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Nucleation-limited amorphization of GaAs at elevated temperatures
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By a detailed correlation of damage profiles from Rutherford backscattering and channeling with cross-
sectional transmission electron microscopy images, we have identified an intriguing nucleation-limited amor-
phization regime in GaAs irradiated with ions at elevated temperatures. When the rate of dynamic annealing
during irradiation exceeds the damage production rate, amorphization can take place at depths significantly
different from the maximum in the energy deposition density. This process results from the incomplete anni-
hilation of mobile irradiation-induced defects and occurs either at the surface or at a dislocation band, formed
by the agglomeration of interstitials. Once formed, such amorphous layers grow by a layer-by-layer process.
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Early observations of damage accumulation and amorstant flux of 4.& 10" Sicm 2s ' After implantation,
phization in GaAs identified strong dynamic recovery ofsamples were analyzed by Rutherford backscattering and
implantation-induced defects during irradiation. The amounthanneling(RBS) with 2-MeV He ions, backscattered into
and nature of residual disorder was found to exhibit strongletectors at 100° ang 170° to the incident-beam direction.
temperature and ion flux dependences close to roorSelected samples were also analyzed by cross-sectional
temperaturé.When the observed dynamic annealing rate istransmission electron microscofXTEM) to examine the
considerably lower than the defect production r@geically, = damage microstructure.
at temperatures:50 °C), early models of the amorphization Following elevated temperature bombardment, the distri-
process seem to be appropriate. Broadly speaking, thedmition of residual damage in GaAs can depart quite substan-
models can be divided into two types: heterogeneous antially from that expected from the nuclear energy deposition
homogeneous. The heterogeneous models postulate that ttistribution. This is illustrated in Fig. (&), which shows a
production of amorphous layers occurs via the accumulatio®RBS depth profile of damage resulting from 95 keV,
of amorphous zones.Conversely, homogeneous models 1 10*® Si cm 2 bombardment at 88 °C. Also shown by the
view amorphization as resulting from the accumulation ofdashed curve is the nuclear energy deposition obtained from
point defects, producing the amorphous phase by collapse dRIM.®> Clearly, the damage accumulates preferentially at
the lattice when the free energy of the defective crystal exthe surfacgsurface peak approaching the random lpesid
ceeds that of the amorphous phase. also beyond the peak of the energy deposition distribution

Recently, when the rate of dynamic annealing is close to(as indicated by the high dechanneling rate between depths
or exceeds damage production, very sharp temperature ad 30 and 90 nm Figure Xb) illustrates the microstructure
ion flux dependences have been observed. For examplef this bimodal damage distribution, using XTEM. A thin
when irradiating at elevated temperatures of typically(=10 nm) amorphous layer is formed at the surface, to-
~50-70 °C, variations of only a few degrees can give dragether with a deeper band consisting mainly of dislocations,
matically different damage structures, ranging from thickextending from a depth of 30—40 nm down to 90—100 nm.
amorphous layers to barely visible disorddn such cases, This dislocation band gives rise to the rapidly increasing
where irradiation-induced defects are quite mobile, damag&BS vyield at about 30-90 nm in Fig.(é. Beyond this
accumulation and the pathway to amorphization might belepth, small spots of dark contrast extend to depths of
expected to depart from early models which do not consider=120 nm. Between the surface amorphous layer and the dis-
long-range defect migration, the role of seconddex- location band is a region of crystal, practically free of visible
tended defects formed by point defect agglomeration, anddefects.
defect annealing and trapping processes which occur long The residual microstructure illustrated in Fig. 1 points to
after (~seconds) the ion cascade has quenched. strong migration, annihilation, and agglomeration of

In this paper, we report on a detailed microstructural in-irradiation-induced defects. The amorphous layer formed at
vestigation of amorphous phase production at elevated tenthe surface presumably originates from the trapping of de-
peratures in GaAs where the rate of dynamic annealing bakects (of vacancy and/or interstitial typeSuch defect accu-
ances or exceeds the damage production rate. Stronmgulation may ultimately result in the “collapse” of this de-
evidence for nucleation-limited amorphization is obtained. fective crystalline region into an amorphous phase when its

