, the red-shift values of the
e e healO peals are proporional to  iheptype  carre

P » the app ce of platea .~ concentratiori>3*The largest red shift9.5 cm?) of the LO
suggests the existence of critical conditions of the laser irra-

diation, which favor the recombination of Zn interstitials peak, and therefore the largest activation, corresponds to N

: . I . ; : pressure of 1.5 atm, in remarkable agreement with the Hall-
with In vacancies. Additional experiments to clarify this hy- transport measurements reported in the next section
pothesis are under way. :

Information on the depth characteristics of the implanted
region is obtained by comparing the Raman spectra recorded
at two different wavelengths, 4579 #rig. 6) and 5145 A

The effect of processing by LPPLA at different nitrogen (Fig. 7). The corresponding interaction lengths, defined as
pressures is studied also by comparing the correspondirgample thickness contributing to 70% of the detected Raman
Raman spectra. As a reference, Fig. 6 illustrates the spectrusignal, are~400 and~900 A, respectively. The main two
of the virgin InP sample: one can see that the ratietween  bands, in the range of 280-370 ch show similar fre-
the intensities of the transverg@O) and of longitudinal quency behavior at both laser wavelengths used. Several new
(LO) optical phonon bands is rather smll(TO)/I(LO) features, not detected in the spectra excited at 4579 A, appear
~0.09]. This is connected with the fact that TO scattering isin the spectra of the annealed samples shown in Fig. 7: a
forbidden in the backscattering geometty. broad band centered at about 420 ¢nand a new peak at

D. Micro-Raman spectroscopy
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330 10 mance. In this conditionggeethas a minimum of about 160
Laser dose = 20 *5.5 MW/cm?

kQ/J; compared with the value obtained for GaAs annealed
in air [450 K)/O (Ref. 39], it proves the positive effect of
the lack of surface oxides on the electrical properties.

With further increase of the argon pressure in the anneal-
ing chamber the sheet resistivity rises up and the mobility
falls down. In the authors’ opinion, this is due to heavy ad-
sorption and diffusion of Ar atoms into the GaAs lattice,
where they become interstitial point defects and deteriorate
the electrical efficiency. Similar behavior was observed when
the gas inlet in the annealing-chamber was changed to nitro-
gen[Fig. 8b)]. The sheet resistivity has a minimum of 120
kQ/0 and the mobility slightly improves with respect to the
) case of Ar atmosphere, driving the activation rate up by
Arambient . nearly 15%.

The electrical measurements of InP samples processed by
» H12 LPPLA in Ar or N, atmosphere are illustrated in Figs. 9 and

\ 10, respectively. The sheet resistivifyig. Aa)] and the hole

Sheet resistivity (k/[])
(SA/cwd) AI[IqoIN

150 | -2

400

mobility [Fig. 9b)] for samples treated with different

. 1o irradiation power densities (206 MW/cn?, 20X6.5
MW/cm?, and 20<7 MW/cn?) are plotted against the Ar
pressure in the annealing chamber. In this case the hole mo-
bility maximum (23 cnf/V s) and the sheet resistivity mini-
mum (18 k)/J) occur at Ar pressure of 1.5 atm and irradia-
tion power density of 6.5 MW/cf The best activation rate
obtained is about 18%. At argon pressures exceeding 1.5
atm, some degradation of the electrical properties is ob-
served. It is probably connected with the adsorption and dif-
-/ Ja fusion of Ar atoms as interstitial point defects, mentioned
earlier for the GaAs case.

Sheet resistivity (k/[])

(SA/;wo) ANIqOIN

N,-ambient

100 1 . .
0.0 05 1.0 15 20 More encouraging results have been obtained for

Pressure (Atm) Zn*-implanted InP samples, annealed by laser inaino-
o o ) sphere(Fig. 10. The dependencies of,.:and u for wafers
FIG. 8. Sheet resistivity and hole mobility of Zn-implanted 5negied at different laser power densities are given as func-

GaAs sample treated by LPPL#® =20x6.5 MW/cn?) in Ar (a)

i i li h . Th
and in N, (b) ambient correspondingly. tions of the N pressure in the annealing chamber e

curves demonstrate mainly three features.

