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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-6{0.63+0.03 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 iddjation,

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 thdyQ.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 te-400 °C for a dos®y, due to the creation of defect pairs. Furthermore,

the hopping conduction mechanism is already present in the damaged epilayer implaDigd to
Higher order defect clusters or complexes, such as the arsenic antisife,aks responsible for the
thermal stability of implantation isolation at 550 °C. The substrate temperatdré6—200 °Q 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 isolatiop-&aAs previously reported in the literature

is also included. ©2003 American Institute of PhysicgDOI: 10.1063/1.1569664

I. INTRODUCTION Implant isolation is achieved by creating free carrier
trapping sites related to either radiation-induced damage, i.e.,
lon implantation of compound semiconductor materialsdefect isolation, or to the implanted species, i.e., chemical
is routinely used in the fabrication of electronic and opto-isolation!? Compared to the chemical isolation of thick lay-
electronic devices. For instance, it is mainly used for creatinggrs which requires multiple implantation steps to create a
doped layerdi.e., conductiven- or p-type layer$ in other-  uniform distribution of the chemical species, defect isolation
wise semi-insulating material. On the other hand, ion im-using lightions (H, He", B, Li*, C*, O, or F") can be
plantation can be used to render a conducting layer highlgchieved in a single implantation step. Defect isolation is,
resistive(i.e., isolating through the creation of free carrier therefore, the more attractive alternative for device fabrica-
trapping centers, and hence the term implant isoldtfon. tion purposes. Furthermore, implantation produces both the
Electrical isolation of I1I-V semiconductors is now perhaps Superior electrical isolation and preserves the semiconductor
the most important application of ion implantation in this Surface planarity compared to mesa etching.
group of materials, due to the widespread use of epitaxial The electrical isolation of ion-implanted-type GaAs

growth techniques for obtaining doped layers. Regardind'@S réceived much attention in the past few yéarsMost
GaAs integrated circuit technology, implantation isolation Of those studies have been driven by the need to enhance the

has been widely used in the fabrication of a wide range ofurrent understanding of the physical mechanisms that un-

planar electronic devices, including heterojunction bipolalrderhe defect isolation. The results from the comprehensive

transistorfHBTS), impact avalanche transit tirl@PATT) ![n\(tes't(ljg?tlop of detSé)ubza an? coworkie‘l@ Isl,u ggest thg/t arl'h .

diodes, and metal-semiconductor field effect tranSiStor%Self:ct (caoerﬁ S|e§<r:§ aere rgsreopnzicbﬁtran ?onr ff:eli:rrrlifarat?a orin e|Ir:

(MESFETS (see Ref. 1 for a review Furthermore, implant P . pon S . ppIng

. L GaAs. Comparatively fewer investigations of implant isola-

isolation is also commonly used to manufacture optoelec:. 16 .
. . ) . . tion of p-type GaAs have been perform¥&t*®Those studies

tronic devices, such as the gain guided, graded index sep

, flave utilized the relatively light ions such as H and He, and
rate confinement heterostruct@RINSCH GaAs/AlGaAs used either C or Mg as ptype dopant~%In some inves-

3 . . “yge
quantum well laset;? and the vertical cavity surface emitting tigations the conductive-type layers were formed in semi-

4-6
lasers(VCSELS. insulating GaAs substrates by C or Mg ion implantation fol-
lowed by annealing to activate the dopant atoms and to
dElectronic mail: pnk109@rsphysse.anu.edu.au remove implantation-induced damalge® Since ion implan-
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TABLE |I. Summary of the ion implantation conditions used in this work. Calculated values of projected ion
ranges Rp) and the integrated number of replacemehlg, produced within a 500 nm thick GaAs layer by
each ion usingRrim code are also shown.

