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Implant isolation of Zn-doped GaAs epilayers: Effects of ion species,
doping concentration, and implantation temperature

Prakash N. K. Deenapanray,a) Q. Gao, and C. Jagadish
Department of Electronic Materials Engineering, Research School of Physical Sciences and Engineering,
The Australian National University, Canberra ACT 0200, Australia

~Received 27 January 2003; accepted 4 March 2003!

The electrical isolation of Zn-doped GaAs layers grown by metalorganic chemical vapor deposition
was studied using H, Li, C, and O ion implantation. The ion mass did not play a significant role in
the stability of isolation, and a similar activation energy of;(0.6360.03 eV) was obtained for
isolation using either H or O ions. Furthermore, the isolation was stable against isochronal annealing
up to 550 °C as long as the ion dose was 2–3.5 times the threshold dose for complete isolation,D th ,
for the respective ion species. By studying the thermal stability and the temperature dependence of
isolation, we have demonstrated the various stages leading to the production of stable isolation with
the increasing dose of 2 MeV C ions. For ion doses less than 0.5D th , point defects which are stable
below 250 °C are responsible for the degradation of hole mobility and hole trapping. The stability
of isolation is increased to;400 °C for a doseD th due to the creation of defect pairs. Furthermore,
the hopping conduction mechanism is already present in the damaged epilayer implanted toD th .
Higher order defect clusters or complexes, such as the arsenic antisite, AsGa, are responsible for the
thermal stability of implantation isolation at 550 °C. The substrate temperature~2196–200 °C! does
not have an effect on the isolation process further revealing that the stability of isolation is related
to defect clusters and not point-like defects. An average number of eight carbon ions with energy of
2 MeV are required to compensate 100 holes, which provides a general guideline for choosing the
ion dose required for the isolation of a GaAs layer doped with a known Zn concentration. A
discussion of the results on the implantation isolation ofp-GaAs previously reported in the literature
is also included. ©2003 American Institute of Physics.@DOI: 10.1063/1.1569664#
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I. INTRODUCTION

Ion implantation of compound semiconductor materi
is routinely used in the fabrication of electronic and op
electronic devices. For instance, it is mainly used for crea
doped layers~i.e., conductiven- or p-type layers! in other-
wise semi-insulating material. On the other hand, ion i
plantation can be used to render a conducting layer hig
resistive~i.e., isolating! through the creation of free carrie
trapping centers, and hence the term implant isolation1,2

Electrical isolation of III–V semiconductors is now perha
the most important application of ion implantation in th
group of materials, due to the widespread use of epita
growth techniques for obtaining doped layers. Regard
GaAs integrated circuit technology, implantation isolati
has been widely used in the fabrication of a wide range
planar electronic devices, including heterojunction bipo
transistors~HBTS!, impact avalanche transit time~IMPATT!
diodes, and metal–semiconductor field effect transis
~MESFETS! ~see Ref. 1 for a review!. Furthermore, implant
isolation is also commonly used to manufacture optoe
tronic devices, such as the gain guided, graded index s
rate confinement heterostructure~GRINSCH! GaAs/AlGaAs
quantum well laser,1,3 and the vertical cavity surface emittin
lasers~VCSELs!.4–6

a!Electronic mail: pnk109@rsphysse.anu.edu.au
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Implant isolation is achieved by creating free carr
trapping sites related to either radiation-induced damage,
defect isolation, or to the implanted species, i.e., chem
isolation.1,2 Compared to the chemical isolation of thick la
ers which requires multiple implantation steps to create
uniform distribution of the chemical species, defect isolati
using light ions (H1, He1, B1, Li1, C1, O1, or F1) can be
achieved in a single implantation step. Defect isolation
therefore, the more attractive alternative for device fabri
tion purposes. Furthermore, implantation produces both
superior electrical isolation and preserves the semicondu
surface planarity compared to mesa etching.