(@) The conductivity and mobility values measured for
272 cmi tin the spectra of the samples annealed jrabno-  InP samples, which have been annealed in vacuum, are really
sphere. The assignment of the features is unclear. It is certaifot satisfactory. The critical temperatu¢defined as tem-
however that it originates from region deeper than 400 A, inperature above which the compound stoichiometry alters
the annealed samples only. The peak at 272'coan be  depending mainly on the partial pressure of the phosphorus
ascribed, by means of computation, to local vibrationalin the vapor phase, decreases in vacuum. As a consequence,
modes from Zn substitutional sites. This band appears onlgn irradiation power density of 6.5 MW/éndoes not guar-
in samples annealed undey, ldtmosphere its intensity de- antee the compound integrity anymore.
pending on the Bpressure. This fact suggests that the pres- (b) The maximum values of the conductivity and the mo-
ence of nitrogen atoms favors the implanted”Zatoms to  bility occur exactly at the same experimental conditidias
react with ion-induced In vacancies so becoming substituser power density and pressues those found earlier in InP
tional in the In sublattice. As a consequence it can be thoughtample annealed in Ar atmosphere.
that the observed peak has been caused by nitrogen atoms(c) The maximum of the hole mobility obtained in our
adsorbed at the surface and diffused into the bulk. experiments is about 70 &W s. Such a high value is nor-
mally coupled with high resistivity, and therefore low-carrier
concentration. On the contrary, the minimum of the sheet
resistivity (of about 1 K)/(J) is combined in our case with

In this section, we summarize the data on the electricahigh-carrier concentratiofp;=8x 10" cm 2) and electri-
parameters of GaAs and InP samples, processed by laseal activation of nearly 809437
annealing in a controlled Ar or Natmosphere. The results of ~ The above reported changes of the electrical properties of
the electrical measurements of Zn-implanted GaAs waferdnP with nitrogen pressure are connected evidently with the
treated with 2x5.5 MW/cn pulses in Ar atmosphere, are adsorption and diffusion processes taking place during the
shown in Fig. 83). The sheet resistivity and the mobility are laser irradiation. Similar to argon, the adsorbed N atoms can
given as function of the pressure. It appears that treatment idiffuse in the host matrix; due to the chemical affinity to P
about 1 atm argon pressure provides best electrical perfothey can be trapped in P vacancies and become substitutional

E. Electrical measurements
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FIG. 9. Sheet resistivitya) and hole mobility(b) as a function
of Ar pressure in the annealing chamber. LPPLA treatment of Zn-

implanted InP with 20 pulses at different power densities. FIG. 10. Sheet resistivitya) and hole mobility (b) of Zn-

implanted InP as a function of the pressure of &nbient in the
%nneallng chamber LPPLA treatment with 20 pulses of different

in the P sublattice. Thus, besides preventing surface-oxid
power densities.

formation, the role of N atmosphere is to contribute to the
saturation of P vacancies. The implanted'Zans, freed by
the laser action as described above, will react favorably witliemain interstitials. The latter act as simple contaminating
the ion-induced In vacancies and become substitutional itmpurities and degrade the electrical parameters such as
the In sublattice, acting as electrically activated extrinsicand pgpeervalues(see Fig. 10

carriers®® The obtained maxima af gpeei@nd u in these ex- Similar assumption was published recently in a discussion
perimental conditiong6.5 MW/cn? and 1.5-atm M pres- of Zn* and As" coimplantation in InP° the authors of this
sure indicate that some equilibrium between P losses and Nbaper conclude that Asmplantation in InP preimplanted
adsorption is achieved, resulting in saturation of P vacanciesyith Zn™ leads to stoichiometric alteration of the implanted
as a consequence, the majority of Zn implants are forced ttayer. Namely, the increase of the concentration of In vacan-
occupy In sites. With further increase of the nitrogen pres<ies facilitates the redistribution and incorporation of Zn im-
sure, the electrical performance is worsened since some @rities in the cationic sublattice and therefore the annealing
the excess adsorbed N atoms cannot find vacant P sites aofithe radiation defects and the activation of the acceptor Zn
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100 T T y T y T T 7 tors damaged by ion implantation. RBS spectra also indicate
excellent lattice reordering. In some particular annealing
conditions the damage yield in the spectra is even lower than
| that obtained from virgin samples. SIMS analysis of the an-
/ nealed samples proves the diffusion of Zn atoms toward the
] surface. In the best annealing conditions a flat distribution of
S S 1 the implanted zinc has been obtained, within a layer 70—-80
nm thick, centered at about 50 nm below the surface. This
plateau is assumed to be connected with the presence of sub-
stitutional zinc in the In sublattice. The micro-Raman spec-
troscopy confirms this interpretation by the appearance of a
large band at wave numbers slightly larger than those of the
TO phonons. This band can be ascribed to coupled modes
between optical phonons ametype plasmons. Furthermore,
some red shift proportional to thetype carrier concentra-
tion appears in the annealed samples. The maximum of this
shift occurs at the best annealing conditioms terms of
electrical properties Finally, some spectral features appear
(e.g., peak centered at wave number of 272 Yrdepending
on the N pressure. These spectral features change as the ex-
citation laser wavelength is varied from 4159 to 5145 A.
Since the detected signals come from a layer of thickness 40
and 90 nm, respectively and depend on the nitrogen pressure

