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Advanced electronic devices based on compound semiconductors often
make use of selective area ion implantation doping or isolation. The
implantation processing becomes more complex as the device dimensions are
reduced and more complex material systems are employed. We review
several applications of ion implantation to high performance junction field
effect transistors (JFETS) and heterostructure field effect transistors (HFETs)
that are based on compound semiconductors, including: GaAs, AlGaAs,
InGaP, and AlGaSh.

INTRODUCTION

Ion implantation has been widely used in electronic and photonic devices based on
compound semiconductors. Generally, the implantation process serves one of three
functions. First, selective area implant doping is used to form low resistance contact
regions in Field Effect Transistors (FETs), Heterojunction Bipolar transistors (HBTs), or
lasers [1-5]. Selective area doping is also used in FETs to form precisely controlled
channel or lightly doped drain (LDD) regions [6]. Second, implantation is employed to
form locally high resistance regions for inter-device isolation such as in integrated FET
circuits or for current guiding in lasers [7-12]. Third, ion implantation can be used to
promote local area inter-diffusion or mixing of the host atoms to alter the local bulk
properties of the semiconductor [13].

In this paper we focus on specific examples of using ion implantation for controlled,
selective area doping. = We begin by examining the key features in achieving high
performance ion implanted GaAs Junction Field Effect Transistors (JFETs) that rely on
shallow, abrupt p-type doping profiles as well as abrupt channel doping. The utility of
heavy ion implantation (Zn and Cd) along with the co-implantation of P will be presented.
The benefits of C-implantation to realized optimum channel profiles will also be discussed.

In a second area of study, we address the issues associated with implant doping of
advanced ternary compound semiconductors materials such as AlGaAs, AlGaSb, and
InGaP that are potential barrier layers for heterostructure field effect transistors (HFETS).
The ability to selectively dope these barrier layers will enable improved HFET designs.

IMPLANTATION DOPING FOR GaAs JFETs

Figure 1 shows a schematic representation of a self-aligned GaAs JFET where all
doping is done by ion implantation [5]. This structure overcomes several of the traditional
short-comings of non-self-aligned or diffused junction JFETs such as an increased gate-to-
source capacitance (Cgs) due the p/n junction gate and gate length broadening during the p*
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ohmic gate contact. The channel n*-source
profile also becomes more critical at
short gate lengths with abrupt doping
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bei ired to red hort Fig 1: Schematic of self-aligned GaAs JFET with
chgxlliel reg&gzts arzi ;Chlilg:e Zoc())d vertical and lateral doping modified for short gate

carrier confinement. The lateral n-

operation.

type doping profile must also be modified for short gate operation to minimize hot carrier
effects on the drain side of the gate and impact ionization to reduce short channel effects
and improve the breakdown voltage. In this paper we discuss experimental improvements
to the vertical doping profile. Optimization of the lateral profile will be presented elsewhere

[16].
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Fig 2: SIMS 1proﬁk:s of Cd-implanted
GaAs (45 keV, 3x10™ cm?) as-implanted, Cd-
only annealed at 830 °C, and co-implanted with
P (*°P,: 45 keV, 3x10" cm?) annealed at 830
L]

C.

While initial work on the JFET
structure in Fig. 1 employed Mg-
implantation to form the p’-gate region
later generations demonstrated the utility
of using the heavy acceptor species of
Zn and Cd [14,15,17]. Figure 2 shows
secondary ion mass spectroscopy
(SIMS) profiles for the Cd-gate implant
either alone or with a P co-implant. The
use of P along with Cd is seen to
markedly reduce the in-diffusion of Cd.
The reduction in diffusion is critical to
achieving the required abrupt p/n
junction gate. Using a Cd-implanted
Gate, a p/n junction depth of 35 nm has
been demonstrated after the 830 °C
activation anneal.