Pieces of single-crystal, semi-insulatit$00 GaAs were free energy exceeds that of amorphous GaAs. Thus, amor-
mounted onto a temperature-controlled nickel target blockphous phase nucleation at the surface can occur even under
with conducting silver paste. lons of 95 ke\’Si~ were  conditions where dynamic annealing just below the surface
produced by a 1.7 MV NEC tandem ion implanter at a con-dominates defect production. Indeed, the surface may act as
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FIG. 1. The damage distribution {100 GaAs implanted with
95 keV, 1x10' Sicm 2 at 88 °C(flux 4.8x 10" Sicm 2s7Y) as
measured bya) RBS depth profiling andb) cross-sectional TEM
microscopy. The dashed curve (a) indicates the nuclear energy
deposition distribution with a peak at50 nm. Depth profiles from
unirradiated (“virgin” ) and nonaligned(“random”) GaAs are
shown for comparison. The XTEM image {b) shows an amor-
phous layer Q) at the surface %), a region of good crystalX),
and a deeper band of dislocation®)( The depth scale of the
XTEM micrograph is given by the RBS profile.

a gettering region for irradiation-induced defects, leaving the
region below the surface substantially free of visible defects, (¢~
consistent with our observations. Once the amorphous phase

has nucleated, it grows, through defect accumulation, into

the underlying crystalline regions with further irradiation, ul-
g;n(;tsﬁz;gggﬁg?;Irnrg;Zigssiﬂgaélg;ogzrlﬂépgrsgjégtggfgnl;ingf FIG. 2. (3 RI_BS depth prc_)files iIIustra’_[ing the accgmulation of

. - . - . _crystal damage 1100 GaAs implanted with 95 keV Si at 110 °C.
implanted ions to reduce the compressive strain resultlngIuences are 3:010' cm 2 (triangles, 3.3x 101 cm 2 (squarel

from the large concentration of excess atoms at this depthy 4 1416 o2 (circles,  3.9% 1616 cm2  (stary, and
These excess atoms originate from both the implanted iong g 16 cmy2 (diamonds. (b) XTEM image showing the damage
themselves, and interstitials from the collision cascade. Thigegyiting from implantation with 95 keV, 2:8101%Sicm2 at
latter effect arises from the displacement in depth of vacani 19 °c. A deep band of dislocations may be seen, extending beyond
cies and interstitials generated within the collision cascadene depth of maximum energy deposition4®50 nm. (c) XTEM

The excess of interstitials at greater depths may be initiallymage showing the damage resulting from implantation of the
estimated by calculating the net interstitial population, i.e. higher fluence of 3. 10' Sicm2 at 110 °C. A buried, continu-

by subtracting the vacancy depth profile from the interstitialous amorphous layerd) has nucleated on the buried dislocations
profile.G‘8 There is a consequential vacancy excess closer t(D). The depth of this layer is greater than the depth of maximum
the surface following the quenching of the collision cascadegnergy deposition. The surface is indicated by the ar&wand

but the ultimate interstitial and vacancy distributions may begood quality crystal is indicated b¥.
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appreciably altered by defect migration, annihilation, and agsuggest that amorphization is nucleation limited and can ini-

glomeration. tiate at favorable defect gettering sites removed from the
A distinctly different amorphization regime is observed peak of the energy deposition distribution.
for implantation at a mere 25 °C higher. Figur@2shows Once nucleated, the amorphous layer becomes a stable

RBS depth profiles from samples implanted at 110 °C at flugrowth site. With increasing fluence, RBS and XTEM show

ences from 3.810' cm™2 to 6.0< 10 cm 2 Figure 2b)  that this layer grows in thickness. Because it grows in a
shows a XTEM image from the sample implanted with theduasi-layer-by-layer fashion, the layer is continuous. This is
lowest fluence, 3.810% cm™2. Similar to the sample im- not the case for layers formed at lower temperatures for the

planted at 88 °C, this sample contains a buried band of digSame ion flux, where multiple nucleation sites may exist at

locations. However, at this higher temperature, the disloca§econd"’Iry defects formed close to the peak of the nuclear