Virgin InP as-received

Sheet resistivity (M/[])

Virgin InP LPPLA treated

1 . 1 . L . L . in the annealing chamber, one may argue that these spectral
00 05 1.0 1.5 20 features can be related to local vibrational modes from Zn
N, Pressure (Atm) substitutional atoms in a layer about 50 nm thick, of the

FIG. 11. Sheet resistivity of virgidashed ling and virgin order of 40 nm below the sample surface. This result agrees
+LPPLA treated(by 20 pulses of 6.5 MW/cA) InP as a function ~Well with the flat Zn concentration at these depths, as ob-
of the N, pressure in the annealing chamber. served by SIMS. The presence of N atoms in this layer

stimulates the substitutional positioning of Zn atoms in the In

sublattice. The electrical measurements for InP samples irra-
impurities. This interpretation supports the mechanism ofliated in nitrogen atmosphere are very conclusive. It is worth
solid-state recrystallization and the electrical carrier activanoticing that we were able to achieve an electrical activation
tion by LPPLA suggested above. rate of about 80% for carriers, originated from acceptor-type

To verify the possibility that the contribution of N atoms impurities. This value is higher than those obtained by using
is related to the doping of InP, we performed the following conventional techniques even for donor-type impurities.
experiments. Virgin(unimplanted InP samples were ex- Compared to the annealing results in inert atmosphere, we
posed to 26.5 MWi/cn? laser pulse irradiation at differ- can conclude that the observed rate is mainly due to the
ent pressures of the nitrogen ambient in the annealing changhemical affinity between nitrogen and phosphorous. For
ber. After the LPPLA treatment the sheet resistivity of theGaAs, the annealing in Natmosphere still gives results bet-
specimens as function of the pressure was measured at@f than those obtained in Ar atmosphere. The improvement
compared with that of the untreated virgin sam{feg. 11).  effect is however less than in InP, which we can relate to the

With increasing the Bl pressure the value gfyefises till  fact that the chemical affinity is not so strong as in the InP
the referencepgneet Value of the nontreated sample is case. _ _
achieved. Small values of sheet resistivity at lowgXessure The fundamental role played by the nitrogen atoms in the

can be justified assuming hopping conduction associatetprmation of electrically active impurities is therefore evi-

with substantial P losses in the highly damaged surface layeflenced: during the LPPLA processing the N atoms diffuse

As N, pressure increaseg,eciNcreases too, up to the value into the material and fill the P sites in the lattice. As a con-

of the untreated sample it supports the assumption that thgequence Zn atoms can react with In vacancies and occupy

nitrogen atoms affect the electrical properties without dopeubstitutional states as electrically activafetype carriers.

the InP samples. Within this layer the nitrogen atoms change the composition
substantially and the material can be considered as azotized

IV. CONCLUSIONS compound semiconductor.

The role of LPPLA in the lattice recovery and the electri-
cal activation of 1llI-V semiconductors is studied using sev-
eral complementary techniques. The HRTEM patterns dem- The present work was partially supported by the Bulgar-
onstrate on atomic level the efficiency of the laser processingan Ministry of Education and Science through t#he818
in restoring the crystal structure of compound semiconducand® 822 projects.
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