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The possibility of making semiconductor devices by implantation of impurity atoms 
requires a knowledge of their depth distribution or implantation profile. The use of a micro- 
mechanical sectioning technique has made such measurements possible over depths of as 
small as 30 ]k. These measurements have been made as a function of incident energy, 
crystallographic direction and bombardment dose of radioactive krypton in single crystals 
of GaAs. 

It is concluded that the ion implantation of GaAs is a viable process, that GaAs suffers 
ion bombardment induced damage at a relatively low dose and that the energy and 
orientation dependence are similar to those seen previously in face-centred cubic materials. 

1, Int roduct ion 
The method of forming semiconductor devices 
.by ion implantation has several advantages over 
the more conventional diffusion techniques, not 
the least of which is the possibility of a high 
degree of control over the implantation profile. 
This has already been demonstrated by the 
introduction of active dopant ions into silicon 
[1, 2] and is expected to be of more useful 
application in the III-V compounds where, 
because of problems of dissociation and complex 
diffusion processes, the possibility of diffusing 
dopant ions in a well-controlled and reproducible 
fashion is remote. 

The control of the implantation profile can be 
achieved by a proper choice of incident energy, 
or combination of energies of the dopant ion, 
which may be directed into certain channelling or 
non-channelling directions of the target crystal 
lattice. However, before useful programming of 
the implantation conditions can be made, it is 
necessary to know the range and depth distribu- 
tion of the dopant in the target crystal as a 
function of incident energy, bombardment dose, 
ion type and crystallographic direction. 

Although it would be valuable to be able to 

predict reasonably accurately the depth distribu- 
tion as a function of these parameters, this is not 
yet possible. Present theory [3, 4] which is 
adequate for the prediction of various ion 
ranges in amorphous target material where 
collisions may be considered as random events, 
is not yet at the stage which can take into 
account the channelling effect due to the period- 
icity of the lattice nor the very deep diffusion 
controlled penetration seen for many ions in 
tungsten [51. 

The oscillating dependence of electronic 
stopping processes on the atomic number of the 
incident ion is not sufficiently well understood 
to be completely predictable [6] although a 
recent theoretical interpretation appears to 
adequately fit the available experimental data; 
similarly the different modes of penetration 
observed in for instance, gold and tungsten, 
although believed due to a combination of 
atomic thermal vibrational amplitudes and 
effective densities of the incident ions [7], are not 
yet predictable. 

It appears therefore, that to adequately 
programme the ion implantation of semi- 
conductor devices, it is, at least for the present, 
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mandatory to first o f  all make careful experi- 
mental measurements of the implantation pro- 
files obtained under precisely controlled condi- 
tions. That this has not been done for the semi- 
conductors of the III-V series is because until 
recently, no acceptable method of measuring 
these profiles had been developed. 

The most direct method of measuring implan- 
tation profiles is that of injecting a suitable 
radiotracer into the crystal, removing successive 
layers and measuring the activity remaining in 
the crystal after each layer is removed. The 
information obtained gives the integral depth 
distribution of the radioactive atoms in the 
crystal. 

The requirements for sectioning techniques are 
rather stringent, as they should be capable of 
removing layers uniformly, reproducibly and 
of a thickness that is small (i.e. some tens of 
A) compared to the range of the incident ions. 
The various techniques developed to date are, 
(a) anodic oxidation/dissolution for W, A1, Si 
and Au [8-11], (b) corrosive film formation for 
Au, Pb and Sn [12], (c) chemical dissolution for 
NaC1 and KBr [13], (d) low energy sputtering 
for Cu [14], Au [15] and GaAs [16] and (e) 
vibratory polishing for W, Ta [17], ZrO2, 
TaeO~ [18], MgO, SiO2 and UO2 [13]. 

The choice of technique for a binary com- 
pound such as GaAs is really limited to methods 
(d) and (e). The first two techniques have so far 
been developed only for the elements listed and 
the chemical etching method suffers from a 
general disadvantage of preferentially etching or 
dissolving regions of high strain, e.g. around 
dislocations and, in the case of III-V compounds, 
the rate of etching is very orientation dependent. 
Studies of preferential etching in InSb [19] show 
an increase in rate from one on a (1 1 1) surface 
to fifteen on a (i i l) surface. Low energy 
sputtering, although a time-consuming opera- 
tion, has been used in a very preliminary 
investigation of the range of Kr in GaAs [16]. 
Sputtering studies [20] indicate no significant 
orientation effect on rate but Anderson [21] has 
observed non-stoichiometric removal, with the 
< 1 1 1 > spot being slightly richer in Ga and the 
< 1 1 1 > spot richer in As. The limitations and 
disadvantages of these methods indicate that the 
preferred method of layer removal from GaAs 
is that of vibratory polishing, as previous work 
with binary compounds [13] gave satisfactory 
results with no significant orientation dependent 
effect. 