To achieve good electron
confinement in the channel of a short
gate JFET or MESFET, backside
confinement is required. For all
implanted device this is typically
achieved by implanting a buried p-region
below the channel. Traditionally this

implant has been accomplished with Be or Mg[18]. However, as the FET gate length is
reduced and better channel confinement is needed, an increase in the Be or Mg dose beyond
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the point of achieving a completely depleted region will degrade the ;agh-frequency

performance. Therefore, for Be or Mg backside implants there is clear tra. -off between
optimizing the DC performance as measured by achieving a low output coniductance (gp)
and sub-threshold slope and optimizing the high-frequency performance as measured by

the unity current cut-off frequency (f)) and maximum oscillation frequency (£, ).
(a) E () 1
2: FNNE R 2: | ]
R -1 S e 1 2 15} '
E s / 1 E : -
A 1f e 0 1F e ]
= :/ " ] - / — ]
05t i ] 05} pd J—
: : /A —
0 0 :
0 05 1 15 2 25 ¢ o5 1 15 2 25
Vs (V) Vs (V)

Fig 3: 0.7 um x 50 um all implanted GaAs JFETs with either a) Mg or b) C backside
implants at a dose of 3x10"* cm™®.

One way to relax this trade-off in DC

[T e -T. T ] and high-frequency performance is to use
40 F ®°° “® 1 C-implantaion to form the backside
confinement region [19]. Since C must

2 { occupy an As-vacancy in GaAs to be an
5} 30 - :;‘;:‘ 7 active acceptor and As-vacancies have a
> - -  higher energy of formation than Ga-
;c’) o0 L A/‘———-——A ] vacancies [20], C implanted by itself in
=] - {1 GaAs displays an activation efficiency of
@ [ . ) 71 typically less than 10% [21]. However,
¥ 1o *KC AEMI 3 Ghena co-implant is performed along with

[ -@-f :C-aA-f :MgA C this activation efficiency can be markedly

max max

L e mx 7 4 improved [22]. Furthermore, C will act as
00 5 06 07 08 09 1 1.4 aneffective compensator of implanted Si in

) ) T ) " the same way that a co-implant improves its
Vas ) activation efficiency [23]. Figure 3 shows

) ) the DC performance of 0.7 um GaAs JFETs
Fig 4:f andf,,, versus gate bias for 0.7 um  yith ejther Mg or C-backside implants at a
GaAs JFETs with either Mg or C backside dose of 3x10" cm™. Both devices in Fig. 3

implants at a dose of 3x10"* em™ have comparable DC performance when the
slight differences in their threshold voltage are accounted for. In particular, they both have
g and I at 0.8 above Vi of 200-210 mS/mm and 100 mA/mm, respectively. Further,
the gps for both JFETS is 6-9 mS/mm and the sub-threshold slope is 80-90 mV/decade.
Now 1in Fig. 4, the high-frequency performance metrics f, and f_,, are compared for the

max

same devices. The JFET with the C-implant has a 28% high f, and a 46% higher f_,, than

max

the Mg-implanted device. These improvements can be traced to lower values for the
capacitances in the C-JFET that results from the lower activation of C, as compared to Mg,
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- below the n-type channel. This lower 2-type dopmg bc\w the channel in the C-implanted
JFET reduces the junction capacitance jfor this backside junction. This effect will become
more important for shorter gate leng:h FETs where good DC performance will require

higher dose backside implants. In fact, 0.3 um GaAs JFETs have now been demostrated

with excellent DC and high-frequecny (f, = 49 Ghz) performance using a C-backside
implant [16].

N-TYPE IMPLANT DOPING OF AlGaAs and InGaP

Both AlGaAs and InGaP used as barrier layers in n-channel HFETSs and confinements
layers in lasers. Selective area doping is desirable in both devices. First, we present

results for a comprehensive study of Si-implantation doping of Al Ga, ,As for 0 < x < 0.7
[24]. By studying the activation properties for a range of Al-compositions we are able to
separate donor activation and ionization effects. Second, results for Si-implantation in
In, sGa, ;P are given and the beneficial effects of P co-implantation are presented [25].