The electrical isolation of ion-implantedn-type GaAs
has received much attention in the past few years.7–13 Most
of those studies have been driven by the need to enhanc
current understanding of the physical mechanisms that
derlie defect isolation. The results from the comprehens
investigation of de Souza and coworkers7–10 suggest that an-
tisite defects created by replacement collisions and/or t
defect complexes are responsible for free carrier trappin
GaAs. Comparatively fewer investigations of implant iso
tion of p-type GaAs have been performed.14–16Those studies
have utilized the relatively light ions such as H and He, a
used either C or Mg as ap-type dopant.14–16 In some inves-
tigations the conductivep-type layers were formed in sem
insulating GaAs substrates by C or Mg ion implantation f
lowed by annealing to activate the dopant atoms and
remove implantation-induced damage.15,16 Since ion implan-
3 © 2003 American Institute of Physics
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TABLE I. Summary of the ion implantation conditions used in this work. Calculated values of projecte
ranges (Rp) and the integrated number of replacements,Nd , produced within a 500 nm thick GaAs layer b
each ion usingTRIM code are also shown.

Ion
Energy
~MeV!

Doses
(1011 cm22)

Beam flux
(1011 cm22 s21)

Irradiation
temperature~°C! Rp ~mm! Nd ~/ion/cm2!

1H 0.1 2–750 1.8 20 0.77 2.27
1H 0.6 1–3600 1.8 20 5.78 0.34
7Li 2.0 1.0–140 1.6 20 4.01 8.00
12C 2.0 0.2–700 0.60 2196–200 2.02 41.50
16O 1.2 0.1–20 0.15 20 1.20 152.00
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tation produces a nonuniform doping profile,15,16 and be-
cause practical devices are manufactured by epita
growth, it may be more reasonable to investigate impl
isolation processes in uniformly dopedp-type epilayers.14

The results reported in Refs. 14–16 have provided m
insight into both the mechanism and thermal stability of i
plant isolation inp-GaAs, and will be referred to in the dis
cussion of the results reported here.

In this study, the implant isolation ofp-GaAs epilayers
grown by metalorganic chemical vapor deposition is inve
gated for a wide range of ion species and free carrier c
centrations of epilayers. The implantation temperature
shown to have a negligible effect on electrical isolation a
its thermal stability. The thermal stability of isolation fo
samples doped to different Zn concentrations and implan
with the different ion species is also discussed alongside
mechanism of defect isolation inp-GaAs. In order to gain
more insight into the mechanism of the isolation process,
have extracted activation energies by performing exten
temperature dependent measurements of the sheet resis
of ion implanted samples both before and after postimpl
tation annealing to reveal the stages in the buildup of a st
implant isolation ofp-GaAs.

II. EXPERIMENTAL PROCEDURE

The epilayers used were grown at 650 °C by lo
pressure metalorganic chemical vapor deposition~MOCVD!
on semi-insulating~SI! GaAs ~100! substrates. A 200 nm
thick nominally undoped buffer layer was grown on the
substrate prior to the growth of the 500 nm thick Zn-dop
layers at 76 Torr. Epitaxial layers doped with 931016, 4.5
31017, or 1.831018 Zn/cm3 were grown. The free carrie
concentration of an epilayer was obtained from elect
chemical capacitance–voltage~ECV! measurements. Resis
tors of rectangular geometry (;634 mm2) were cleaved
from wafers, and ohmic contacts were formed by manua
applying indium~In! strips on the two opposite sides of ea
resistor followed by sintering at 250 °C for 2 min under A
flow. Besides forming ohmic contacts for sheet resista
measurements, the In strips also masked the underlying
ilayer from implantation.