The vibratory polishing technique of layer 
removal has been described in detail previously 
[17] and is essentially a method of mechanically 
removing thin layers from the surfaces of crystals 
previously mounted in right cylinders of cold 
setting epoxy resin, which are are in turn fixed in 
stainless steel ballast weights. Details of the 
experimental conditions and the necessary pre- 
cautions to be taken were also described. 

In the application of ion implantation to GaAs 
for the formation of junction devices, the 
preferred dopants are the Group IIA acceptors 
Zn and Cd and the Group VIA donors S, Se and 
Te. However, for this preliminary investigation, 
we have chosen to use the rare gas radiotracer 
85Kr because, (a) it has been shown previously 
[18, 22] to be an immobile marker, (b) the use of 
a rare gas should obviate surface chemical effects 
and (c) it should provide information of the 
average mass effect as it is of intermediate mass 
to the dopant ions of interest viz: 16 ss2, 30 znr~, 
34Se 79, 36Kr 85, 48Ca ~I~, 52Te "8. 

2. Experimental 
The GaAs specimens were cut from one large 
ingot grown by the static freeze technique at 
S E R L  Baldock. The ingot was undoped but 
n-type and measured 5 • 1018 carriers/cm a, 
0.03 f2cm with a mobility of 4000 cm 2, V-lsec -1. A 
measure of the dislocation density was obtained 
by etch pit techniques which showed ~, 105 
pits/cm 2. 

A diamond bonded cutting wheel was used to 
section the ingot into slices about 1 cm x 1 cm 
x 0.1 cm thick. The slices of orientation {100}, 
{110} and {11 1} were accurately oriented to 

0.5 ~ and the "A" faces of the {11 1} speci- 
mens (see later explanation) were positively 
identified by etching in 1:3 HNOa:H~O at 80 ~ C 
for 15 sec. 

The orientation of the specimens was main- 
tained during mounting by laying them face 
down on plate glass with individual weights on 
each, then separately fixing them in cold-setting 
epoxy resin. The mounted specimens were then 
abraded and mechanically polished through 
various size grits down to 0.25/xm diamond, then 
vibratory polished in an aqueous slurry of 0.05 
/xm Al~O3 for 72 h. This treatment resulted in a 
flat highly polished surface which leaves no 
detectable damage as evidenced by reflection 
electron diffraction patterns. At this stage, the 
specimens were again X-rayed to ensure that no 
misorientation had taken place during the 
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mounting and polishing procedures. 
The 85Kr ions at incident energies of 10, 20 and 

40 keV at various total ion doses of from 
3 • 1011 to 9 • 1012 i0ns/cm 2 were injected into 
the specimens, previously masked with alumin- 
ium foil to prevent spurious edge effects, in the 
Harwell Mark I electromagnetic isotope separa- 
tor. The beam divergence at the two higher 
energies was estimated to be ~ 0.1 ~ and at the 
lowest energy ~ 0.3 ~ 

Preliminary bombardments at 40 keV showed 
a visible radiation damage mark appearing on 
the surface of the GaAs at ~ 5 • 1011 ions/cm 2. 
This mark is similar to that reported earlier in 
silicon [23] but is golden rather than "milky". 

The lowest dose to which the crystals were 
exposed therefore, was ,-~ 3 • 1011 ions/cm 2 in 
the belief that this would provide an implanta- 
tion profile representative of an undamaged 
lattice. 

The crystals of { 1 1 1 } orientation were im- 
planted in the Ga side. GaAs has the zinc-blende 
structure, which consists of two inter-penetrating 
fcc sub-lattices, the Group III atom at 0, 0, 0 and 
Group V at ~,~,~.1 1 1 Because of the two different 
types of atom, there is no symmetry of inversion 
about a point midway between any two atoms 
(as in the silicon diamond structure) and this 
gives rise to the formation of polar axes in the 
< 1 1 1 > direction. As a result of this, the surface 

Figure 1 Model of GaAs showing the three low index 
directions: (a) <111>, (b) <100>, (c) <110>. 
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atoms of the "A"  { 1 1 1 } face are Ga and of the 
opposite "B"  {iii} face are As [24]. There are 
many reported effects of this polarity, e.g. change 
in etching rate [25], anodising rate [26], so to 
avoid possible complications in the present work, 
only the "A"  side was used, except where other- 
wise indicated. Fig. 1 shows the models of the 
three low index directions from which one can 
see the polarity effect and the increase in channel 
size in the order {1 1 1 } --* {100} -+ {1 10}. 

