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Coimplantations of carbon and one of the group II acceptors, Mg, Zn, or Cd, were performed and
compared to implantations involving only a single element (Mg, Zn, or Cd) or Ga and C
coimplanted into GaAs substrates. The group II and C (II/C) coimplantations act to balance the
crystal stoichiometry since group II atoms prefer to reside in the Ga sublattice and C prefers to
reside in the As sublattice. The electrical characteristics of the various implantations were obtained
from sheet and differential Hall measurements. Rutherford backscattering spectrometry was
employed to determine the amount of implantation-induced damage which was then correlated to
the amount of C activation in the group II/C coimplanted samples. It was found that coimplantation
of the heavier group II acceptors, Zn and Cd, resulted in layers with larger peak hole concentrations.
This is a result of the large amount of lattice damage created by these elements which is thought to
provide the necessary abundance of As vacancies for C activation. Secondary ion mass spectroscopy
measurements of the samples after implant activation indicate that C coimplantation significantly
reduces the diffusivity of the group II acceptors. Cross-sectional transmission electron microscopy
indicated a unique defect structure (extrinsic dislocation loops) for the cases of group II/C
coimplantation. These dislocation loops are located at the diffusion front of the group II element in
the samples and therefore have a rather profound influence on the diffusion of the group II elements.
A rationalization of the defect structure and the effect it has on the diffusion of group II elements
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I. INTRODUCTION

Ion implantation technology for p-type doping in GaAs
needs to satisfy two essential criteria for the realization of
high performance electronic devices: reproducible electrical
and spatial control of the dopant species. Implanted layers
that satisfy these requirements have received recent attention
for use in the fabrication of junction field effect devices be-
cause of their increased gate turn on voltage and the resulting
reduced gate leakage compared to conventional metal-
semiconductor field-effect transistor devices.! With the re-
cent demonstration of a p-channel GaAs based metal-oxide-
semiconductor field-effect transistor,” ion implantation
techniques for highly doped p-type source and drain regions
may become more important.

The use of coimplantation to maintain stoichiometry in
compound semiconductors was first proposed by Hecking-
bottom and Ambridge.? They theorized that the use of care-
fully matched dual implants in GaAs could avoid many of
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the complications which arise from disturbing the stoichiom-
etry when a single species is introduced into a compound
semiconductor. Over the years this theory has been validated
by a number of researchers for both n-type and p-type GaAs.
In addition, there are complications which arise from radia-
tion damage related phenomenon in compound semiconduc-
tors which can dominate doping studies.*

Coimplantation of group V elements with group II ac-
ceptors has produced layers with enhanced electrical activa-
tion as well as limited group II redistribution after annealing.
These studies have utilized the following coimplantation
schemes: MgIAs,s‘7 Mg/P,8 Zn/As,g'lo and Zn/P.!! Many of
these studies speculated that the diffusion of the group I
element is reduced when coimplantation is employed be-
cause of an increased substitutionality of the group II ele-
ment on the Ga sublattice. Once incorporated onto the Ga
sublattice the rapid diffusion of the group II element is re-
duced due to the disappearance of the fast diffusing group II
interstitials (1I;).

Carbon, a group IV element which becomes a p-type
acceptor on the As sublattice, has received much attention
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because of its low diffusion coefficient in GaAs when com-
pared to the group II acceptors.12 In general, the diffusion
coefficients of the group II acceptors are proportional to the
square of the group II concentration, or hole concen-
tration.!37!® Their rapid diffusivity at high carrier concentra-
tion limits their use in applications where shallow or abrupt
junctions are required. Implanted C is unique as an acceptor
in GaAs in that radiation damage is necessary in order to
achieve considerable electrical activation.!’"?' The radiation
damage provides As vacancies that become sites for carbon
activation.?! Carbon, because of its relatively light mass, is
not effective in creating implantation damage in GaAs, and
therefore poor activation results when implanted alone. Im-
plantation with heavier elements increases activation, but
consideration must also be made concerning the chemical
nature of the coimplant. Group Il coimplantation species,
which tend to increase the As-related vacancies, provide su-
perior electrical activation of the implanted C.”! These coim-
plantation schemes attempt to balance the III-V stoichiom-
etry by providing an element that prefers the group III
sublattice and consequently assists the incorporation of C
onto the As sublattice. The present study utilizes heavy
group II elements such as Zn and Cd to create damage so that
the C atoms can reside on As sites preferentially. The group
1I elements can also serve as acceptors by residing on the Ga
sites.

il. EXPERIMENT

The substrates used for this study were epiready semi-
insulating vertical gradient freeze (100) GaAs. All implanta-
tions were performed 7° off the (100) axis, with the C im-
plantation preceding group II or Ga implantation. The
coimplantation energies were chosen using TRIM simulation
to calculate the ion profiles. In order to overlay the ion pro-
file of the 45 keV C implantation the energies of the Mg, Zn,
Cd, and Ga ions were 80, 215, 370 and 230 keV, respec-
tively. Implantation doses of 5X 10%cm™? and 1
X 10" ¢cm™? were used to make different comparisons be-
tween the electrical and the redistribution characteristics of
the various implantation schemes studied.