These resistors were irradiated in the Australian Natio
University ~ANU! 1.7 MV tandem accelerator~NEC,
5SDH-4! using 0.6–2 MeV ion of different species and
different substrate temperatures. The 0.1 MeV H ion impl
tation was performed in a ANU-built low-energy ion im
ec 2003 to 150.203.178.12. Redistribution subject to A
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planter. The ion implantation conditions are summarized
Table I. The ion energies were chosen to place the dam
peak deep into the SI GaAs substrate~i.e., produce a quasi
uniform damage profile in the doped epilayers!, as seen from
the calculated values of projected ion ranges using trans
of ions in matter~TRIM! code simulations.17 An exception is
the 0.1 MeV H implantation which was chosen to provide
higher displacement damage within the epilayer than
MeV H ions. The sample surface normal was tilted by
with respect to the ion beam incidence direction in order
minimize channeling effects during implantation. The sh
resistance (Rs) of an epilayer was measuredin situ after each
dose step using a Keithley 617 electrometer. Postirradia
isochronal rapid thermal annealing~RTA! cycles were car-
ried out in the temperature range from 100 up to 700 °C
60 s in an Ar ambient. The variation of sheet resistance
selected samples implanted at room temperature was
measured at different temperatures in order to determine
activation energy for the implant isolation.

III. RESULTS AND DISCUSSION

A. Effect of ion species

Figure 1~a! illustrates the change in sheet resistance,Rs ,
with the cumulative dose for 0.6 MeV H~closed triangle!,
0.1 MeV H ~open triangle!, 2 MeV Li ~closed diamond!, 2
MeV C ~closed circle!, and 1.2 MeV O ions~closed square!.
All layers were doped to 4.531017 Zn/cm3 and implantation
was performed at 20 °C using the ion fluxes given in Table
Each curve in Fig. 1~a! follows the same general shape that
typical for implant isolation. At the low doses,Rs remains
relatively unaffected, while it increases abruptly due to fr
carrier trapping at defect levels and mobility degradat
with the increasing dose. The sheet resistance reaches a
row plateau when the concentration of deep levels is of
same magnitude as the free hole concentration, and is d
mined by the sheet resistance of the underlying SI Ga
substrate.1,2,7–10,15,16Any further increase in dose beyond th
plateau results in the monotonic decrease inRs ~closed
circles! because of hopping conduction of holes betwe
closely spaced defect potential wells.18 Following Ref. 15, a
threshold dose for isolation,D th , can be defined as the io
dose at whichRs reaches its maximum value@typically
(2 – 4)3109 V/sq].

If the data points for 0.1 MeV H ions are neglected, F
1~a! reveals that the ion dose required for electrical isolat
decreases with the increasing ion mass. The exact natu
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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this apparent ion mass dependence is better understoo
plotting the total number of replacements,Nd ~i.e., antisite
defects! created within the 500 nm thick epilayer as a fun
tion of the threshold ion dose for electrical isolation as d
picted in Fig. 1~b!. The solid line in Fig. 1~b! represents the
least squares fit through the data points and has a slop
(21.0360.02). Although we have used the values of
placement collisions as obtained fromTRIM simulations,17 it
is worth noting that the slope of the linear regression in F
1~b! would remain unity if the total number of vacancies h
been used instead of total replacements. This is becaus
vacancies are precursors for the creation of antisite defe
The choice of the total number of replacements stems
tially from the recent discussion of Boudinovet al.16 that the
defect responsible for the isolation inp-type GaAs is the
double-donor arsenic-antisite, AsGa, and the results dis
cussed below. By including the data point for 0.1 MeV
ions in Fig. 1~b! ~see point marked by arrow!, it becomes
clear that the isolation process does not depend solely on
ion mass, but rather on the total number of defects create
the implanted species. The straight line in Fig. 1~b!, there-
fore, reveals a universal curve over the wide range of
species used here, suggesting that the isolation process s
close-to-inversely with the number of replacements crea
in the implanted layer.