Si-implantation doping of Al ,Ga, As
Experimental Approach:

500 nm thick undoped AlGaAs layers were grown at 590 °C in a Varian Gen II MBE
reactor on semi-insulating (100) GaAs substrates. A 200 nm undoped GaAs buffer was
grown prior to the AlGaAs layer and a 5 nm GaAs cap layer was grown on top of the
AlGaAs to inhibit oxidation. This MBE system has been used to grow high mobility
AlGaAs/GaAs two dimensional electron gas structures with 77 K mobilities in excess of

10° cm /Vs demonstratmg the high quality of the AlGaAs/GaAs material grown in this
system [26]. ®Si-implants were performed in a non-zchannehng direction at an energy of
100 keV at a dose of either 5.6x10 or 2.8x10"° cm”. These doses are in the range used
for FET channel and 1LDD formation or source/drain formation, respectively. Beam

currents were kept below 0.1 uA/cm2 to minimize sample heating and in-situ annealing.
The estimated ion peak range 1s at 100 nm from the surface with a corresponding peak
concentration of ~1.8x10" cm for the higher dose samples. This concentration level is in
the range where Si doping starts to saturate in
GaAs [27]. Annealing was performed for 15 s
in flowing Ar in a SiC coated graphite
susceptor that had been precharged with As
[28]. Room temperature and variable
temperature (T = 77 to 400 K) Hall
measurements were done using Van der Pauw
Hall samples with In/Sn contacts alloyed at the

10'3

sheet electron concentration (cm?)

10%2 L corners of each sample at 400 °C for 1 min.
i ] Experimental Results And Discussion:
I —8—56x10" cm? | Figure 5 shows n_ versus %AlAs for
10" Lottt W2 .8x10% om® the samples annealed at 900 °C.  This
0 10 20 30 40 50 60 70 80  temperature was determined to yield a
percent AlAs (%) maximum value of n_ for this implant dose. n,

is seen to be relatively constant dose out to 20%
Fig 5: n, versus % AlAs for S1-1mpllzanted AlAs, dramatically decreases at 35% AlAs, and
AlGaAs ata dose of 5.6 or 28x10' cm then increases at the higher Al-fractions (50 and

at 100 keV and annealed at 900 °C.
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Fig 6: Arrhenius plot of n, for the various
high dose Si- AlGaAs samples annealed at

900 °C.

70% AlAs. The reason for these variations

will be discussed in more detail shortly.

Figure 6 shows an Arrhenius plot
of n_for all the samples shown in Figure 5.
The apparent donor ionization energy (E,)
can be estimated assuming;:

-Eq4
Ng o< eXp| — 1
s P( T ) | (1)

The apparent ionization energy levels are

listed in Table I, along with 1 ;. Our values
of E, agree well for those reported for
epitaxial Si-doped AlGaAs [29]. The 35
and 50% samples are seen to have similar
ionization energy levels near 160 meV
while the 70% sample has two levels at 86
and 55 meV. The two levels in the 70%
sample correspond to the deep DX level
(86 meV) and the hydrogenic donor level
(55 meV) corresponding to different local
Al and Ga environments about the Si
atoms. For the 35 and 50% samples the
free electrons all freeze-out into the deep
DX level and the shallow donor level is not
seen.  Since the ionization energies are

similar in the 35 and 50% samples, the ionization energy levels alone do not explain the
effective activation efficiency dependence on Al-fraction shown in Fig 5. That is, based
solely on the ionization energy, the 35 and 50% samples should both have similarly low
activation but this is seen not to be the case from Table I.

Table I: Summary of ionization energies and effective activation efficiency of Si-implanted
AlGaAs for the two doses studied.

apparent Neff®  Meff®

0= o=
%AlAs  TEBLEd o o012 5641013

ionization

(meV

) cm2 cm2
0 3.2 74.3 46.8
10 4.3 67.9 54.6
20 9.2 64.3 36.8
35 162 6.6 2.5
50 155 34.1 9.5
70 86, 55 52.8 31.1

neff = (ng/$)x100
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" "Figure 7 shows the dependence of the ' o s
conduction band density-of-states in AlGaAs ;

versus %AlAs based on the expression given

below [30]:

3/2

N, = 2(%} M, @
h

where M, is the number of equivalent minima

in the conduction band and my, is the density-
of-states effective mass given by

mge = (mgmymg)'/> 3)
where mg, mg( , and mf; are the effective !
electron mass in each of the energy bands and 107 , , , ,
vary with Al-composition as follows [31]: 0 20 40 60 80 100
m. = 0.067 +0.83x (4a) percent AlAs (%)
mY =0.32-0.06x (4b)  Fig 7: AlGaAs conduction band density-
L of-state versus % AlAs .
mg = 0.11+0.03x (4c)

