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Abstract

The redistribution of Cr in GaAs . implanted with either Ga and As,
or Ga, As and 0 and subsequently furnace annealed was studicd by
secondary ion mass spectrometry. The depth distribution of the
residual damage was obtained by cross-sectional tranmsmission eicctron
‘microscopy. At annealing temperatures of <600°C, there was a one to
one depth correlation between the positions of the damage layers and
peaks in the atomic profile of Cr. However, at annealing temperatures

- of >800°C such correlations were complicated by oxidation eife:ts.

Introduction

The redistribution of Cr in lon-implantad and subsequently furuace-
annealed GaAs has been studied extensively.l'b Althougn gecterinyg of"
Cr at structural defects has been suggasted,L:2,4’6 none of the
published work has been able to fully explain the anomalous redis=-ribu-
tion of Cr in the implanted region. Understanding this phenomenca is
important for the-device manufacturing industry because of the degrada-
tion in the electrical behavior associateéd with Cr segregation if it 1s
in the active region of the device. In thi$ paper, direct depth correl-
ations between the Cr and structural defects are presented for the first
time and the anomalous redistribution of Cr ts explained by constleriag
J‘CUmbiHCd Cr=structural defect=-oxidation interaction daring the

anacaling.

Experimental

Dual implantation of Ga and As was carried out at 550 and 575 keV,
respectively (two different energies were used tu match the projeccad
‘rariges, ‘Kg$ for the two—iems}, -into--(100)-Caas -at room temperature.

In some cases, 0 wasAalso'implanted at two energies (80 and 240 KeV,
respectively) together with Ga and As to study tuc¢ influence of ( on Cr
redistribution and damage annealing. The dual energies in the case of O

This manuscript was printed from originals provided by the authors.



melantslwerenused to: obtain~ a.nearly,ﬁlap cdistnibution.of 0 in the
1mplanted region. The doses used were 5 x 101%4/cm? of Ga, 5 x 1014/cmZ”
bf As and 2 x 1015/cm? of 0, respectively.. The samples without and
with!@ implant)will belrefertdd 'to as:'sample X and sample Y, respective-
y, in the text from here onwards. The implanted samples were then
apped with Si0j at 410°C by chemical vapor deposition before furnace
annealing to temperatures up to 840°C. The structural damage in the
as—-implanted and annealed samples was analyzed both in cross-sectional
nd plan views by transmission electron microscopy (TEM), using bright
fleld diffraction contrast. The Cr and O distributions in the same
samples was measured by secondary ign mass spectrometry (SIMS) using
3—10n~and—Ls-1on~bombarument, respectively— - - '

Results

The cross-sectional TEM microgreph from the unannealed sample X (not
included) showed a damaged layer of width 0.28um below the surface. The
transmission electron diffraction pattern from the plan view specimen
showed a diffuse ring pattern indicating that the damaged layer contained
amor phous material. The Cr atom distribution from this sample was found
ro be the same as for the unimplanted and unannealed sample.
Subsequent annealing of the sample X at 600°C for 15 minutes in a

LZ ambient gave a complicated distribution of defects as revealed by
the cross-sectional TEM micrograph shown in Fig. lb. The micrograph
showed three distinct defect layers. The first layer, D] contained
Entahgled dislocations looping from the surface to a depth of 0.2um. The
gecond damage layer, Dj, was very narrow and contained small disloca-
tion loop (~ 0.03um across) at a mean depth of 0.275um. The third damage
layer, D3, agaln contained small dislocation loops, but in a band that
.pas 0.12um wide situated at a mean depth of ~ 0.36um. The regions
Petween D; and Dy and between Dy and Dj, were relatively free

from 'visible' damage. The term "visible'" damage refers to the damage
observable in a conventional TEM. The corresponding plan view micrograph
'(Fxg. la) gave complimentary results, i.e., it also showed entangled

islocations and the dislocation loops. Comparison of Figs. la and 1b
demonstrates the power of cross-sectional TEM because the complicated
distribution of the defects revealed by Fig. lb 1s not evident in
Fig. la. The Cr atoms distribution from the same sample, but from a
different area, showed three peaks and two shoulders (Fig. lc). The
ifirst shoulder occurred within 0.03um of the surface. The peaks Ay,
A2, and A3 at depths of 0.13um, 0.2%m and to 0.3%m, respectively,

]Lorrnqpond precisely to the high defect donsty layers observed in the
;ll M wmicropraphs,  Stwilar depth correlation between the detects and
Litomic prolite have been reported carlicer 7 The sccond shoulder at a

fdchh of 0.06um occurred. in the reglon below D3 in the TEM micrograph.
jFor comparison, the Cr distribution in the as-implanted sample 1is shown
by a broken line in Fig. lc.