B. Effect of doping concentration

Since it is desirable to have an estimate of the free c
rier removal process during isolation for device fabricati

FIG. 1. ~a! Dose dependence of sheet resistance,Rs , for 0.6 MeV H~closed
triangle!, 0.1 MeV H ~open triangle!, 2 MeV Li ~closed diamond!, 2 MeV C
~closed circle!, and 1.2 MeV O ions~closed square!. Epilayers were doped
to 4.531017 Zn/cm3 and implanted at 20 °C using the ion fluxes given
Table I. ~b! Plot of total number of replacements,Nd , as a function of the
threshold dose for isolation as per~a!. The solid line through data points i
the least squares fitting with slope (21.0360.02).
Downloaded 12 Dec 2003 to 150.203.178.12. Redistribution subject to A
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purposes, investigating the effect of free carrier concen
tion on the isolation process is crucial. Figure 2~a! illustrates
the evolution of sheet resistance of samples doped wit
31016 Zn/cm3 ~curve 1!, 4.531017 Zn/cm3 ~curve 2!, or
1.831018 Zn/cm3 ~curve 3! following 2 MeV C ion implan-
tation at 20 °C. The curves exhibit the similar dose dep
dence except that the ion dose required to achieve the m
mum Rs is shifted to the higher doses with the increasi
free hole concentration. This is clearly illustrated in Fig. 2~b!
which shows the variation of free hole concentration,NA , in
doped epilayers as a function of the threshold ion dose
isolation. The solid line is the least squares fit through
data points and has a slope of unity. The threshold dose
isolation has been defined here as the ion dose require
achieve aRs;109 V/sq. By converting the free carrier con
centration to its equivalent sheet concentration, one is ab
determine from Fig. 2~b! that an average number of eigh
carbon ions with energy of 2 MeV are required to compe
sate 100 holes. These numbers, therefore, enable us to
mate the threshold dose required for the electrical isola
of any Zn-doped layer using 2 MeV C ions. One observat
worth noting in Fig. 2~a! is that the peak sheet resistance th
can be reached for the highest doped sample is reduce
addition to the disappearance of the plateau exhibiting m
mum Rs . This feature can be expected for highly dop
samples when hopping conduction becomes a limiting fac
for achieving the highestRs due to the high ion doses neede
for isolation.

FIG. 2. ~a! Evolution of sheet resistance of samples doped with
31016 Zn/cm3 ~curve 1!, 4.531017 Zn/cm3 ~curve 2!, or 1.8
31018 Zn/cm3 ~curve 3! following 2 MeV C ion implantation at 20 °C, and
~b! the variation of free hole concentration,NA , in doped epilayers as a
function of the threshold ion dose for isolation obtained from~a!. The solid
line is the least squares fit through the data points and has a slope of u
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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C. Effect of substrate temperature

It is well established that the dynamic annealing of po
defects in GaAs depends strongly on the implantat
temperature.10,19 Furthermore, isochronal annealing studi
of point defects created in electron- andg-irradiated GaAs at
fairly low doses anneal in three well defined stages betw
235 and 500 K~i.e., 238–227 °C!.20–22 On the other hand
the defects created in GaAs by ion implantation to mode
doses (,131014 cm22) anneal predominantly at the 225 °
~stage III! and 400 °C~stage IV! characteristic stages, wit
the lower annealing temperature related to the mobility
individual point defects, such as the arsenic interstitial, Ai ,
or arsenic vacancy,VAs .20,23,24Yet another stage in the vi
cinity of 600–700 °C has been observed for defect annea
in high dose ion implanted GaAs.20 This particular annealing
stage can be related to the removal of defect clusters or
tended defects, which coincides well with the second st
of the solid phase epitaxial regrowth of amorphous Ga
produced by ion implantation.20,25,26