After implantation, the residual activity of the 
660 keV fi of 85Kr (10.3 year half-life) was 
measured using an end-window Geiger-Mtiller 
tube and remeasured after each layer was 
removed by vibratory polishing. The plot of 
remaining activity versus polishing time, or 
equivalent depth in the crystal, results in an 
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integral distribution curve and the results are 
presented in this way. 

2.1. Calibration of Layer Removal 
Previous calibrations of removal rate by the 
method of vibratory polishing have been done 
by weight toss [13], radioactivation analysis [17], 
spectrophotometry [18] and depth distribution 
comparisons [17]. These measurements have 
established that the central implanted zone of the 
crystal is removed at a reproducible rate and 
although the rate varies from one material to 
another, within any one material it is reproduc- 
ible. It is, therefore, only the rate of removal that 
has to be established, al though reproducibility 
was also checked during the course of these 
experiments by comparison of identical implan- 
tations in similar specimens. 

The rate of removal of GaAs was measured by 
direct weight loss from three right cylinders of 
8 mm diameter and from 1.2 to 1.8 cm length, 
cut with the long axes parallel to the directions 
< 1 1 1 > ,  < 1 0 0 >  and < 1 1 0 >  respectively. 
These right cylinders were not mounted in resin. 
The rate of removal was established as 5.6 • 0.2 
Fg/cm~/min of vibratory polishing time (mvp). 

As the rate of removal is expected to differ 
from mounted to unmounted specimens, the 
difference was measured by injecting 40 keV 
85Kr into one of each type of specimen (identical 
dose, orientation, etc.) and 'sectioning them 
simultaneously. As expected, GaAs was removed 
at a faster rate from the unmounted specimen, as 
shown by the much shorter depth distribution, 
and the normalMng factor required to fit the two 
separate curves was 3.20. The rate of GaAs 
removal from the mounted specimen is therefore 
5.6/3.20 = 1.75/~g/cm2/mvp or 33 A/mvp. 

3. Results and Observations 
The directional dependence of 40 keV 8"~Kr in the 
GaAs lattice is shown in fig. 2 and is as expected 
from simple considerations of the lattice trans- 
parency (cf. fig. 1), i.e. that the fraction channel- 
led is in the order < 1 1 0 >  > < 1 0 0 >  > 
< 1 1 1 >.  The same dependence is observed at the 
other energies. 

The energy dependence is shown in fig. 3a-c for 
the three low index directions and is summarised 
in fig. 4 in the range-energy curves which are 
compared to the theoretically predicted slopes of 
E § for pure electronic stopping [27] and o f E  ~ for 
nuclear stopping [28]. The slopes of the experi- 
mental range-energy curves are seen to lie some- 
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Figure 2 Effect of  crystal orientation on depth distribution 
of  40 keV 8SKr in GaAs.  

where between these two values, very close to the 
slope of E ~ 

The dose dependence is shown in fig. 5a-c and 
comparison with the depth distribution curve 
obtained from a pre-bombarded (1014 Kr s4 ions 
followed by 3 • 1011 KP 5) crystal shows that, 
as there is no further shortening of median range 
between the 9 • 1012 ions/cm 2 dose and the 1014 
ions/cm 2, saturation of damage probably occurs 
at about the 1013 ions/cm ~ level. The differential 
form of some of the curves in fig. 5a are shown 
in fig. 5d. 

The possibility that the shortening of range 
seen in fig. 5a-c may be a spurious effect, due 
only to an increase in rate of removal because of 
the gradual change from single crystal to amor- 
phous condition, was checked in the following 
way: two identical < 1 1 1 > specimens were 
implanted with 3 • 1011 85Kr ions/cm ~ then one 
of the crystals was post-bombarded with 1014 
stable 84Kr ions/cm z. The two crystals were 
sectioned simultaneously; the resultant almost 
identical curves are shown in fig. 6, indicating 
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Figure 3 Effect of incident energy on depth distribution of 
8SKr in GaAs: (a) in <111>, (b) in <100>, (c) in 
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Figure 5 Effect of bombardment dose on depth distribution of 40 keY SSKr in: (a) <111>,  (b) <100>,  (c) <110>.  
(d) Differential distribution of 40 keV 85Kr in <111> GaAs. 