Other terms in Eqn 2 have their usual
meaning. The free electron density (n) can then be expressed as:

h=N, exp(-i@%-‘?ﬂ) )

where E_ is the conduction band minimum energy. The position of the Fermi level (Ey) can
be solve for from the following expression for the density of ionized donors:

1

1 (Ed -Ef) ©
1+ —exp
g kT

assuming the implanted layer thickness is equal to two standard deviations of the profile
(t,,p = two implant straggles = 2AR ) and N, = (implanted dose)/t,,, . g is the electron
ground state degeneracy and is c‘—:qualD to 2. E is the donor ionization enexgy listed in Table
I. We further assume N, >> N, and take the densny of ionized donors to be equal to the
measured sheet electron concentration divided byt

N§ =Ng|1-

Figure 8 is a plot of calculated n from Eqn 5 and measured n (n=nJt_ ) versus
%AlAs for the high dose samples at 300 K. The trend of electron concentration versus
%AlAs, particularly the pronounced minimum at 35% AlAs, is consistent between the
calculated values and measured data. However, the lack of absolute agreement between the
theory and experiment is up to an order-of-magnitude and has several possible origins.
First, as already stated, Eqn 5 is only an approximation that does not account for




compensation effects. ~ Second, =

previous work on epitaxial AlGaAs

electron concentration (cm™)

—-n, /2AR

100 L,

i " ~-n from Eqn 5

has shown the difficulty in achieving
absolute  agreement between a
theoretical density-of-states treatment
of electron concentrations and the
measured Hall concentration even
when a full charge balance description
is employed that includes acceptor
3 compensation [32]. In that work a
] difference of an order-of-magnitude
was reported between theory and Hall
data. The lack of agreement is likely
5 the result of the complex band
] structure of AlGaAs. Third, the 0, 10
and 20% samples will be degenerately
doped since N_ is only ~7x10" cm™ at

0 10 20 30 40 50 60 70
percent AlAs (%)

Fig 8: Calculated and measured n, versus %AlAs

for Si-implanted AlGaAs

20% AlAs. Therefore Eqn 6 does not
80 yield the correct Fermi level position.
Fourth, for implanted material several
additional factors can be expected to
affect the electron profile. For
example, since the  electron
distribution is not uniform the mobility

and compensation ratio is expected to vary throughout the profile. The Hall measurement
also will only yield an average value for electron concentration and mobility that at best can
be treated with a two band conduction model but in practice is not readily separated into its
component parts. Finally, the defects generated during the implantation process which can
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Fig 9: n, versus annealing temperature
for Si-implanted

act as either compensating acceptors or as
scattering centers that degrade the electron
mobility are most likely not the same in the
different Al composition samples. Therefore,
itis not clear that assuming a set compensation
ratio over the entire compositional range is valid
or useful.

Despite the shortcomings to the theory
just discussed, the general variation in electron
concentration evident in Fig. 5 can be
qualitatively explained by the combined
ionization energy and  density-of-states
treatment. We feel this treatment, although not
absolute, is the most appropriate approach for

explaining the Si-implantation results in
AlGaAs.

Si/P Implants in In,Ga P

Experimental;
InGaP at the doses listed.Ing 5Ga( 5P

layers were grown at 640 °C by metalorganic




chemical vapor deposition (MOCVD) on (100) semi-insulating GaAs in an Emcore rotating =~

disk reactor. The source gases were trimethylgallium, trimethlyindium, arsine, and
phosphine. X-ray measurements confirmed that the films were lattice matched to the GaAs
substrate within 0.22% for InGaP. *Si implants were performed in a nonchanneling
direction at 90 keV at one of four doses (1, 5, 10, or 50x10'® cm?). P co-implants were
done at 100 keV to overlay the Si-profile and at five multiples of the Si-dose (0, 0.5, 1.0,
1.5, or 2.0). After implantation, samples were annealing in a SiC coated graphite

susceptor in flowing Ar for 15 s at the prescribed temperature + 5°C. Prior to heating a

three cycle pump/purge sequence is employed to reduce background oxygen levels. Room
temperature and variable temperature Hall measurements were performed in a van der Pauw

configuration with In/Sn or In/Pb contacts alloyed at the corners of the samples at 400 °C
for 1 min. We estimate the accuracy of the Hall data to be £10%.

