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Abstract  Room temperature irradiation ef fect  of GaAs compound semiconductor by 100 keV Ar + ions has 
been systematical ly studied by means of  transmission electron microscopy.  The dose dependence of  the Ar + 

ion irradiation and room temperature annealing effects  have been investigated. The experimental  results show 
that the structure of  GaAs transforms from perfect  crystal l ine through weakly and severely damaged crys-  
tall ine to ~lmorphous states with the increase of  the irradiation dose and the damaged states are changed dur- 
ing room temperature annealing.  
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Ion implantation is an important and well es- 
tablished technological process in producing micro- 
electronic and optoelectronic devices as well as for 
the modification of superlattices. An unavoidable 
drawback of ion irradiation, especially for com- 
pound semiconductors, is radiation damage of the 
substrate, which can lead at high ion implant doses 
to the formation of a buried or surface amorphous 
layer. In addition to the researches directed to- 
wards ion-beam annealing process El-~], consider- 
able efforts have been devoted to study the damage 
in GaAs induced by ion implantation or irradiation 
over the past few years/s-l~ 

All the studies have shown that the irradiation 
effect is dependent on the irradiated materials, the 
mass and energy of the irradiating ion, its fluence 
(dose) and dose rate, and also the irradiation tem- 
perature. For example the in-situ experiments Es'l~ 
showed that amorphous zones in GaAs created from 
individual displacement cascades are unstable at 
temperatures above 250 K. The formation proba- 
bility and size of the amorphous zones increase with 
the increase of the ion mass and the decrease of the 
irradiation temperature from room temperature 

(RT) to 30 K. 
We have irradiated GaAs crystals at RT with 

100 keV Ar + ions at different doses to introduce 
some defects or to accelerate the possible phase 
transitions. The present paper reports the main re- 
sults on the irradiation effect induced by Ar + ion 
and the subsequent RT annealing effect in GaAs. 

1 E x p e r i m e n t a l  de ta i l s  

Te-doped n-type (100)-oriented GaAs single 
crystals were used in the experiment. Specimens 
for transmission electron microscopy (TEM) were 
prepared in the form of 3 mm discs and :thinned by 
mechanical and 4 keV Ar ion-milling without cool- 
ing prior to irradiation. The TEM foils were then 
subjected to irradiation (100 keV Ar + ion irradiated 
at RT) at the same time and stopped (taken out of 
the machine) one after another when the pre-de- 
fined total dose for each foil was reached. There- 
fore, the foil with higher total dose received initial- 
ly the same irradiation as the foil with the next low- 
er dose and underwent further irradiation at a high- 
er dose rate. The total dose and the dose rate for 
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these foil are listed in Table 1. Subsequent exami- 
nation of the foils were performed at RT in a 
Philips CM12 microscope operated at 120 kV. In 
order to decrease the influence of annealing at RT, 
all irradiated samples were firstly examined within 
twelve hours after irradiation. High resolution elec- 
tron microscopy (HREM) images were taken in a 
JEOL 2010 microscope operated at 200 kV. 

Table 1 Irradiation condition 

I 

T o t a l  dose  

/ A t  + cm -~ 

Dose  r a t e  a t  add i t i ona l  

i r r a d i a t i o n / A r  + cm -2 s -1 

1012 2 .5 ; ' (  101~ 

10 Is 2 . 5 X  10 n 

10 TM 5 . 6 X  1011 

10 is 9, 5 X  1011 

1016 2 7 . 5 •  1011 

The defects produced by ion irradiation were 
imaged under dynamical two-beam bright-field 
(BF) and dark-field (DF) conditions with the fun- 
damental reflections (220) and (400) and the su- 
perlattice reflection (200). The fundamental reflec- 
tions are sensitive to lattice strains, e. g . ,  around 
small dislocation loops, and the difference between 
the amorphous and crystalline materials whereas 
the superlattice reflection is additionally sensitive to 
antisite disorders Es'93. 

The projected range which is simulated by run- 
ning the TRIM91 program is 65. 8 nm with 36. 1 
nm longitudinal straggling and 36. 9 nm lateral 
straggling when the crystalline GaAs is bombarded 
by 100 keV Ar ions. Hence the damaged depth is 
comparable with the thin region of the TEM foils. 

2 Results  

2. 1 Dose dependence of the Ar + ion irradiation 

effect 
The Ar + ion irradiation effect is strongly dose- 

dependent as revealed by Fig. 1. When the dose is 
low (~1013 Ar + cm-2) ,  the samples still remain 
crystalline but weakly damaged. With increasing ir- 
radiation dose, crystalline GaAs has a tendency to 
transform to amorphous state. 