With this general guideline for defect annealing in min
an investigation of the effect of substrate temperature du
implantation is important to understand defect-related iso
tion mechanisms. Such experiments are able to provide
sight into the type of defects~i.e., point defects versus defe
clusters! responsible for the electrical isolation ofp-GaAs. It
is also worth noting here that all the previous studies on
implantation isolation ofp-GaAs have, to the best of ou
knowledge, been performed at room temperature.14–16Figure
3 illustrates the evolution ofRs for GaAs samples dope
with 4.531017 Zn/cm3 and implanted with 2 MeV C ions a
temperatures ranging from2196 to 200 °C. The reduction in
the maximum value ofRs that is reached with the increasin
substrate temperature during implantation can be attribu
to the increased ionization of holes trapped at defect cen
at the higher temperatures. Furthermore, one is cautio
regarding the absolute value ofRs reached at2196 °C be-
cause of the detection limit of our electrometer and con
butions from the parasitic resistances of the experime
setup. The curves in Fig. 3 clearly show thatRs starts to

FIG. 3. Evolution ofRs for GaAs samples doped with 4.531017 Zn/cm3

and implanted with 2 MeV C ions at temperatures ranging from2196 to
200 °C.
Downloaded 12 Dec 2003 to 150.203.178.12. Redistribution subject to A
t
n

n

te

f

g

x-
e
s

,
g
-

n-

e

d
rs

ed

i-
al

increase at the same dose of;231011 C/cm2 irrespective of
the substrate temperature during implantation. Furtherm
the saturation inRs appears to occur in the same ion do
regime for all the implantation temperatures, i.e.,;(2 – 4)
31012 cm22. The results shown in Fig. 3 are qualitative
similar to those reported previously for implant isolation
n-type GaAs when no significant influence of substrate te
perature on the isolation process was observed in the ra
2100–220 °C.10 It can, therefore, be concluded from th
above discussion that the defects responsible for the stab
of implant isolation inp-GaAs are not point defects~i.e.,
Frenkel-type defects, such as vacancies and interstitials! but
rather defect complexes that have a higher thermal stab

D. Thermal stability and stages in the buildup
of electrical isolation

The thermal stability of implant isolation is a critica
issue to consider in device applications. In particular, ma
mizing the thermal stability of the implant isolation is des
able. The previous studies that have investigated the the
stability of implant isolation inp-GaAs have used either onl
one ion species15,16or multiple ion implantation schemes us
ing different ions to create a uniform defect profile in th
conductingp-GaAs layer.14 In the latter case, the differenc
between the thermal stability between H and F implantat
isolation was attributed to an ion mass effect. In this secti
we provide a detailed discussion of the effects of ion do
and ion species on the thermal stability of implantation is
lation. Although we are not able to correlate the stability
implantation isolation with any particular defect~s!, this
study does provide much insight into the types of defects
contribute to the isolation based on their annealing behav
Further information on the buildup of a stable isolation w
the increasing ion dose is also obtained through tempera
dependent measurements of the sheet resistance of impla
samples both before and after annealing.

Figure 4~a! illustrates the thermal stability of isolatio
for layers implanted with 2 MeV C ions at 20 °C to dos
ranging from 0.5D th (1.231012 cm22) to 29.17D th (7
31013 cm22). The epilayers were doped with 4.
31017 Zn/cm3. Each data point on the curves in Fig. 4~a! is
comprised of the cumulative isochronal annealing seque
for 60 s periods at the lower RTA temperatures. It is obvio
from Fig. 4~a! that the thermal stability of isolation depend
critically on the ion dose. An increase inRs is observed for
the sample bombarded to 0.5D th in the temperature rang
20–250 °C. This effect is similar to that observed in a pre
ous report of the thermal stability of isolation in H implante
p-GaAs.15 Two possible scenarios for this increase inRs dur-
ing annealing between 20 and 250 °C can be envisag
namely~a! the formation of more efficient hole trapping ce
ters due to interaction of point-like defects and/or~b! the
increase in the concentration of existing hole trapping c
ters. Indeed, a previous investigation of the annealing of
fects created in electron irradiatedp-GaAs epilayers has
demonstrated that a hole trap P1 (EV10.36 eV;sa56.9
310215 cm2) is created upon annealing at the expense
electron traps that are produced initially by primary col
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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sions, and its concentration increased upon annealing u
;280 °C.22 An apparent discrepancy between the results
Fig. 4~a! discussed thus far and those shown in Fig. 3~i.e.,
no significant effect of substrate temperature during impl
tation! may transpire. However, the reader is cautioned t
defects created during implantation at 200 °C may well
different to defects present in samples implanted at ro
temperature and subsequently annealed at 200 °C. We pl
perform detailed studies of defects created inp-GaAs at dif-
ferent temperatures and also to investigate their postimp
tation annealing kinetics in order to resolve this issue. A
nealing of the layer implanted to 0.5D th above 205 °C results
in the gradual recovery of free carriers most probably due