Figure 9 shows the sheet electron concentration (n,) versus annealing temperature for
Si-implanted InGaP at four doses. n, is seen to reach a maximum value of 1.33x10" cm?

in the range of 850 to 900 °C for a dose of 5x10"* cm™ which is consistent with the earlier
results of Si-implanted InGaP [33]. At higher doses self compensation starts to occur as Si
demonstrates an amphoteric behavior. As will be demonstrated next, this saturation level
can be increased by the application of P co-implantation.

Figure 10 shows the change in n,

10" . : : : : . versus P co-implantation dose normalized to

i . ] the Si-dose for two Si-doses in InGaP.
—®-1x10™ cm-2 |

510" om? | These samples were all annealed at 900 °C
1 for 15 s. Although n, of the low dose

InGaP samples does not change
significantly with P co-implantation over the
i P-dose range studied; the InGaP material
1  implanted with a dose of 5x10" cm?
demonstrates a dramatic increase in n_ for a
P dose of 2.5x10" cm? (0.5 times the Si-
dose). The InGaP sample with 0.5xP has a
2 65% increase in n, from the sample without
10 575 5 a5 P which corresponds to 44% activation in
) i ™~ the co-implant sample. The decrease in n_
at higher P-doses can be explained by local
deviation of stoichiometry due to excess P
Flg 10: n, versus normalized P-dose for Si- or to the additional lmp]ant damage not
implanted InGaP at the two doses listed. bein g comp]e[@ly removed at the hlgher
doses. The increase in n_ at 0.5xP corresponds to a 41% reduction in the sheet resistance

from 530 to 310 /0. Such a reduction will have a dramatic effect on the performance of
a FET that incorporates a InGaP barrier layer and Si-implantation doping in the source and
drain regions. The improvements seen here for n, in InGaP are slightly higher than that

S

seen for Si/P implants in GaAs (~50%) [34] and InP (~30%) [35].

The effect of the P co-implantation can be explained via two possible mechanisms,
both of which increase the probability of the Si-ion to occupy the column III sublattice and
act as a donor [17]. The mechanisms both stem from the realization that as-implanted
material will consist of both In, Ga, and P vacancies and interstitials due to the radiation

10'

sheet electron conc. (cm™?)

normalized P dose
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significantly different atomic masses, local stiochiometry varia :ons will exist in the crystal
after implantation due to the different amount of recoil of each ¢lement. The first possible
mechanism is that the P-ion will fill P-vacancies thereby reducing the P-vacancy
concentration available for the Si-ions to occupy and act as acceptors instead of column III
donors. Second, the P-ions may tie up interstitial In and Ga thereby rebuilding the lattice
and reducing the competition between the host column ITI-elements and implanted Si atoms
for occupation of the vacant In- and Ga-sites. The P-implantation will also help to restore
the local crystal stiochiometry.

C-Implantation Doping of Al,,.Ga,,,Sb

P-channel field effect transistors (FETs) based on the nearly lattice matched
GaSb/InAs/AlSb material system offer higher performance than other material systems due

to the high hole mobility in GaSb [36]. GaSb has a low-field hole mobility of 850 cm?/V-
s, which is over twice that of GaAs and one of the highest of any III-V compound
semiconductor. When coupled with an InAs n-channel FET, the GaSb p-channel FET has
been the focus of a complimentary III-V semiconductor based circuit technology [{37,38].
In the GaSb-channel FET, AlxGa]-xSb with a high Al-fraction is a candidate material for

the barrier layer between the channel and gate electrode [39,40]. To reduce the source and
drain resistances of the p-FET, it is desirable to be able to dope AlxGa1-xSb selectively by
ion implantation.

We have studied p-type implantation doping of Al,,;Ga,,;Sb with Be, C, Mg and
Zn [41]. We review here the results for C-implantation doping in this material and show its
acceptor nature. This is the first demonstration of C-doping of Al ,,Ga,,.Sb.