Activation annealing was performed in a rapid thermal
annealer employing the proximity method with a flowing
forming gas ambient (85%N,/15%H,). For electrical char-
acterization van der Pauw geometry Hall measurements were
made using In(Zn) contacts. Differential Hall effect measure-
ments were made by etching the implanted layer sequentially
using a dilute solution of H,S0,:30%H,0,:H,0 in a 1:1:100
ratio by volume. The etch rate was calibrated using Dektak
stylus profilometry to be approximately 60 A/min. Ruther-
ford backscattering spectrometry (RBS) and channeling tech-
niques using a 2.3 MeV He* ™ beam were employed to mea-
sure the amount of implantation induced damage. A
scattering angle of 170° was used, and the channeling mea-
surements were performed along the (100). The thicknesses
of the amorphous layers created by the heavier ions used in
this study were estimated by measurement of the energy
width of the signal taken from the amorphous layer as speci-
fied in Ref. 22. Secondary ion mass spectroscopy (SIMS)
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TABLE 1. Sheet hole concentrations as determined from Hall measurements
for the various implantation schemes studied.

Sheet hole
Implanted Implanted dose concentration
species (cm™) (10" cm™?
C-only 5% 10" 0.07
Ga/C 5X10"/5%x 10 2.1
Ga/C 1x10%/1%x10% 25
Zn-only 5% 10 29
Zn-only 1x10% 52
Zn/C 5%X10%/5%x 10" 44
Cd-only 5x 10" 2.6
Cd-only 1X105 52
Cd/C 5% 10"/5x 10 48
Mg-only 5% 10" 14
Mg-only 1x10% 1.9
Mg/C 5X10%/5%x 10 1.1

measurements using a Cameca IMS-4f microanalyzer were
performed to compare the redistribution of the group II ele-
ments with and without the carbon coimplantation. A Cs ion
beam at an impact energy of 14.5 keV was used. The group
II-Cs* molecular species (MgCs™, ZnCs*, CdCs™) were
analyzed, which gives good detection limits for Mg, Zn, and
Cd. The SIMS concentration profiles obtained are within
15% accuracy in concentration and 10% accuracy in the
depth scale. The microstructures of the different samples
were examined by cross-sectional transmission electron mi-
croscopy (XTEM) and high resolution electron microscopy
(HREM).

Ill. RESULTS AND DISCUSSION

A. Electrical results: Correlation with implantation
induced damage

Table I summarizes the sheet carrier concentrations ob-
tained for the implantation schemes investigated. These re-
sults were obtained at optimum annealing temperatures, re-
ported in an earlier work, which was 820 °C for the samples
containing any of the group II species, and 900 °C for the
Ga/C coimplantations and C-only implantations.23 The im-
planted doses for the samples are listed in Table I. As shown
in the table, C implanted alone shows poor activation due to
the lack of any significant lattice damage. Carbon implanta-
tion alone did not create any significant lattice damage as
measured by RBS (not shown). The Ga coimplantation in-
creases C activation significantly by increasing the measured
sheet hole concentration from 7X102cm™2 to
2.1X 10" cm™2. The RBS spectra in Fig. 1(a) indicates that
the Ga coimplantation created an amorphous layer approxi-
mately 1500 A thick. As previously mentioned, this damage
is necessary for a more efficient activation of implanted car-
bon. However, only a small increase in the sheet hole con-
centration is seen when the dose is increased from 5
%X 10" em™2 to 1 X 10"° cm™2 (see Table I). This is a result
of the peak hole concentration saturating near 1
% 10'° cm™3 in these samples, so a further increase in dose
results in only a slightly broader hole profile. Earlier studies
on carbon-implanted GaAs reported that the maximum con-
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FIG. 1. Random and (100) channeling spectra for as-implanted samples: (a)
Ga/C coimplantation (5X10" ecm %/5%10" cm™2), (b) Zn/C coimplanta-
tion  (5X10%cm %5x10"¥cm™), () CA/C  coimplantation
(5x10* cm™%/5X10"%cm™), and (d) Mg/C coimplantation
(5X10" cm™%/5X 10" cm™2). The incident He** energy was 2.3 MeV and
the detector angle was set at 170°.