Energy Doses Beam flux Irradiation
lon (MeV) (10" cm™?) (10" cm™2s)  temperaturd®C) R, (um) Ny (fion/cn?)
H 0.1 2-750 1.8 20 0.77 2.27
H 0.6 1-3600 1.8 20 5.78 0.34
Li 2.0 1.0-140 1.6 20 4.01 8.00
2c 2.0 0.2-700 0.60 —196-200 2.02 41.50
150 1.2 0.1-20 0.15 20 1.20 152.00

tation produces a nonuniform doping profifet® and be- planter. The ion implantation conditions are summarized in
cause practical devices are manufactured by epitaxialable I. The ion energies were chosen to place the damage
growth, it may be more reasonable to investigate implanpeak deep into the SI GaAs substréte., produce a quasi-
isolation processes in uniformly dopestype epilayers?  uniform damage profile in the doped epilayees seen from
The results reported in Refs. 14-16 have provided muclthe calculated values of projected ion ranges using transport
insight into both the mechanism and thermal stability of im-of ions in matterTrRIM) code simulations’ An exception is
plant isolation inp-GaAs, and will be referred to in the dis- the 0.1 MeV H implantation which was chosen to provide a
cussion of the results reported here. higher displacement damage within the epilayer than 0.6
In this study, the implant isolation qi-GaAs epilayers MeV H ions. The sample surface normal was tilted by 7°
grown by metalorganic chemical vapor deposition is investi-with respect to the ion beam incidence direction in order to
gated for a wide range of ion species and free carrier conminimize channeling effects during implantation. The sheet
centrations of epilayers. The implantation temperature isesistanceR) of an epilayer was measuré@dsitu after each
shown to have a negligible effect on electrical isolation anddose step using a Keithley 617 electrometer. Postirradiation
its thermal stability. The thermal stability of isolation for isochronal rapid thermal annealif®TA) cycles were car-
samples doped to different Zn concentrations and implanteded out in the temperature range from 100 up to 700 °C for
with the different ion species is also discussed alongside th&0 s in an Ar ambient. The variation of sheet resistance of
mechanism of defect isolation ip-GaAs. In order to gain selected samples implanted at room temperature was also
more insight into the mechanism of the isolation process, weneasured at different temperatures in order to determine the
have extracted activation energies by performing extensivactivation energy for the implant isolation.
temperature dependent measurements of the sheet resistance
of ion implanted samples both before and after postimplant||. RESULTS AND DISCUSSION
tation annealing to reveal the stages in the buildup of a stabIX Eff ‘i .
implant isolation ofp-GaAs. - Effect of lon species
Figure Xa) illustrates the change in sheet resistarig,
with the cumulative dose for 0.6 MeV fktlosed trianglg
0.1 MeV H (open triangle 2 MeV Li (closed diamong 2
The epilayers used were grown at 650°C by low-MeV C (closed circlg, and 1.2 MeV O iongclosed squane
pressure metalorganic chemical vapor deposit®CVD)  All layers were doped to 410" Zn/cn? and implantation
on semi-insulating(Sl) GaAs (100 substrates. A 200 nm was performed at 20 °C using the ion fluxes given in Table I.
thick nominally undoped buffer layer was grown on the SlEach curve in Fig. (B) follows the same general shape that is
substrate prior to the growth of the 500 nm thick Zn-dopedtypical for implant isolation. At the low dose& remains
layers at 76 Torr. Epitaxial layers doped withQ0'®, 4.5  relatively unaffected, while it increases abruptly due to free
X 10', or 1.8<10' Zn/cn? were grown. The free carrier carrier trapping at defect levels and mobility degradation
concentration of an epilayer was obtained from electrowith the increasing dose. The sheet resistance reaches a nar-
chemical capacitance—voltageCV) measurements. Resis- row plateau when the concentration of deep levels is of the
tors of rectangular geometry~(6x4 mn?) were cleaved same magnitude as the free hole concentration, and is deter-
from wafers, and ohmic contacts were formed by manuallymined by the sheet resistance of the underlying SI GaAs
applying indium(In) strips on the two opposite sides of each substrate:>’~1%15ny further increase in dose beyond this
resistor followed by sintering at 250 °C for 2 min under Ar plateau results in the monotonic decreaseRq (closed
flow. Besides forming ohmic contacts for sheet resistanceircles because of hopping conduction of holes between
measurements, the In strips also masked the underlying eplosely spaced defect potential welfsFollowing Ref. 15, a
ilayer from implantation. threshold dose for isolatioy,, can be defined as the ion
These resistors were irradiated in the Australian Nationatlose at whichR reaches its maximum valufypically
University (ANU) 1.7 MV tandem acceleratofNEC, (2-4)x10° Q/sq].
5SDH-4 using 0.6—2 MeV ion of different species and at If the data points for 0.1 MeV H ions are neglected, Fig.
different substrate temperatures. The 0.1 MeV H ion implan-1(a) reveals that the ion dose required for electrical isolation
tation was performed in a ANU-built low-energy ion im- decreases with the increasing ion mass. The exact nature of