FIG. 4. ~a! Isochronal annealing stability of sheet resistance for layers
planted with 2 MeV C ions at 20 °C to doses ranging from 0.5D th (1.2
31012 cm22) to 29.17D th (731013 cm22). The epilayers were doped with
4.531017 Zn/cm3. ~b! Arrhenius-like dependence of ln(Rs) vs 1/T for the
different ion doses marked on the curves, and~c! temperature variation of
sheet resistance of C-implanted layers to doses marked on the curves p
as ln(Rs) versusT1/4.
Downloaded 12 Dec 2003 to 150.203.178.12. Redistribution subject to A
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annealing of point-like defects in the characteristic stage
annealing of defects inp-GaAs.20–24

The sheet resistance of the layer implanted toD th is ther-
mally stable up to;350 °C above which it decreases mon
tonically with the increasing temperature. It becomes cl
from the above discussion that the defects responsible for
electrical isolation of the sample bombarded toD th anneal in
the characteristic stage IV typical of samples implanted
moderate doses.20,23,24The defects responsible for free ca
rier trapping in the sample implanted toD th are most prob-
ably defect pairs, resulting from the interactions of vaca
cies, interstitials, and impurities, rather than simple isola
defects.21 Bombarding thep-GaAs epilayer to 3.5D th en-
hances the thermal stability of isolation up to 550 °C, whi
is sufficient for device application purposes. The initial i
crease in sheet resistance of the sample implanted
29.17D th with the increasing temperature results from t
recovery of hopping conduction. Defects are removed w
the increasing temperature so that the spatial distribution
defect potential wells that trap free carriers decreases.
maximumRs is reached at 550°C when hopping conducti
is completely eliminated, while the concentration of defe
responsible for hole trapping is of the same order of mag
tude as the initial free carrier concentration. Similar to t
case of 3.5D th these defects are removed by annealing ab
550 °C, which would correspond to the annealing of def
clusters or defect complexes in GaAs.20,21A recent study has
proposed that the double donor AsGa

1/11 ~defect EL2 with an
energy position ofEV10.54 eV in the band gap! could be a
suitable candidate for the defect responsible for the stab
of isolation inp-GaAs.16,27 Indeed, it has been reported th
the EL2 introduced in neutron-irradiated, plastically d
formed, or low-temperature GaAs grown by molecular be
epitaxy, anneal in the temperature range of 450–600 °C.28,29

More recently, Tanet al.30 have shown that the excess EL
created by proton implantation of GaAs epilayers grown
MOCVD was stable only up to 500 °C, which correlates ve
well with the temperature window within which the isolatio
of C-implantedp-GaAs becomes unstable@Fig. 4~a!#. This
discussion forms the basis for using values of replacem
rather than vacancies in Fig. 1~b!. These results are in goo
agreement with those depicted in Fig. 3, when it was c
cluded that the defects responsible for stable isolation co
not be point-like. We can, therefore, conclude from Fig. 4~a!
that an ion dose of 3.5D th is sufficient for creating a stable
isolation in p-GaAs. An ion dose larger than 4D th required
for the stable isolation in a previous study could be attribu
to the nonuniform defect profile generated by low-ener
protons in thep-GaAs layer.15