centration of free carriers does not exceed values in the low
10" cm 3. Carbon precipitation and the formation of dicar-
bon centers are both possible mechanisms for this observed
saturation in the free hole concentration.”*? In the case of

Morton et al. 4931

10% e e
= F (a)
g g
\E OOOQO
k=] oo
= u] o
g 10" _—DDDD oP o 08800 3
g 2 00" 0o8oogy, 3
< o a]
3 ]
® J
2

1018 o b e b e b e ol

0 500 1000 1500 2000 2500 3000 3500
depth (A)

10 e —rr—
o - (b)
c o ©50004,00°%,
2 ro o Opngo 1
© poofo pBo Yog
2 qov [P =| 4
@ E H0g E
g F o
3 o
o
S .
T o

1018 NIV ARSI ATl EUSUrAIE AT VR

0 500 1000 1500 2000 2500 3000 3500

depth (A)

FIG. 2. Carrier profiles determined from differential Hall measurements for:
(@ Znonly (0) (1X10¥cm™? and Zn/C (O) coimplantation
(5%10" cm™%5%10* cm™2), and (b) Cd-only (O) (1X10% cm™2?) and
Cd/C (O) coimplantation (5X10* cm~%/5X10 cm™2).

I/C coimplantations, the Zn/C coimplantation (5
X 10" cm™%/5X 10" cm~2) gives a higher sheet carrier con-
centration than the sum of the C-only and the Zn-only im-
plantations (5X10*cm™2?) at a combined dose of
1X 105 cm™2, as shown in Table I. Figure 1(b) shows that
an amorphous layer similar to that created by Ga coimplan-
tation (~1500 A in thickness) is formed by the Zn/C coim-
plantation. This coimplantation enhances the acceptor contri-
bution from C atoms. Cadmium, the heaviest of the
coimplant ions used in this study, forms an amorphous layer
approximately 1800 A thick, as shown in Fig. 1(c). This
results in a similar enhancement of the activation of the im-
plant C as shown in Table I. Samples with Mg implantations
result in the lowest activation of all the group II elements
studied. Furthermore, samples implanted with both C and
Mg have a lower sheet carrier concentration than those im-
planted with Mg only. This is due to the redistribution prop-
erties of the Mg upon activation which will be discussed in
Sec. IIl B. Magnesium, the lightest of the coimplantation
species studied, failed to create a heavily damaged layer
needed for C activation, as shown in the RBS spectra in Fig.
1(d) for the Mg/C coimplantation. These results offer solid
evidence of the importance of implantation damage for the
activation of implanted carbon.

The carrier profiles for the Zn-only (1 X 10" ¢cm~2) and
the Zn/C (5% 10" cm™2 each) coimplantation are given in
Fig. 2(a), and for the Cd-only and Cd/C cases in Fig. 2(b).
Note that for the group II/C cases, (represented by empty
circles in the figure) there is a higher peak hole concentration
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(~3%10' cm™3) near the surface and the profile remains
much closer to the surface. The group II-only implants (de-
picted by empty squares) have redistributed to yield a lower
maximum carrier concentration of approximately 1
X 10! ¢cm™3, with a more extended dopant profile.

We note from Table I that the sheet carrier concentration
for Zn-only implantation (1 X 10'* cm™2) is higher than that
for Zn/C coimplantation (5X 104 cm™? each). The same is
also true for the Cd-only and the Cd/C coimplantation. From
the results shown in Figs. 2(a) and 2(b) it is apparent that the
higher sheet concentration for group II-only implantation is
due to a much more diffused dopant profile. The group II/C
coimplantations give a higher hole concentration in volume
density near the surface and provide a much shallower junc-
tion. Our results of the Zn/C and the Cd/C coimplantation
indicate that both the group II and the carbon atoms contrib-
ute to the hole concentration.

B. Group Il redistribution

The group II profiles for the single implants and the
group II/C coimplants have been investigated using SIMS
measurements. The results are shown in Fig. 3. A double
hump profile was observed in samples containing Zn and Cd
implantations. A ‘‘kink-and-tail”> profile was observed in all
of the coimplanted samples shown in the figure.