tion band extends down to a depth 8250 nm, compared deposition distribution. Furthermore, the amorphous layer
. . initially extends more rapidly with increasing fluence to-
with a depth of only=100 nm at the lower temperature. T.h|s wards the surface, which is not surprising in view of the
presumably relates to the enhanced mobility of excess inteigper concentration of irradiation-induced defects supplied
stitials. In addition, the a_morphous surface layer observed & this side of the amorphous layer.
the lower temperature is completely absent here. Indeed, preyiously, amorphous layer growth has been observed at
selected-area diffraction provided no evidence for amoreyistinga-c interfaced? and at dislocation ban¥in Si. For
phization at any depth for this fluence, and the TEM obserexample, layer-by-layer amorphization has been stimulated
vations are consistent with residual damage dominated by MeV ion implantation of preexisting amorphous layers in
complexes and dislocations arising from the coalescence @i, and this is thought to be attributable to the trapping of
interstitials. However, at higher ion fluences, a direct scattermobile divacanci€€ or to the agglomeration of more com-
ing peak appears in the RBS depth profiles, and builds up tplex defects at the amorphous-crystalline interfdcén
the random level by a fluence of %40' cm™2 When cor- GaAs, our data suggests a similar process for the growth of
rected for the lower channeled stopping power of 2-MeV Heamorphous layers, once nucleated, although it is not possible
in GaAs along the incident paﬂ’]the damage peak is cen- as yet to identify the specific defects responsible. Compared
tered at=90 nm, which is substantially deeper than the peakvith Si, the nature of the amorphization process changes
of the nuclear energy deposition distributior=%0 nm)  dramatically over a very narrow temperature range, in our
shown in Fig. 1. We note that the buildup of a disorder peaiéase from near-normal damage accumulation and amorphiza-
at substantially lower irradiation temperatures occurs afion at <80 °C, through surface nucleation &t90 °C, to
depths which correspond more closely to the peak of th&ucléation on dislocated material at95 °C.

nuclear energy deposition distributiéiThis presumably re- H The n(_)tionl ofbnuclga:ion-l(ijmfited arrw;norphizatitl)n deaAS
flects the lower mobility of irradiation-induced defects and as previously been inferred from the anomalous damage

the formation of secondary defects close to the depth of det—)hUIIdUp In GaAs-Ar\1IAs superlﬁttlcgs at 80—|.9k01|P<Thise au- K
fect generation. thors suggested that amorphization was likely to have taken

The reason for the sudden rise of the disorder peak at lace at regions containing extended defects, and not by the

6 . 2. . ! ccumulation of point defects. Our results provide direct evi-
fluence of 3<10'° cm™?is provided by the data of Fig(@  gence for such a process under elevated temperature irradia-
which shows a typical XTEM image corresponding to theion conditions

6 -2 g :

RBS spectrum for the 3%410' cm™2 case shown in Fig. In conclusion, we have demonstrated that the amorphiza-
2(a). A continuous amorphous layer has formed at the frontio of GaAs, under ion irradiation conditions where the rate
of the dislocation band. We propose that, under these condj gynamic annealing exceeds the defect production rate, can
tions where the dynamic annealing rate effectively exceedgccyr at depths which are shallower or deeper than the maxi-
the damage production rate, amorphization is suppressed Upsym in the nuclear energy deposition distribution. We pro-
til the density of residual defect@t the dislocation band  hose that such amorphization is nucleation limited and ini-
exceeds a thres_hold value corresponding to a critical fregaies in regions where residual defects accumu(eitber at
energy. Dislocations are known to getter mobile defécts he surface or at extrinsic dislocationsAmorphization is

. .y 1 . . .
and |mp_ur|t|eé_ in GaAs, thus adding to defect accumulation t5y6red when the free energy of defective crystalline regions
at the dislocation band. Therefore, dislocations provide SuUitayceeds that of the amorphous phase.

able nucleation sites for localized collapse to the amorphous
phase in cases where the free energy of the defective crystal We would like to thank Rob Elliman for assistance with
exceeds that of the amorphous phase. In this situation, wiéne TEM.
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