Further insight into the buildup of stable electrical isol
tion with the increasing ion dose is obtained by measur
the temperature dependence ofRs . Figure 4~b! illustrates the
Arrhenius-like dependence ofRs on the inverse of measure
ment temperature,T, for p-GaAs layers (4.531017 Zn/cm3)
implanted to different doses at 20 °C. The data points sho
in open inverted triangles correspond to the unimplan
sample, and they do not reveal any striking feature. Ho
ever, the curve for 0.5D th ~open squares! exhibits two re-
gimes each of which can be well described by least squ

-
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fits ~solid lines!. These fits yield activation energies o
(0.3960.02 eV) and (0.5760.02 eV) for the isolation pro-
cess in the sample implanted to 0.5D th . A comparison with
the unimplanted sample and the temperature dependen
the carrier mobility and free carrier concentration in irra
ated GaAs clearly shows that two discrete defects are res
sible for the isolation inp-GaAs implanted to 0.5D th .31 The
activation energies should be treated with caution since t
consist of two components, namely~a! the ionization energy
of holes from trapping centers~i.e., activation energy of dee
level!, and ~b! the activation energy for hole scattering
defect sites~i.e., the mechanism for degradation of hole m
bility in implanted samples!. The activation energy of the
defects can, therefore, be extracted only after establishing
temperature dependence of the hole mobility in implan
samples.

Only one defect is responsible for the isolation@activa-
tion energy (0.1360.02 eV) of a layer implanted to 0.23D th

@closed triangles in Fig. 4~b!#. This activation energy is mos
probably related to the ionization of holes to the valen
band, as opposed to thermally activated interdefect hopp
conduction. A conductingp-GaAs layer implanted also toD th

exhibits two temperature regimes@closed circles in Fig.
4~b!#, except that an Arrhenius-like dependence of ln(Rs) on
1/T is observed only forT.280 K. The dotted line is the
linear regression through these data points, which yields
activation energy of (0.6560.03 eV) for the process. ForT
,280 K, the data points are well described by a linear re
tionship between ln(Rs) andT21/4 @Fig. 4~c!#, which is char-
acteristic of the hopping conduction mechanism between
calized defect states near the Fermi level as proposed
Mott.18,32,33Thep-type layer implanted to the highest dose
29.17D th is heavily damaged as demonstrated by the hopp
conduction mechanism in it@Figs. 4~b! and 4~c!#. In the
higher temperature (T.200 K) range, the slope of th
Arrhenius plot @Fig. 4~b!# yields an activation energy o
(0.1160.01 eV), which is in good agreement with the val
obtained for Te-implanted GaAs to high doses.33 At tempera-
tures below 200 K, theRs curve can be better fitted to th
Mott relationship for hopping conduction@Fig. 4~c!#. Using
Mott’s theory,32 and the detailed formalism described
Refs. 18 and 33, a value of;6.5 nm can be deduced from
Figs. 4~b! and 4~c! for the hopping distance in the laye
bombarded to 29.17D th . For T.200 K, hopping of carriers
takes place between the nearest neighbors~i.e., defect sites
within ;6.5 nm to each other! leading to the Arrhenius-like
dependence of ln(Rs) versus 1/T, whereas holes can tunnel t
more distant trapping sites at the lower temperatures acc
ing to ln(Rs)}T21/4.33 Figure 4~c! also features the dat
points for 0.23D th in order to confirm the absence of a ho
ping conduction mechanism in the low-dose ion implantat
regime. The stages of the buildup of implantation isolat
with increasing ion dose are evident from Fig. 4. Isola
point defects which are thermally stable up to;205 °C are
responsible for free carrier trapping at the low ion dos
while point defect pairs~stable up to;400 °C! are likely to
cause isolation in the intermediate dose regime.