Figure 2b shows a cross-sectional TEM micrograph of sample X after
‘annealing at 840°C for 10 minutes. The damage in this case consisted of -
oquxa SLngle]lqye: S oftdquocaplanmloops at,.g.mean depth of 0.36um from
the surface. “The™ éd?respondlng plan view TEM ‘micrograph (Fig. 2a) showed
similar defects. Occasionally, looping dislocations near the surface
were also present (Fig. 2b). The Cr atomic distribution from the same

Lenple but from a different area showed two distinct peaks, Pl and

L
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The, second peak

Pysyatpdepthsof:0.18um and, 0« BZSUm,irLspecﬁmvely -

P2 ‘corresponds precisely to the position of high dislocation density,

hayer S, in the TEM micrograph (Fig. 2b). .There was no discrete

Wleblg>ldamanelregloh‘corregpondlhatto the first Cr peak Pyp. o

ﬁowever, this peak was in the vicinity of peak Ay in Fig. lc of the

500 C. annealed sample.
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Fig la & b TEM plan view and
cross-section micrographs showing
the defects distribution in the
600°C annealed sample. (c) Cr
atoms-depth distribution from the
same sample as in Fig. la and b.

XBB 818-8066

Figure 3a shows a plan view TEM
micrograph from sample Y that was
annealed at 840°C for 15 minutes.
The micrograph shows dark patches
consisting of entangléd disloca-

-t1ons+ Ine:i-gorresponding-cross—-—— ——
_sectional TEM micrograph showed two

separate regions of.damage L; and
Ly, respectively. The region L}

‘corresponded to the dark patches’inv

Fig. 3a and extended from the sur-
face to a depth of 0.2 um. The
region Lo showed a band of small
dislocation loops, 0.28 pym wide,

and was located at a mean depth of
0.53 um. The SIMS data from the
same sample showed three Cr peaks
Ci1, Cy, and Cj3, respectively.

Peaks C] and Cj corresponded to

the damage regions L} and Lj in

Fig. 3b, however, peak C3, which

has the highest magnitude, was pre-
'sent in a regilon below Lp. The O
profile was also obtained from this
sample and is shown by a broken line
in Fig. 3c. Note that not oaly are
the three O peaks 0y, O, and O3
located precisely where peaks Cy, Co
and C3 are present, but also the shapas
of the two profiles are identical. |

Discussion

The detailed recrystallization
mechanism of amorphous GaAs has been
described elsewhere. Layer Dy
in Fig. lb arises due to the solid
phase expitaxial growth of amorphous
GaAs gecnerated by Ca and As
Lmplantation. The sharpness and
location ot layer Dj at a deptch
corresponding precisely to the
original amorphous/crystalline CaAs
inter face indicate that it might
have originated because of small
differences in the Rps of Ga and As
in:GaAs.,although the two different
implantatiocn &nergies (550 dnd
575 keV) used were expected to
match the Rps. Layer D3 below
the original amorphous crystalline



‘1nterface iises tprcalrof anyion:; implantation into.51 or. Gads followed by
'furnace annealing. This is attributed mainly to (i) a small fraction

x(2 3%) of implanted ions that are steered into open channels at the erd
oftthelr nimplantation itrajectories 'and< (i1) high mobility of interstial
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Fig. 2a & b TEM plan view and
cross-saction view micrograph
showing a discrete layer of
dislocation loops in the 840°C
annealed sample. (c¢) Cr atoms
distribution from the same sample
as in Fig. 2a and b. -

'poxﬁt de fects at RT that is further enhanced durlﬂg radiation damag ze,
‘lespecially in the case of GaAs. At 840°C, layers Dj and Dy are completely

layers D; and Dy are completely
annealed out (Fig. 2b) with only a
few looping dislocations remaining.

"Layer S (Fig. 2b) results from the

growth of the Thops in 1a)ers Dj

or- ELgr~low-—However,_as is-.evident.-.-

from Fig. 3, the annealing out of
the dislocations 1is considerably
retarded in the presence of high
concentration of 0. This is
believed to be due to the formation
of fine Ga-0, Cr-0 As-0 precipitates
and/or their complexes that pin the
dislocations.