213 



J .  L .  W H I T T O N ,  O .  C A R T E R ,  J .  H .  F R E E M A N ,  G .  A .  G A R D  

c ~ O. 
c 
"5 
E 
k 
>. 

g 

~ 0 - 0 t  

\ 

\ 

O.OO I I I 
O O-t C~.2 0 -3 0 . 4  

penetrat ion depth (microns) 

Figure 6 Effect of post-bombardment on sectioning rate of 
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Figure 7 Effect of polarity on depth distribution of 40 keV 
85Kr in x = " A "  {111} and O = " B "  { ]1 ] }  faces of GaAs. 

that the rate of removal is unaffected by bom- 
bardment dose. 

The effect of polarity on range was measured 
by injecting 40 keV 85Kr into the "A" { 1 1 1 } face 
of one crystal and the "B" { i i i } face of another. 
Simultaneous sectioning gave the curves shown 
in fig. 7; a reduction in range is seen in the "B" 
{ iT i }  face. 

4. Discussion 
Previous studies [7] of the penetration of ener- 
getic heavy ions into single crystals have shown 
that the depth distribution curves are of two 
general forms. These forms are shown in fig. 8, 
for the case of 40 keV laZXe ions in fcc gold and 
bcc tungsten. 

In the fcc target, the curve has two distinct 
parts, (1) an initial decrease due to the predomin- 
antly nuclear stopping near the surface and (2) a 
deeply penetrating portion made up of channelled 
particles. The slope of the second part gives a 
measure of the rate of dechannelling, i.e. the 
probability of a channelled ion suffering a large 
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angle collision and being steered out of the 
channel into the surrounding lattice. 

In the bcc target, the curve has three parts, (1) 
similar to the first part of the curve in fcc targets, 
(2) a deeply penetrating portion made up of 
channelled particles but with a low rate of de- 
channelling and (3) a clearly defined maximum 
range of the channelled ions; this is determined 
by the rate of energy loss by electronic collision 
processes. 

The main difference between the two forms of 
curve is in the fraction of incident ions reaching 
the maximum range. In the case illustrated (fig. 
8), the fraction reaching maximum range in 
tungsten is ~ 10 .2 and in gold (by extrapolation) 
is only about 10 .7 . This difference is believed 
due to the effect of atomic thermal vibrational 
amplitudes, generally greater in fcc than in bcc 
metals [7]. 

The form of the depth distribution curves in 
the present study is similar to those seen previ- 
ously in fcc metals, viz a two-part curve with no 
sign of a maximum range. This is not unexpected 
as the GaAs lattice is made up of two fcc lattices 
and the Debye temperature of 314 ~ K leads to a 
root mean square thermal vibrational amplitude 
(Fx2) ~ of 0.078 A, comparable to that of 0.088 ,~ 
in gold at room temperature. 

The similarity of depth distribution profile with 
that seen in gold is even more marked in the 
comparison of the range-energy relationships in 
the two cases. Fig. 4 shows an energy dependence, 
at the 0.01 level, of  E ~ comparable to that of 
40 keV xenon in gold of E ~ and is an indication 
that the stopping process in the channels is made 
up of both nuclear (R c~ E z) and electronic 
stopping (R 0~ E~ The energy dependence is, 
therefore, that of the dechannelling process. 

The measured median ranges (Rm) of 40 keV 
SSKr in the heavily disordered (amorphous) 
lattices of the < 1 1 1 > ,  < 1 0 0 >  and < 1 1 0 >  
crystals and in the pre-bombarded < 1 1 1 > 
crystal give an average value of 10.6 :~ 0.8 
Fg/cm 2, in good agreement with the theoretically 
predicted projected range (Rproj) of 9.5 Fg/cm 2. 
The latter value is taken from a computer 
programme of Schiott [4] for ranges of ions in 
amorphous mixed substances. 

This good agreement between theory and 
experiment is seen only in the crystals that are 
amorphous or nearly so. Reference to fig. 5a-c 
shows that the median ranges in the lightly 
bombarded crystals are much greater than 9.5 
Fg/cm 2. The discrepancy is due to the contribu- 

tion from dechannelled particles, for where the 
true median range in amorphous material con- 
sists of the particles having nuclear encounters 
(i.e. not channelled), in the undamaged lattice 
the initially channelled but quickly dechannelled, 
particles add to the nuclear encounters portion, 
thus effectively broadening the nuclear encounter 
distribution. The only way therefore, of having 
true median ranges is by measuring the range in 
(a) amorphous material, (b) in crystals mis- 
oriented to give no lattice effect and (c) in an 
undamaged lattice where there is effectively no 
dechannelling of initially channelled particles [6]. 