The 1-001] zone axis electron diffraction pat- 
terns (EDPs) in Figs. l ( a ) ,  (e) and (e) for the 
virgin specimen and specimens irradiated to doses of 

1012 and 1013 Ar + cm -z respectively indicate that 
GaAs single crystals remain a single crystals when 
the irradiation dose is equal or less than 1013 Ar + 
cm -z. Their (220) two-beam BF and DF images 
show some small defects surrounded by distinct 
strain fields. Fig. l (b)  is a (220) DF image of the 
original GaAs sample which shows black-white lobe 
(marked by short arrowhead) and black or white 
dot contrast. According to Ivey et al. D13 these 
small defects were located at the surface of the 
sample and were introduced by Ar + ion milling dur- 
ing preparation of TEM samples. They were identi- 
fied as two types of defects: One type is small dis- 
location loops; the other type is local amorphous 
zones. According to Vetrano et al. ~83 we mea- 
sured the size of the defects which is the length of 
the interface separating the black and white lobes 
or the maximum dimension of the black dot. In 
Fig. l (b)  the measured average diameter of the de- 
fects is nearly 4 nm. 

Figs. l (d)  and (f) are (220) DF mierographs 
of irradiated samples corresponding to Figs. 1(c) 
and (e) respectively, which also show black-white 
lobe (marked by short arrowhead) and black or 
white dot contrast (coming from both the interior 
and surface of the foils) just like those in Fig. l(b) 
except that the size of the defects increases to ap- 
proximately 8 nm and the defect density increases 
with the irradiation dose. It can be seen from Figs. 
1 (d) and (f) that the direction of no-contrast line 
separating the black and white lobe is different'and 
is generally not perpendicular to the direction of ex- 
cited reciprocal vector g under the same two-beam 
DF condition. This fact indicates that the contrast 
of black-white lobe comes from small dislocation 
loops rather than small spherical amorphous re- 
gions. In their experiment, Shahid D2J and 
Wendler cls3 also observed similar phenomenon in 
as-implanted GaAs foils. In addition to those de- 
fects described above, another defect is observed by 
using (200) superlattice reflection. Fig. 2 shows 
the results. Figs. 2(a), (b) and (c) correspond to 
Figs. l ( b ) ,  (d) and (f) respectively. In Fig. 2 
(a),  the contrast is homogeneous while in Figs. 2 
(b) and (c) there are many black dots contrast 
with an average diameter of nearly 10 nm which 
comes from agglomerative antisite defect 
(disorder) Es?. It can be found that the density of 
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agglomerative antisite defects and their contrast in- 
crease with the increase of the irradiation dose. 

Although the samples remain single crystals 
when the irradiation dose i~ equal or less than 1013 
Ar + cm -z,  it is weakly damaged. Just as described 
above, there are a lot of small dislocation loops, 
small amorphous regions and antisite defects (ag- 
glomerative or loose) in sam[~les, which lead to 
some changes in EDPs. For example, the clearness 
of the Kikuchi lines decreases and the diffuse scat- 
tering intensity increases with the increase of the ir- 
radiation dose(Figs. 1 a, c, e). 

When the dose is high(>/1014 Ar + cm-2),  the 
GaAs samples have a tendency to transform to 
amorphous phase as shown in Figs. 1 ( g ) ' "  (1) 
(EDPs and BF images). Figs. 1 (g) ,  (i) and (k) 
(for specimens with doses of 1014, 10 is and 1016 

Ar + cm -2 respectively) are three very similar EDPs 
consisting mainly of broad diffraction rings except 
that there are some weak diffraction spots in Figs. 
l (g)  and (i). Fig. l(h)(corresponding to Fig. 1 
(g)) is a BF image which shows many small grey 
dot contrast of about 4 nm in diameter(Ar gas bub- 
bles) distributed in homogeneous background. Ad- 
ditionally, there also exist some large grey contrast 
(about 40 nm) in Fig. l ( h ) ,  which existed in this 
sample already before 100 keV Ar ions irradiation. 
Fig. l ( j )  (corresponding to Fig. l ( i ) )  shows the 
contrast of Ar bubbles with different sizes in homo- 
geneous background, and the maximum size of 
these gas bubbles is about 15 nm. 

Figs. 3(a) and (b) are HREM images of the 
samples irradiated to doses of 1014 and 10 is Ar + 
cm -2 respectively. It can be clearly seen in Fig. 3 
that these specimens were severely damaged, con- 
sisting of nanocrystalline grains distributed in 
amorphous matrix. The size and quantities of the 
nanocrystalline grains which manifest themselves as 
lattice fringes decrease with increasing the irradia- 
tion dose. For example, many grains of 5 nm in di- 
ameter can be seen in Fig. 3(a) while only a few 
grains of 1 ~ 2  nm are seen in Fig. 3(b).  There- 
fore, we can conclude that the severely damaged 
GaAs specimens irradiated to doses of 101. and 10 is 
Ar + cm -2 consist of continuous amorphous phase 
and some nanocrystalline grains distributed in the 
amorphous matrix. 

