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Raman scattering is used to study the annealing behavior produced by
10 nsec, 565 nm dye laser pulses in high dose ion-implanted GaAs.
83@10: were prepared with 8n and Cd implantations of 2, 5, and 10 x
1008 /ca? . The Rim tha :

Raman

spectra indi
growth lies between 0.2 - 0.3 J/
however, is achieved at ~1.6 J/cm” for the Sn—implanted

cgte

t the threshold for epitaxial
Best carrier activation (~ 2%),
sample

(n—type). For Cd implantation the electrical activat}on appears to be
very high (> 50%) for low pulse energies (< 0.3 J/cm”) but decreases

for higher pulse energies.

Raman scattering has proved to be a very
useful nondestructive technique for studying
doped GaAs r a broad range of carrier con-
centrations.” At moderate dopant densities
coupled phonon-plasmon modes have been used to
obtain carrier concentrations and carrier
nobilit}o; and to stud{‘lurtace deplgtion
layers.”'‘ Ion—-implantation-induced® or laser-
induced damage and pol talline grain size
also influence the mrz;octm.’g Recently it
has been found that a}:,the’very high dopant
densities (1 ~ 9 x 107" /cw" ) achievable in Zn-
doped GaAs, ionized acceptor scattering also
induces I,tge effects on the phonon-Raman
gpectrum.” By suitably choosing laser wave-
length, the Raman probe depth can be adjustgd
from ~ 1ym to as little as 0.01 .m in GaAs.

Raman scattering also can provide high transverse
spatial resolution (~ 1-100m). Partly for these
reasons Raman scattering has been used by several
groups to study }mr—amealod semiconductors,
especially GaAs.

In this paper we report on the ugse of Raman
scattering to monitor the progress of pulsed dye
laser annealing of high dose ion-implanted GaAs.
The Raman spectra provide egtimates of epitaxial
growth threshold (70.3 J/cm" ), carrier activation
and ionized impurity scattering. Two implanta-
tion species were used for comparison—Cd as a
p-type dopant and Sn, typically an n~type dopant,
although potentially amphoteric. We find
indications of active p-type (Cd) t
densities substantially exceeding 10*¥ca®, with
no indication of a surface depletion layer and
decreasing activation with increasing amnealing

se fluence. For Sn implantations the behavior
is rather different. The Raman spectra depend
strongly on the a;mealmg puluzonergy density
between 0.07 J/cm” and 1.6 J/cm” with evidence of
an L~ coupled mode, a surface depletion layer,

and increasi carrie; activation from gnergy
densities of 0.3 J/cm” through 1.6 J/ca”.
Cr semi-insulating GaAs wafers with

(001) surfaces were implanted at room temperature
with Cd ions at 100 keVv and Sn at 180 keV with
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doses of 2 x 10*%, 5 x 10 and 10 x 103 /cm®.
Pulsed laser annealing was performed with a Nd:
YAG-pumped dye laser (A = 565 nm) which provided
a smooth, near-Gaussian intensity profile after
weak focusing to a spot diameter on the sample of
0.8 mm. Smooth surfaces were retaingd until very
near the damage threshold ~ 1.5 J/cm” and thus no
bean homogenization techniques were used.

Samples were annealed with the beam incident at
40° from normal with single shots to produce well
separated anneal spots yith energy d;nsitiel
ranging from 0.057 J/cm” to 1.6 J/cm". Pulsed
laser energy density at the center of the spot
was measured with a 200:m pinhole in the sample
position followed by a disc calorimeter. Quoted
energy dem:ltio; include the cos(40°) factor.
Above ~0.8 J/cm” a visible light flagh and
audible sound were cbservable at the GaAs surface
during the lagser firing.

Raman spectra were cobtained with the 514.5 mm
and 457.9 nm lines of an Ar* laser with typically
100mW of power incident at ~ 45 degrees. The
laser light polarization was parallel to the
horizontal plane of incidence. Scattered light
was analyzed for both horizontal and vertical

ts. Incident and scattered polariza-
tions, except where indicated otherwise, were
(xi,x') and (x’,y’) where x' = [110] and y’ =
[110).

In order to verify that the ~50um Raman laser
probe was centered on each anneal spot a spatial
scan was made in both vertical and horizontal
directions with a computer-controlled, stepper-
motor-driven stage. In this way the center of
each gpot was identified and all spectral scans
presented below were taken at that locati.onI
The spatial scans were obtained with 13 cm™
resolution with the spectrometer positioned near
the fregquency of the longitudinal optical (LO)
phonon (294 cn'l) and the transverse optical (TO)
phonon (272 cm™~) in undoped GaAs.

The projected ranges of 100 kev Cd and 180
keV

ions in GaAs are respecti 3 and
47:-\?;1 Thus for a dose of 5 x 1gr}¥m9r‘=he
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average impur, nsity before annealing would
be ~ ?fz Qé'wio}f%gf . Fgr near-thresholdgpulsed
annealing, where the liquid phase just penetrates
beyond the amorphized layer, one expects little
additional dopant diffusion and thus a similarly
high dopant density after annealing. However for
higher pulse energies significant ion diffusion
may be expected and consequently lower dopant
densities. Free carrier concentrations may be
less if large numbers of dopant ions are elec-
trically inactive. The Raman spectra discussed
below provide a qualitative estimate of the
degree of electrical activity.