We now turn to the influence of the ion species on
thermal stability of isolation inp-GaAs. Figure 5~a! illus-
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trates the change ofRs for H- ~open squares!, C- ~closed
circles!, and O-implanted~closed triangles! p-GaAs resistors
to 2–3.5 times their corresponding threshold doses,D th . All
three samples implanted at 20 °C demonstrate the sim
thermal stability of isolation. It is pointed out here that th
similar annealing behavior was observed for samples
planted at2196, 100, or 200 °C, which was further eviden
that the implantation temperature did not play a signific
role in the isolation process. We show in Fig. 5~b! the varia-
tion of ln(Rs) as a function of 1/T for the H- and O-implanted
samples~i.e., the lightest and heaviest ion species used
this study! for temperatures above 290 K when the trapp
carriers become thermally activated. The measurements w
made after the samples were annealed at 450 °C. The
squares fits through the data points shown as solid line
Fig. 5~b! yield activation energies of (0.6260.03 eV) and
(0.6360.03 eV) for the isolation process by H and O im
plantation, respectively. It is timely here to remind the rea
that an activation energy of (0.6560.03 eV) was obtained
from Fig. 4~b! for C implantation. The similar activation en
ergies for the different ions indicate the absence of an
mass effect on the isolation process, which is supported
the earlier discussion of the results in Fig. 1. The crux of
implant isolation process is the nuclear energy deposite
elastic recoils within the conducting layer. In a previo
study of the long-term thermal stability of implant-isolate
p-GaAs, Renet al.14 extracted different activation energie
for the isolation of H- and F-implantedp-GaAs. Following

FIG. 5. ~a! Evolution of sheet resistance for H-~open squares!, C- ~closed
circles!, and O- implanted~closed triangles! p-GaAs resistors at 20 °C to
2–3.5 times their corresponding threshold doses,D th , and~b! the variation
of ln(Rs) as a function of 1/T for H- and O-implanted resistors yielding
activation energies of (0.6260.03 eV) and (0.6360.03 eV), respectively.
The temperature dependent measurements were made after samples
annealed at 450 °C.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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these results, it was concluded that the ion mass played a
in the thermal stability of isolation. The discrepancy betwe
the results reported here and those in Ref. 14 can be
plained by the different implantation schemes employed
the two studies. We believe that the types and concentra
of defects created by the multiple implantations in Ref.
were different for H- and F-ion implantation, as opposed
the single ion implantation scheme used here to create a
form defect profile within the conductingp-GaAs layers. The
absence of an ion mass effect has previously been repo
for the implantation isolation ofn-GaAs layers.8

IV. CONCLUSION

In summary, the electrical isolation ofp-GaAs epilayers
grown by metalorganic chemical vapor deposition and do
to different concentrations of Zn were used to study the f
mation of implantation isolation for a wide range of ion
Results have clearly demonstrated that the isolation pro
was determined predominantly by the nuclear energy de
ited in elastic recoils during implantation. This is evidenc
by the similar activation energy for isolation obtained f
both H and O ion implantation, and the similar thermal s
bility of isolation of p-GaAs layers bombarded with differen
ions during postimplantation isochronal annealing. By p
forming 2 MeV C ion implantation of GaAs epilayers dope
with different Zn concentrations, it was found that eight c
bon ions are required to compensate 100 holes. The bui
of isolation with the dose of 2 MeV C ions follows the cr
ation of ~i! point defects forf,0.5D th , ~ii ! defect pairs for
f5D th , and ~iii ! defect clusters or complexes~e.g., AsGa)
that are stable at 550 °C for the higher ion doses. The ther
stability of isolation in these three ion dose regimes cor
spond well with the characteristic annealing stages of def
in ion implanted GaAs previously reported in the literatu
The substrate temperature~2196–200 °C! during implanta-
tion did not have any bearing on the isolation process, d
onstrating that point-like defects do not contribute to the s
bility of implant isolation ofp-GaAs.
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