"It is clear from Figs. 1lb and
lc that there 1s an excellent
correlation between the presence of
"visible" dawmage and Cr segregation
in the implanted region. However,
Figs. 2 and 3 show that after high
temperature anneals (= 800°C) Cr
segregation does not necessarily
correspond to the regions containing
"'visible'" damage. All of these
results can be explained by the
following model.

At the lower annealing temper-
ature (600°C), when the amorphous
layer of sample X recrystallized and
dislocations formed, Cr segregated
at high dislocation density regioans
because of its binding to disloca-
tion cores and the reduced activa-
tion energy for pipe diffusion. It
seems likely that some oxidation 1in
sample X (the source of oxygen may
be the ambient or the S§i0j cap
uscd to prevent the decomposition
of the GaAs surface) occurs simul-
taneously with the segregation, and
Cr then forms Cr-oxygen complexes.
This oxidation is expected to be
confined to the near-surface region

" at the annealing temperature usead.

Die rn the presence of the dense
entangled diglocation network,
oxygen can migrate via pilpe- diffu~

sion to depths where the dislocation’

network extends. Therefore, the

[
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firstpeak, 41, in Fig: lc .coyld confain Cr-oxygen complexes but the

deeper
i .
gamage regions.

!
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Fig. 3a & b. TEM plan view and

cross-sectlon view micrograpnhs
showing the defects distribution
in 840°/15' annealed sample con-
taining 0. (c) Cr and O atoms
distributions from the same
sample as in Fig. 3a and b.

“Tyirg peaks probably arise simply 'due to Cr gettering to' the
The presence of peak P} in the 840°C annealed sample,

(Fig. 2c) without a corresponding

‘well-defined visible damage laver

(Fig. 2b) is consistent witi, ‘he
hypothesis that Cr-oxygen complexes
are formed near the surface during
the early stages of annealing in
the region Dj. This may explain
why the Cr in the form of complexes

Ustays dt peak Py (originally Ay

at 600°C) even when the dislocations

. have annealed out. The formation

of relatively stable Cr-oxyvgen
complexes ®s further suggested by
the fact that annealing for 5 A
minutes at 840°C produces practic-
ally the same Cr atom concentration
vs depth profile as does annealing
for 40 minutes at 840°C.

" More direct evidence of oxygen
involvement in the Cr redistribution
process can be seen in Fig. 3 which
corresponds to sample Y in which
0 was deliberately introduced by
ion implantation. In this case the
Cr and O profiles look identical
except for the magnitude of the
peaks. These results are also con-
sistent with the hypothesis of Cr-0°
complexes formation as explained
below. DBecause of a high ccncentra-
tion of dislocations near the
surface, Cr starts to out-diffuse
‘from the bulk at low annealing
temperatures. However, at anneal-
ing temperatures above 800°C, the
formation of Cr-0 complexes may
define the Cr distribution as
indicated by the identical shapes
of Cr and O profiles. If this 1is
true, then at higher annealing
temperatures the Cr should no
Longer be able to out=difruse bevond
the region where it first meets the
0 atoms. This is precisely what
seems to happen in Fig. 3, where the
out-diffusing Cr atoms first meet
the O atoms at a depth of 0.53 um
(peak C3). This also explains the
occurrence of the highest Cr peak
in-a-fegion- beyond-Lp-(Figs Hb)r
The presence of 0 in the deeper
reglons act as a trap for Cr as far
as its out-diffusion towards the



surface;as concerned. ; Because; iof the chemLcal~af£1nmty,of Cr ror 0, the

Cr -0 complexing does not ééturate in the high O concentration regime.
The height of the Cr peak was also found to be related to the oxygen
ddsel For.~example, :whenvan Oidose o0f£i2.0 x lOls/cm was used, the
Cr peak concentration was 3 x 1018/cm3 while a Cfépéék Concentratxoq
LEf 5 x 1017/cm occured when an 0 dose of 4 x 1013/cm2 was used.

hhus, x50 less dose of oxygen gives x6 smaller Cr peak. ‘This 1is again
in agreement with the Cr-0 complexing model. The detection of the Cr
peak at the surface in almost all the annealed GaAs samples in this study

as well as in the earlier reported workl!™® is also consistent with the i

formation of stable Cr-oxygen complexes at the external surface.

il

‘Conclusions

1. Direct evidence of Cr segregation at high défect density regions has :
been obtained.

2. The complex Cr redistribution for anmealing at temperatures 800°C.
can be explained in terms of Cr-oxygern complexing combined with
segregation at dislocations. The model is also consistent with nmuch
of the earlier published results on Cr redistribution in GaAs.
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