Except the contrast of Ar gas bubble with 

small size ( about 2 nm in diameter ), Fig. 1 (I) 
(corresponding to Fig. 1 ( k ) )  shows uniform, 
structureless contrast typical of amorphous phase. 
Combined with Fig. 1 (k) ,  this indicates that high 
dose (1016 Ar + cm -z) irradiation converts the per- 
fect crystalline GaAs to completely amorphous 
phase. However, when thick region of the speci- 
men irradiated to the dose of 1016 Ar + cm -2 is ob- 
served, both EDP and BF image show a mixture of 
amorphous and crystalline states. 
2. 2 Room temperature annealing effect 

After put aside at RT for 42 and80 days, the 
irradiated samples were systematically observed a- 
gain. It was found that the main feature of the mi- 
crographs and EDPs is similar to that in Fig. 1 with 
two exceptions. Firstly, Fig. 4(a) shows a (220) 
DF image from the specimen irradiated to the dose 
of 1013 Ar + cm -2 and annealed at RT for 42 days 
where many black-white lobe contrasts from small 
dislocation loops (marked by short arrowhead) are 
seen which possess larger size (10 "~ 15 nm) and 
higher density compared with Fig. 1 (f) before an- 
nealing. Fig. 4(b) shows a (200) DF image from 
the same specimen as Fig. 4(a) where many black 
dots from agglomerative antisite defects are seen 
which possess smaller size (-~-5 nm) and higher 
density compared with Fig. 2(c) .  Secondly, after 
80 days RT annealing only the thin region of the 
specimens which were amorphized by ion irradiation 
remains to be completely amorphous. Regions with 
medium thickness which was amorphized in the as- 
irradiated foil become mixture of amorphous and 
crystalline states indicating a partial recrystal- 
lization of the amorphous phase during RT anneal- 
ing. 

3 D i s c u s s i o n  

In the present work we observed amorphous 
zones and antisite disorders in the GaAs single 
crystals irradiated by 100 keV Ar + ions to a lower 
dose (~1013 Ar + cm -z) and complete amorphiza- 
tion in the thin region of the GaAs specimen when 
the dose is very high (1016 Ar + era-z). These ob- 
servations are in consistence with the existed obser- 
vations. For example, Vetrano et al. ES] observed 
antisite defects in GaAs sample irradiated by 50 
keV Kr + ions at 30 K and Wesch et al ~7: discussed 
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the formation mechanism of antisite disorder. 
Bench et al  c1~ observed isolated amorphous zones 
of 4 "  8 nm in diameter in GaAs irradiated by 50 
keV Ar + , Kr + and Xe + ions or 80 keV Au + ions at 
30 or 300 K to a lower dose (1.9 to 6X10 n cm-Z). 
Jencic et al E93 observed that crystalline GaAs was 

completely converted to an amorphous state when 
irradiated by 1.5 MeV Xe + ion to a dose between 
1014 and 3• Xe + cm-Z(at 300 K) or to a dose 
of 1014 Xe + cm-2(at 30 K). 

Although most of the studies about irradiation 
effect of GaAs emphasised only amorphization and 
sometimes about antisite disorder Es'9'1~ we have 
indeed observed black-white lobe contrast in the 
specimens irradiated to a lower dose (<~1013 Ar + 

cm -z) which is typical of the strain contrast pro- 
duced by small dislocation loops E14,~s3. The forma- 

tion of small dislocation loops may be explained as 
follows. At the beginning of a displacement cascade 
induced by an energetic ion Frenkel pairs form. 
Owing to the faster diffusion of the interstitials 
compared with vacancies, a vacancy-rich core re- 
suits in the cascade which favors the formation of a 
vacancy small dislocation loop. 

Since the virgin TEM foils were Ar + ion- 
milled there must exist the same defects as the 
specimens irradiated by 100 keV Ar + ions to a low- 
er dose. Obviously the defect size and density are 
smaller in the virgin specimen owing to the much 
lower energy ( 4 kV) during ion milling. The de- 
fect density increases with the increase of the irradi- 
ation dose, and lastly the amorphous regions are 
connected to form a complete amorphous phase. 