Il. EXPERIMENTAL PROCEDURE
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FIG. 1. (a) Dose dependence of sheet resistafze,for 0.6 MeV H (closed FIG. 2. (a) Evolution of sheet resistance of samples doped with 9
triangle), 0.1 MeV H (open trianglg 2 MeV Li (closed diamond 2 MeV C X 10 Zn/en®  (curve 1, 4.5x10Y Zn/cn? (curve 23, or 1.8
(closed circlg, and 1.2 MeV O iondclosed squale Epilayers were doped  x 10'® Zn/cn? (curve 3 following 2 MeV C ion implantation at 20 °C, and

to 4.5< 10" Zn/cn?® and implanted at 20 °C using the ion fluxes given in (b) the variation of free hole concentratioN,,, in doped epilayers as a
Table I. (b) Plot of total number of replacementdy, as a function of the  function of the threshold ion dose for isolation obtained fr@n The solid
threshold dose for isolation as p@. The solid line through data points is line is the least squares fit through the data points and has a slope of unity.
the least squares fitting with slope-1.03+0.02).

this apparent ion mass dependence is better understood by

plotting the total number of replacementé, (i.e., antisite  purposes, investigating the effect of free carrier concentra-
defect$ created within the 500 nm thick epilayer as a func-tion on the isolation process is crucial. Figut@3llustrates

tion of the threshold ion dose for electrical isolation as de-the evolution of sheet resistance of Samp|es doped with 9
picted in Fig. 1b). The solid line in Fig. 1b) represents the x 10 zn/cn? (curve D, 4.5<10Y Zn/cn® (curve 2, or
least squares fit through the data points and has a slope @fgx 108 Zn/cn? (curve 3 following 2 MeV C ion implan-
(—1.03£0.02). Although we have used the va'lues7c.)f ré-tation at 20 °C. The curves exhibit the similar dose depen-
placement collisions as obtained frorRim simulations,” it gence except that the ion dose required to achieve the maxi-
is worth noting that the _slope of the linear regression in Fidmum R, is shifted to the higher doses with the increasing
1(b) would remain unity if the total number of vacancies hadfree hole concentration. This is clearly illustrated in Fih)2
been used instead of total replacements. This is because t§ich shows the variation of free hole concentrating, in
vacancies are precursors for the creation of antisite defectaoped epilayers as a function of the threshold ion dose for
The choice of the total number of replgcemerltss stems pafzg|ation. The solid line is the least squares fit through the
tially from the recent discussion of Boudineval.™that the 513 noints and has a slope of unity. The threshold dose for
defeclt responsible for the isolation mtypﬁ GaASI'S the isolation has been defined here as the ion dose required to
doub z—dbor;or aBrseplcl— ag'tlsnek,] &as and ,t ef resultstl\?-H achieve aR~10° Q)/sq. By converting the free carrier con-
cussed below. By including the data point for O. € centration to its equivalent sheet concentration, one is able to

ions in Fig. 1b) (see point marked by arrgwit becomes determine from Fig. () that an average number of eight

clear that the isolation process does not depend solely on tr}:%rbon ions with energy of 2 MeV are required to compen-
ion mass, but rather on the total number of defects created b

. . . T date 100 holes. These numbers, therefore, enable us to esti-
the implanted species. The straight line in Figb)1 there- mate the threshold dose required for the electrical isolation

fore, reveals a universal curve over the wide range of ion f any Zn-doped layer using 2 MeV C ions. One observation

species l.Jsed here, ;uggestmg that the isolation process SCa(])egrth noting in Fig. 2a) is that the peak sheet resistance that
close-to-inversely with the number of replacements create

in the implanted layer can be reached for the highest doped sample is reduced, in
' addition to the disappearance of the plateau exhibiting maxi-
mum Rg. This feature can be expected for highly doped
samples when hopping conduction becomes a limiting factor
Since it is desirable to have an estimate of the free carfor achieving the highed® due to the high ion doses needed
rier removal process during isolation for device fabricationfor isolation.