Studies involving group II dopants have shown that at
high concentrations the diffusivities of these impurities are
strongly influenced by the group II acceptor and other defect
concentrations.?® This can be understood in terms of the
interstitial-substitutional mechanism by which the group II
impurities are thought to diffuse. One of the widely accepted
diffusion theories is the ‘‘kick-out’”’ mechanism.”*?’ In this
model a Ga interstitial (Ig,) is created when a diffusing
group II interstitial (II;) displaces a Ga atom from its sublat-
tice. Gosele?® and Tan?’ have shown the reaction to be:

0} &g +13,+2h", (1)

where 11, is a substitutional group II acceptor atom on the
Ga sublattice. It should be noted that the charge state of the
species in (1) have been assigned to various values reported
in the literature.?® However, we will use this equation for the
general basis of our discussion. Using this model and the law
of mass action the following dependence for the effective
diffusivity of the group II acceptor (D.g) can be obtained:?

D gx[I,]Xp?, @)

where p is the hole concentration. Group II diffusion is en-
hanced by the concentration of Ga interstitials and the square
of the hole concentration. In simple physical terms, the con-
centration of the fast diffusing group II interstitials is in-
creased by the presence of Ga interstitials which compete for
the Ga sublattice sites. As a result the diffusion of group II
elements is enhanced in a Ga-rich region in the sample.’’ A
Ga-rich region can be formed in the implanted samples in
two ways: (1) the kick-out mechanism provides a supersatu-
ration of Ga interstitials at the diffusion front,?%?’ (2) the
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FIG. 3. Group II SIMS profiles for annealed samples comparing the distri-
butions of group II only implantation (5X 10 cm™) to those obtained
when group I/C coimplantation (5X10" cm™%5x10' cm™?) is used. (a)
Zn SIMS profiles for Zn-only implantation (dotted line) and Zn/C coimplan-
tation (solid line). (b) Cd SIMS profiles for Cd-only implantation (dotted
line) and Cd/C coimplantation (solid line). (c) Mg SIMS profiles for Mg-
only implantation (dotted line) and Mg/C coimplantation (solid line). The
areas marked FL are depths where a network of Frank loops were observed
by TEM in the C-coimplanted samples (Sec. IIl C). The projected range,
R,, of the as-implanted group II species is shown in the figures for
reference.

recoil nature of the implantation process creates an excess of
Ga matrix atoms located at greater depths due to a slight
mass differential between Ga and As.*!

For the As sublattice, the presence of the implanted C
atoms increases the As interstitial concentration due to the
competition between C and As for the As sublattice sites.
This has the effect of creating a localized As-rich region in
the sample. In this respect the presence of implanted C is
similar to that of annealing GaAs samples in an As overpres-
sure, where the As vacancy and the Ga interstitial concentra-
tions are reduced as dictated by the mass action relationship:

[IGa] and [VAs]ocPi_\sl“M’ (3)
where Py, is the As, vapor pressure.”” As a result of the

reduced Ga interstitial concentration the diffusion of the
group II elements is also reduced in the As-rich region [see
Eq. (2)]. Carbon is known to be relatively immobile, there-
fore the electrically active group II and C (occupying substi-
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tutional sites) concentrations are higher in this region. This
can be prominently seen in the SIMS profile shown in Fig.
3(a) for the Zn/C sample (solid line) where a higher concen-
tration of Zn is located in the first 1000 A. At greater depths,
in the region where the Ga recoil distribution exists, the gal-
lium interstitials have a higher concentration. This leads to a
faster diffusion rate of the group II elements, which reduces
the group II concentration in this region, as demonstrated by
the dip in the profile, approximately 1200 A from the sur-
face, shown in Fig. 3(a). The formation of the double hump
profiles also observed in the Zn-only, Cd-only, and Cd/C
implantations is due to this same mechanism. At even greater
depths in the C and group II coimplanted cases the diffusing
I, and 1, recombine to form extrinsic dislocation loops,
thus greatly reducing both interstitial species. These loops
serve as sinks for both interstitial species thus significantly
reducing the diffusion of the group II elements. The disloca-
tion loops, known as Frank loops (FL) because of their ex-
trinsic nature, are located just beyond the high concentration
region of the profile (as indicated in the figures). The defect
structure will be discussed in the following section.

The absence of the double hump profile in the Mg cases
is due to less radiation damage and a smaller Ga recoil dis-
tribution because of the light masses of Mg and C. The se-
vere outdiffusion present in samples implanted with Mg ex-
plains their reduced conductivity seen in Sec. III A [see Fig.
3(c)]. Also the Mg/C sample exhibited a lower sheet carrier
concentration than that of the Mg-only implant because the
indiffusion is limited, but rapid outdiffusion takes place; both
of these effects reduce the total number of carriers. In all the
cases studied the surface of the sample acts as an efficient
sink for point defects, therefore, the surface effect dominates
the distribution of various species near the surface, rather
than the fore-mentioned diffusion mechanism in the bulk.