The importance of dechannelling in the 
measurement of median ranges is illustrated in 
table 1, where it is seen that the greatest depart- 
ure from the true Rm is at the highest energies in 
the most open direction and, conversely, the best 
fit is at the lowest energy in the least open 
direction. 

T A B L E  I Comparison of measured R m with calculated 
Rproj in "undamaged" lattice 

Rm Rproj Rm/R;r'o 
< 111 > 10 keV 6.9 3.5 2.0 

20 17.3 5.9 2.9 
40 23.3 9.5 2.5 

<100> 10 11.2 3.5 3.2 
20 20,8 5.9 3.5 
40 33.0 9.5 3.5 

<110> 10 15.6 3.5 4.5 
20 31.0 5.9 5.3 
40 48.5 9.5 5.1 

The change in slope of the channelled particles 
(figs. 2 and 5c) also reflects the openness of the 
channels which, in the case of GaAs, have a ratio 
calculated from the unit mesh of 1:1.09:1.54 for 
< 1 1 1 >  : < 1 0 0 >  : < l l 0 > . T h e c o r r e s p o n d -  
ing measured penetration at the 50 ~ level of 
remaining activity is in the right order, the ratio 
being 1 : 1.5 : 2.1. 

The effect of ion bombardment induced 
radiation damage in the form of shortened 
ranges has been observed previously for Si [10] 
and for MgO and SiO2 [13]. Recent work by 
Nelson and Mazey [23] and Davies et al [31] 
show that the onset of damage is in the form of 
discrete amorphous zones of about 100 
diameter which, as the dose is increased, overlap 
until a completely amorphous layer is formed. 
These findings are in keeping with the present 
observed form of range shortening which can be 

215 



J. L. W H I T T O N ,  G.  C A R T E R ,  J. I-i. F R E E M A N ,  G.  A. G A R D  

interpreted as requiring a gradual transition 
from crystalline to amorphous over a thick 
region rather than a very shallow amorphous 
layer being formed at the onset of damage then 
thickening, always in the amorphous state. 

The effect of polarity on range is shown in 
fig. 7 and is indicative of one of three possibilities, 
(1) that the depth of penetration is less in the 
"B" than the "A"  face, (2) that the rate of 
removal is greater on "B" than on "A"  and (3) 
that the initial depth of damage on the vibratory 
polished surface is greater on the "B" than the 
"A"  face. If  the third reason is valid, then it 
explains the first. Warekois et al [32] have 
reported greater damage in the "B" face of GaAs 
and InSb than in the "A"  for the same treatment, 
although Pugh and Samuels [33] have found the 
same damage depth in both cases. Whatever the 
reason for the change in range, the discrepancy is 
enough to justify care being taken to identify the 
face being bombarded. 

Finally, a comparison of the earlier data of 
P6hlau et al [16] by sputtering methods, shows 
quite clearly that the doses used in their case 
were so high as to be of use only in measuring the 
amorphous range of 80 keV Kr in GaAs (fig. 9). 
Comparison of the channelled ranges is, there- 
fore, not possible. 

5. S u m m a r y  

1. A satisfactory comparison of median range 
with the theoretical predicted range of Kr in 
amorphous GaAs has been found. 

2. The effect of radiation damage is very 
marked at relatively low ion doses, suggesting 
that for the introduction of high concentrations 
of dopant ions, simultaneou~ annealing with 
implantation will be required. 

3. Maximum ranges were not measurable for 
the heavy ion used, confirming previous evidence 
that atomic thermal vibrational amplitudes play 
a large part in determining the chances of such a 
maximum range being detected. 

4. The difference in range in the "A"  and "B" 
polar faces is sufficiently great to justify proper 
identification of these faces. 

5. The technique of vibratory polishing has 
been shown to be suitable for the measurement of 
ion ranges in GaAs. Because of the similar 
physicalproperties of the other III-V compounds, 
it is anticipated that the technique will be equally 
applicable to them. 

6. The present study has provided enough 
information of a general kind to aid in program- 
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ming implantation profiles. An extension of this 
is now under way to see if the use of Group II 
and VI dopants will result in any significant 
departure from the expected mass effect. 
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