B. Effect of doping concentration
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_ 10 F a4 196°C (LN2) increase at the same dose-e2x 10'* C/cn? irrespective of
& 101 . . the substrate temperature during implantation. Furthermore,
a 10 r the saturation irRg appears to occur in the same ion dose
o LaandN regime for all the implantation temperatures, i.€(2—-4)
100 | * ¢ 2 _2 . . S
- . ’.200(: X 10" cm™2. The results shown in Fig. 3 are qualitatively
§ 10% f PP TR similar to those reported previously for implant isolation of
S 407 | . ®100°C n-type GaAs when no significant influence of substrate tem-
D 406 r e, perature on trllée isolation process was observed in the range
(24 s '-I|I —100-220°C> It can, therefore, be concluded from the
g 10 r %" 200°C above discussion that the defects responsible for the stability
& 10t ; o & o of implant isolation inp-GaAs are not point defectS.e.,

10 B it Frenkel-type defects, such as vacancies and intersfibals

1010 10" 10 101 10 rather defect complexes that have a higher thermal stability.

lon Dose : @ (cm'z)

FIG. 3. Evolution ofR, for GaAs samples doped with 480" Zn/cn? D. Thermal stability and stages in the buildup
and implanted with 2 MeV C ions at temperatures ranging frei®6 to of electrical isolation
200 °C.
The thermal stability of implant isolation is a critical

issue to consider in device applications. In particular, maxi-
mizing the thermal stability of the implant isolation is desir-
able. The previous studies that have investigated the thermal
It is well established that the dynamic annealing of pointstability of implant isolation imp-GaAs have used either only
defects in GaAs depends strongly on the implantatiorone ion speci€s®or multiple ion implantation schemes us-
temperaturé®!® Furthermore, isochronal annealing studiesing different ions to create a uniform defect profile in the
of point defects created in electron- apdrradiated GaAs at  conductingp-GaAs layert® In the latter case, the difference
fairly low doses anneal in three well defined stages betweehetween the thermal stability between H and F implantation
235 and 500 K(j.e., —38-227 °G.2°~220n the other hand, isolation was attributed to an ion mass effect. In this section,
the defects created in GaAs by ion implantation to moderateve provide a detailed discussion of the effects of ion dose
doses £1x 10 cm~?) anneal predominantly at the 225 °C and ion species on the thermal stability of implantation iso-
(stage IlI) and 400 °C(stage IV} characteristic stages, with lation. Although we are not able to correlate the stability of
the lower annealing temperature related to the mobility ofimplantation isolation with any particular defé&st this
individual point defects, such as the arsenic interstitial,, As study does provide much insight into the types of defects that
or arsenic vacancyy xs.2?>?4Yet another stage in the vi- contribute to the isolation based on their annealing behavior.
cinity of 600—700 °C has been observed for defect annealin§urther information on the buildup of a stable isolation with
in high dose ion implanted GaAS8 This particular annealing the increasing ion dose is also obtained through temperature
stage can be related to the removal of defect clusters or extependent measurements of the sheet resistance of implanted
tended defects, which coincides well with the second stagesamples both before and after annealing.
of the solid phase epitaxial regrowth of amorphous GaAs Figure 4a) illustrates the thermal stability of isolation
produced by ion implantatioff:?>25 for layers implanted with 2 MeV C ions at 20 °C to doses
With this general guideline for defect annealing in mind, ranging from 0.B, (1.2x10"%cm™?) to 29.1Dy, (7
an investigation of the effect of substrate temperature during 10" cm™2). The epilayers were doped with 4.5
implantation is important to understand defect-related isolax 10'” Zn/cn. Each data point on the curves in Figapis
tion mechanisms. Such experiments are able to provide irecomprised of the cumulative isochronal annealing sequence
sight into the type of defecfs.e., point defects versus defect for 60 s periods at the lower RTA temperatures. It is obvious
clusters responsible for the electrical isolation pfGaAs. It  from Fig. 4a) that the thermal stability of isolation depends
is also worth noting here that all the previous studies on theritically on the ion dose. An increase Ry is observed for
implantation isolation ofp-GaAs have, to the best of our the sample bombarded to @f in the temperature range
knowledge, been performed at room temperatfiféFigure ~ 20—250 °C. This effect is similar to that observed in a previ-
3 illustrates the evolution oRg for GaAs samples doped ous report of the thermal stability of isolation in H implanted
with 4.5x 10" Zn/cn? and implanted with 2 MeV C ions at p-GaAs!® Two possible scenarios for this increaseRindur-
temperatures ranging from196 to 200 °C. The reduction in ing annealing between 20 and 250°C can be envisaged,
the maximum value oR; that is reached with the increasing namely(a) the formation of more efficient hole trapping cen-
substrate temperature during implantation can be attributetérs due to interaction of point-like defects and(by the
to the increased ionization of holes trapped at defect centeiacrease in the concentration of existing hole trapping cen-
at the higher temperatures. Furthermore, one is cautione@rs. Indeed, a previous investigation of the annealing of de-
regarding the absolute value Bf reached at-196 °C be- fects created in electron irradiatgeGaAs epilayers has
cause of the detection limit of our electrometer and contri-demonstrated that a hole trap PE(+0.36 eVio,=6.9
butions from the parasitic resistances of the experimentak 10~ ° cn?) is created upon annealing at the expense of
setup. The curves in Fig. 3 clearly show thHat starts to  electron traps that are produced initially by primary colli-