C. Microstructure evaluation

Cross-sectional TEM, XTEM, was used to investigate
the defect structures in the samples shown in Fig. 4. Present
in all samples (group II-only and C coimplanted) were fairly
large dislocation loops with intrinsic or extrinsic faults in-
side, labeled DL in Fig. 4. These defects are commonly ob-
served in implanted GaAs. These large loops are seen to
form on the {111} and {110} planes. Significant difference in
microstructure has been observed towards the tail of the
group II diffusion profiles between group II only and group
1I/C coimplants. Samples that have been coimplanted with C
all contain a network of Frank loops, labeled FL in Figs.
4(a), 4(c), 4(e), and 4(g). The location of these loops is in the
tail region of the diffusion profile, as indicated in the SIMS
results shown in Fig. 3. The micrographs of the group II only
implanted samples are shown next to the carbon coimplanted
samples so that the absence of the dense network of disloca-
tion loops is readily apparent. The HREM image in Fig. 4(h)
confirms the extrinsic nature of the dislocation loops present
in the carbon coimplanted samples. This particular lattice
image shows a dislocation loop aligned with the {111} plane.
Most of the loops are along the {111} planes, but a small
number of loops were found to have formed along the {100}
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FIG. 4. XTEM micrographs for samples after implantation activation. (a)
Zn/C coimplanted sample (5X10* cm™%5x10* cm™2), (b) Zn-only im-
planted sample (5X10*cm™2?), (¢) Cd/C coimplanted sample
(5X10% cm %5x10“cm™), (d) Cd-only implanted sample (5
X 10! cm™2), (e) Mg/C coimplanted sample (5X10'* cm™%/5% 10" cm™2),
(f) Mg-only implanted sample (5X10" cm™2), (g) Ga/C coimplanted
sample (5X10™ cm™%5X10" ¢cm™2). Examples of the large dislocation
loops seen in all the samples are labeled DL in Figs. 4(a) and 4(c). The
dense network of Frank loops are labeled FL in the C-coimpianted samples.
(h) Lattice image revealing the extrinsic nature of the dislocation loops
formed in the samples coimplanted with C. A majority of the loops were
found to be orientated along the {111} plane. This particular loop was
present in the Ga/C coimplanted sample.

planes. These dislocation loops are the result of the conden-
sation of point defects and act as sinks to restore the point
defects to their dynamical equilibrium condition. By main-
taining the point defect concentrations at their dynamical
equilibrium values these dislocation loops limit the indiffu-
sion of the group II elements. The same dislocation loops are
seen in the case of Ga/C coimplantation in Fig. 4(g). Here
the excess Ga interstitials are introduced by both the implan-
tation of Ga and its associated damage. The fact that a dense
network of Frank loops is seen only in the cases of C coim-
plantation provides evidence that the excess As that is gen-
erated by C incorporation is key to the dislocation loop for-
mation. These dislocation loops reside much deeper in the
Ga/C sample than the other cases studied probably due to the
higher anneal temperature used for these samples, which was
900 °C as opposed to 820 °C for other samples.

IV. SUMMARY

In this investigation we found that the coimplantation of
C with Zn and Cd in GaAs provides the necessary lattice
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damage needed for C activation. These two implantation
schemes (Zn/C and Cd/C) provide a way of raising the peak
hole concentration by supplying acceptors on both the Ga
and As sublattices. On the other hand, Mg/C coimplantation
fails to create the lattice damage required for C activation.
The coimplantation of C with group II elements creates an
As-rich layer, compared to samples where only group II el-
ements were implanted. This As-rich region has the effect of
limiting the group II redistribution in this region, as a result,
a kink-and-tail profile is observed similar to that for Zn in-
diffusion experiments with an As over pressure. This profile
is the direct consequence of the As-rich region, created by C
coimplantation, and the Ga-rich region, created by the dif-
fusing group II species. For the cases of Zn and Cd implan-
tation a double-hump diffusion profile is observed, indepen-
dent of C coimplantation. This characteristic is a result of the
lattice damage created by these elements. A large component
of this damage is the Ga interstitials which enhance Zn and
Cd diffusion in the saddle point of the double-hump profile.
A network of Frank loops was observed in all samples coim-
planted with C. These loops are thought to result from the
condensation of point defects, Ga and As interstitials, that
exist in that region. In doing so, the concentration of Ga
interstitials is decreased at the diffusion front compared to
cases where the dislocation loops do not form (group II only
implantations). Due to the reduction of Ga interstitials the
diffusion of the group II element is reduced in the region
where the Frank loops are present.
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