Figyre 1 shows the Raman spectra of the 5 x
10*® /en Cd-implanted sample for a wide range of
anneal energies. In Raman scattering from a
(001) GaAs surface only LO phonons are normally
allowed. However, the spectra are dominated by
one broad peak located near the TO phonon
position in undoped GaAs. We believe this peak
is due to the L phonon-plasmon coupled mode
fully screened by the high free carrier densjty.!
At carrier concentrations above ~1 x 10! /cm
the L™ mode typically appears at the TO phonon
frequency because the long range electric field
of the LO phonon is essentially fully screened.

looo._i F l 123 dre

! (2 ns)

0.61 J/end
|
8
[
(o]
~
o
k]
> 0.21J/cm®
z )
2
=
z
3
I E -
« 0.056 J/cnt

o vettes ..‘. . T .- . .‘.-'.-‘.'”._.‘.:__.‘:_..‘: o
200 230 260 290 320 350

FREQUENCY SHIFT (i/cm)

Fig. 1. Raman spectra (X=457.9 £ Ca-
I implant% GaAs, 5 x 101?%::9, for four
different pulsed laser anneal energies.
Polarizations are (x’,x') - solid curve

and (x’,y’) - dotted curve;, spectrometer

resolution is shown by the vertical bars

in the upper left. Dashed vertical line
at 262cm * indicates the peak position
near the epitaxial regrowth threshold.
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The peak; of Fig. 1, however, are unusually broad
(272 cm™ " ). This suggests that an rity-
induced mechanism is important, sim}lar to that
identified for heavy Zn-doped Gahs,

At carrier densitifs of 4 x 10 ’/cm’ and
above, Olego & Cardona” interpreted similar peaks
as arising from the L™ modes of the completely
screened LO phonons. Normal polarization selec—
tion rules for the LO phonon were invalidated
because an ionized impurity-induced, wave vector
non-conserving mechanism domigated the Raman
scattering. 1In Zn-doped GaAs" the phonon
frequency decreased monotonically and the
width increased with incre?gzlng3 Zn density up to
the doping limit of 9 x 10" /cm™ .

The shifts and broadenings c::; observe are
even larger. Thus at 0.2} [/ the TO-like
peak is shifted 10 + 2 cm™ below its normal
position in GaAs. This compares with
a maximm shift of -5 cm ' observed in Ref. 4
for a fgnplg with a hole concentration of
9 x 100" /cm”. Similarly the linewidth is
17 + 2 cm~ which again suggests &miged acceptor
concentrations well above 1 x 10°°/cm’. However,
as the annealing energy is increased the Raman
peak frequency shift rises and the linewidth
decreases indicating rgyced ionized impurity
scattering. At 1.2 J/cm’ the shift of -3 cm™?
and width of ~8 cm ! are both consig}:gnt with
carrier concentrations in the mid-1 range.

More precise estimates of carrier concentra-
tions are not possible at this point since Raman
data on extremely heavily doped p-type GaAs are
available only for Zn—doP}ng ?nd only up to hole
concentrations of 9 x 10" /cm”. The possible
dependence of ionized impurity scattering on
dopant specie is presently unknown. Furthermore
the behavior of peak shift, width and polariza-
tigg is_unknown for dopant densities above 1 x
104% /cm® .

The activation of n-type ion-implanted
dopants in GahAs, whether by conventional furnace
anneal or by pulsed laser annealing, is much more
difficult than for p-type dopants. Thus avail-
able Raman data  are limited to sanplfg wi}h
electron concentrations of ¢ 1.6 x 10" /em” . The

lack of data at higher concentrations makes
definitive interpretation of the Raman spectra
difficult but several features can be identified.

In Figure 2 we show Raman spectra obtained at
A = 457.9 nm for several laser anneal energy s
densi;_i.es from a sample implanted with 5 x 10
Sn/cm® at 180 kev. The behavior of the spectra
is more complex than the case of the Cd-implanted
sample discussed above. This behavior may be
related to the potentially amphoteric nature of
Sn as a dopant in GaAs and the difficulties of
achieving high carrier activation of species such
as Sn or Si which are typically n-type. We
believe that most features of the data may
be understood in terms of phonon-plasmon coupled
modes in the "bulk" and a surface carrier
depletion layer.