Experimental:

2 pm thick undoped Al,,Ga,,sSb layers were grown in a Varian Gen-II molecular
beam epitaxial reactor on (100) GaAs substrates with a “low-temperature” effusion cell
producing a Sb4 flux [39]. A buffer structure consisting of a 100 nm GaAs layer, a 50 nm

GaSb “smoothing” layer, a 9 period AISb(6 nm)/GaSb(6 nm) superlattice buffer, and a 30
nm AlSb layer was incorporated to reduce the lattice mismatch induced dislocation density.

C-implants were performed at a dose of 1 or 10 x10" cm™ at an energy of 70 keV to
place the peak at approximately 150 nm. The activation anneals were performed in a SiC
coated graphite crucible that had been precharged with Sb by loading excess GaSb in the
crucible and annealing at 700 °C for 1 min prior to annealing the implanted samples. The
electrical characterization was performed by room temperature Hall measurements on
samples in a van der Pauw configuration with In contacts on the corners of approximately
5 mm x 5 mm samples annealed at 240 °C for 1 min. SIMS measurements were done on
as-implanted and annealed samples to characterized the redistribution properties of C.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thercof. The views

and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

damaged introduced in the implantation process. In addition, ‘jnce the host elemients have
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Fig 11: p, versus annealing temperature for
C-implanted AlGaSb at the doses listed.

Results and Discussion:

Figure 11 displays the sheet hole
concentration (p,) versus annealing
temperature  for  Al,..Ga,,.Sb either
unimplanted or implanteg witl% one of two
C doses (1x10  or 1x10 cm ) at 70 keV.
At 500 °C the lower dlozse C-it;lplanted
sample has p = 8x10° cm that
corresponds to an effective activation of 40
% when p of the unimplanted sample

(4x10" crn'% is subtracted out. At 600 °C
the lower dose C-sample achieves p =

13 2 .
1.7x10 " cm  that, even when accounting
for the p-type nature of the unimplanted
sample, corresponds to an apparent 130%
activation efficiency.

This result suggests an anti-site

defects (GaSp or AlSp) may contribute to the hole conduction in excess of the implanted
acceptor dose. The intrinsic hole conduction in GaSb has been attributed to GaSp anti-site
defects [42]. Similar defects (Ga, or Al ) may exist in Aly;Ga,,Sb with their
concentration enhanced as a result of implantation damage. It should be noted that the
unimplanted material has a background p_~ 4x10 cm  that can be expected to exist in the
implanted material as well and contribute to the p-type conduction.
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Fig 12: SIMS profiles for C-implanted

AlGaSb (1x10" cm?, 70 keV) as-implanted

or annealed at 550 or 650 °C.

For the higher dose C-implant a 25%
apparent activation is seen at 500 °C and
60% apparent activation is seen at 600 °C.
This activation starts to saturate at 650 °C
near 70%. For some applications a 500 °C
anneal may yield sufficient p-type
conduction for a InGaSb-based, p-FET
thus avoiding any potential degradation of
the transport properties of the channel at
higher temperatures [41].

The SIMS profiles for C-implanted (70

keV, 2.5x10" cm”) Al ,Ga,,Sb are
shown in Fig. 12. The profiles for the
annealed samples (550 and 650 °C) are
almost indistinguishable from the as-
implanted profile. The lack of C-diffusion
even for a the high dose sample is
consistent with the low diffusion coefficient
for C in other III-V semiconductors [43].
This lack of diffusion along with close to
70% activation at 600 °C for a dose of
1x10" cm? makes C very attractive for p-
type implantation doping of AlGaSb.




- CONCLUSION

Ion implantation doping has been shown to be applicable to an array of compound
semiconductor materials. In particular, Zn and Cd implantation along with a P co-
implantation in GaAs was shown to effective for producing the shallow p*-gate region of
JFETs. The utility of C-implantation was seen both for use in forming the backside
channel confinement region for a JFET and for p-type doping of Al,,.Ga,,.Sb.
Comprehensive results for Si-implantation doping of AlGaAs were also presented and
explained in terms of an ionization energy and density-of-states treatment. The activation
efficiency of high dose S-implants in InGaP were shown to be enhanced by ~60% through
an optimized dose P co-implantation. As has been the case in mature semiconductor
technologies such as Si and GaAs, ion implantation processing can be expected to continue
to play a critical enabling role for advanced device fabrication.
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