Because the affecting range of the 100 keV 

Ar + ions is nearly 100 nm, when the upper layer of 
100 nm in thickness transformed into amorphous 
state, the lower layer of the TEM specimen under- 
went weaker damage and hence remained to be de- 
fected crystal. This explains the observed thick- 
ness-dependence of the irradiation-induced amor- 

phization behaviour. Why Ar + gas bubbles formed 
during irradiation to the dose of 10 ~s Ar + cm -~ be- 
come much smaller or disappeared during further 
irradiation to the dose of 1018 Ar + cm -z may be ex- 
plained as follows: The formation of gas bubbles 
behaves like a precipitation of second phase. It 
needs sufficient concentration of Ar and enough dif- 
fusion kinetics, and hence a sufficient high total 

dose (10 is Ar + cm-Z). However, Ar + ion irradia- 

tion possesses also a disorder effect which may dis- 
rupt gas bubbles and this effect is proportional to 
the dose rate. Since the irradiation to the dose of 
10 ~6 Ar + cm -z was carried out under a very high 
dose rate (27.5• Ar + cm -z s - l ) ,  it must dis- 

rupt the existed Ar gas bubbles. 
While Vetrano et al Es3 observed a rapid reduc- 

tion of the amorphous zone density when specimens 
irradiated with 50 keV Ar + ions at 30 K to a dose 
of 4 •  n Ar + cm -z were annealed at RT,  we ob- 
served an increase of the densities of small disloca- 
tion loops and antisite defects after RT annealing. 
Our observation may be explained as follows. In 
the irradiation-induced antisite defects and small 
dislocation loops, antisite atoms and vacancies were 

loosely distributed. After annealing they become 

more concentrated and hence their size becomes 
smaller and their contrast becomes stronger so that 
more defects become discernible. In addition, small 
dislocation loops with larger size can form through 
coalescing several smaller dislocation loops adjoin- 
ing each other by RT annealing. 

Moreover, it is reasonable to suppose that the 
recrystallization process is strongly dependent on 
the geometry of the amorphous region. An isolated 
small amorphous zone surrounded by crystals is 
easier to recrystallize owing to the extensive short- 
distance diffusion. On the contrary, the recrystal- 

lization of a completely amorphous region must be- 
gin by nucleation of crystallites in the interior of 
the amorphous region and is more difficult. The re- 
crystallization behaviour of partially overlapped 
large amorphous zones induced by irradiation of 
high-energy and high dose ions lies between. Such 
a mechanism can explain the observed recrystal- 
lization behaviour described in section 2. 2 of the 
paper and the conflicted experimental results in the 
literature that,  on the one hand, Vetrano cs3 ob- 

served a rapid reduction of the amorphous zone den- 

sity when specimens irradiated with 50 keV Ar + 
ions at 30 K to a dose of 4•  n Ar + cm -2 were an- 
nealed at RT, while on the other hand, Jencic E93 re- 

ported that no recrystallization took place in the 
GaAs specimens, which were irradiated by 1. 5 
MeV Xe + ions at 30 K to a dose of 1014 Xe + cm7 -z 

and completely amorphized, after warming them to 
RT. 
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Fig. 1 ( a ) ,  ( c ) ,  ( e l ,  ( g ) ,  ( i ) ,  ( k ) E I J P s ,  ( b ) ,  ( d ) ,  ( f )  ( 2 2 0 ) D F  images and ( h ) ,  ( j ) ,  ( ! ) B F  images of GaAs foils. 

( a ) ,  (b )  before and ( c ) ~ ( I )  a f te r  100 keV Ar + ion i r rad ia t ion  at  RT. ( c ) ,  (d)  to a dose of 10 t2 Ar  + c m - : ,  ( e ) ,  ( f )  to a 

dose of 10~3Ar + c m  -2,  ( g ) ,  (h)  t o a d o s e o f  10t4Ar + c m  -2 ,  [ i ) ,  ( j )  t o a d o s e o f  10 ~sAr + c m  -2 ,  ( k ) ,  (1) t o a d o s e o f  10 x' 

Ar  + cm -2. Shor t  ar rowheads  indicate black-white lobe contras ts  and long ar rowheads  indicate  the di rect ions  of the excited re- 

ciprocal vector g (220)  

Fig. 2 (200/  DF images of the GaAs foils. Before (a)  and af te r  100 keV Ar  + ion i r rad ia t ion  at  RT to doses of 10 t2 Ar  + cm -2 

(b)  and 1013 Ar  § cm-~(c ) .  Long arrowheads  indicate the direct ions of the excited reciprocal  vector g ( 2 0 0 )  
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Fig. 3 HREM images of samples irradiated to doses of 1014 Ar + cm- ~ ( a )  and l0  ts Ar + cm - 2 ( b ) ,  respectively 

Fig. 4 (a)  (220)  DF image and (b)  (200)  DF image of the GaAs foil irradiated to a dose of 1013 Ar + cm -2 and then annealed 

at RT for 42 days. Short arrowheads Indicate black-white lobe contrast 
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