The spectra of Fig. 2 show an abrupt_transi-
tion between anneal fiuences of 0.2 J/ca’ and 0.3
J/cm?. The ab disappearance of T0-1ike
peak near 270 cm = is a clear indication that
epitaxial regrowth has occurred. (At 0.21 J/cm?
and below, this peak arises from TO scattering
from polycrystalline grains not having a (001)
surface orientation.) Below 0.3 J/cm’, the
polarizftion exhibited by the LO-like peak near
290 cm = would be consistent with its havingI:n
origin via impurity-induced Fr&hlich
me ism."a;l gglils fgrbidden Fréhlich emro:—g
phonon coupling would produce diagonal scattering



Fig. 2. Raman § ctra of Sn-implanted GaAs, 5 x
I 10 /<:m?e for severall?n’neal energiés.
Resolution is indicated by the vertical
bars in each trace. Polarizations as in
Fig. 1 except for (c) and (£) where
sample has been rotated by 45° so that
solid curve is (x,x) and dotted curve is
(x,y); X=457.9 nm,
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which would be independent of sample orientation,
i.e., e || e, where e and e, are the scattered
and incldent polarizatilns respectively. We have
verified this behavior by rotating the sample 45°
about its normal so that e = [100], e = {010]
and find also in this case® (x,x) scattéring
exceeds (x,y). See traces (c) and (f) in Fig. 2.
Note that the normal Raman-allowed scattering
would require (x,y) scattering in this case.
Similar results have been found for LO peaks

in heavily p-Gasb and p-Insb.’

At 9.3 J/cm” and above, the LO-like mode at ~
292 cm! gradually decreases in strength with
increasing anneal energy. This suggests that its
origin lies in a surface depletion layer which is
decreasing in thickness due to increasing carrier
activation with increasing anneal energy. This
is consistent with its origin being related to
ionized impurity scattering since in the space
charge region the full ionic coulomb potential is
realized. However, in the underlying region of
high carrier activation the impurity potential
will be truncated by the Thomas-Fermi screening
of the free carriers.

Above 0.3 J/cm’ the TO-like mode at ~ 272
cn ! increases in strength with increasing anneal
energy. Its polarization characteristics are
consistent with those expected from the L~
component of the plasmon-LO phonon coupled modes
originating in the region of high carrier activa-
tion below the surface depletion layer. Thus,
the behavior of both peaks is consistent with a
gradually increasing carrier activation with
pulsed laser anneal energies up to a factor of
five above the epitaxial regrowth threshold.
Similar behavior was alfg noted in pico;scond
pulse annealing of InP. Tell, et al.”” suggest
that the improved electrical activation at high
energies may result from a reduced cooling rate.

The present work has not shown an upper limit
to the optimum laser annealing energy for acti-
vating the Sn-implanted samples. Higher pulse
energies were not used because of plasma forma-
tion at the sample surface during the laser pulse
and visual evidence of a textured (rippled)
surface at these high energies. We feel it is
possible that the presence of this dense gas or
plasma immediately above the GaAs surface may
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algso be a factor in improving the anneal by
improving the near surface stoichiometry.

,¥or, electron concentrations above ~ 5 x
10'7/ca’ the position of the L™ mode is insensi-
tive to carrier concentration and is located at
the fully scroemg value equal to the normal TO
position (272 cm " ). A clearer indication of
carrier donsity could be obtaimd from observa-
tions of position of the L* mode in Raman
scattering , but we have not found such a peak
using laser wawlmgths of either 457.9 mm or
514.5 nm. However, ooq:ariwn of the relative
peak heights from the 1.6 J/cn’ anneal with
spectra from bulk doped samples indic”el 2
carrier density slightly above 1 x 10" /o' .

The ratio of peak heights of the TO-like to
LO-like modes is a strong function of the lmr
Eonotration depth. Wwith 514.5 ma excitation the
peak is enhanced because of the deeper light
penetration. Both wyvelengths indicate a deple-
tion width of I 100 A which on a simple Schottky-
barrier md? equires a carrier concentration
f ~2x10 } au;

The results of this study indicate a vast
difference in the pulsed laser annealing behavior
between these n-type and p- dopants in GaAs.
The behavior follows trends rved with con—
ventional doping methods, e.g., the difficulty of
obtaining heavy n-type dopant concentrations in

GaAs. The cbservation of a surface depletion
layer in n-type GaAs but not in p-type again is

Vol. 56, No. 8

consistent with the known behavior of suf;aeo
defect state pinning of the Fermi level.

Results ogtaimd on smlo! with the lower
implantatiop do!o (2 x 10" /cn") and the h‘:?ht
dose (1x10 )} exhibit qualitatively similar
annealing bohavior. The data indicate low acti-
vation of Sn dopants (we estimate a maximwm of 2%
activation) but clearly show increasing activa-
tion with annealing fluences well above the
epitaxial regrowth threshold. Cd implants appear

activated easily to densities near
O’Pecnf havi gr of the Raman spectra

appears to tollow the trends cbserved in
Zn-doped GaAs. In order to clarify the origin of
the effects displayed in the Raman spectra,
measurements are now being made of the dopant and
carrier profiles by the use of Rutherford back-
scattering techniques and electrical profiling
techniques. These methods require larger
annealed areas, however, and thus are less suited
for the wide survey of annealing pulse energies
which is t&idly and non destructively accom-
plished with the Raman technigues used here.
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