C. Effect of substrate temperature
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annealing of point-like defects in the characteristic stage IlI
annealing of defects ip-GaAs?0~24

The sheet resistance of the layer implante®pis ther-
mally stable up to~350 °C above which it decreases mono-
tonically with the increasing temperature. It becomes clear
from the above discussion that the defects responsible for the
electrical isolation of the sample bombardedtg anneal in
the characteristic stage IV typical of samples implanted to

moderate dose¥:?>?The defects responsible for free car-

10° F
108
107 |

100 |

105F > 350,

Sheet Resistance : R, (Q/ sq)

vV—
100 L o—o (I)J.igom rier trapping in the sample implanted By, are most prob-
o—o 20D, ably defect pairs, resulting from the interactions of vacan-
103 P S T TS TP S cies, interstitials, and impurities, rather than simple isolated
0 100 200 300 400 500 600 700 defects’ Bombarding thep-GaAs epilayer to 3By, en-
Annealing Temperature : T (°C) hances the thermal stability of isolation up to 550 °C, which
’g‘ is sufficient for device application purposes. The initial in-
S 192 Fw) crease in sheet resistance of the sample implanted to
= 10" 29.1Dy, with the increasing temperature results from the
f_J:'m 18;0 ] recovery of hopping conduction. Defects are removed with
8 10° | /Afg aa the increasing temperature so that the spatial distribution of
S 107 25T 2 T §=2947Dy defect potential wells that trap free carriers decreases. The
.‘% 182 maximumRq is reached at 550°C when hopping conduction
& 10tk unimplantsd (6= 0 em?) is completely eliminated, while the concentration of defects
w 18 f wwevv vy v vV vV ¥ responsible for hole trapping is of the same order of magni-
% O S s e 7 s o 10 tude as the initial free carrier concentration. Similar to the
. 1000/ T (K™ case of 3.y, these defects are removed by annealing above
g 1012 550 °C, which would correspond to the annealing of defect
3 clusters or defect complexes in Ga®<!A recent study has
= 107 proposed that the double donor&$* (defect EL2 with an
& 10 energy position oE, +0.54 eV in the band gagould be a
8 100 suitable candidate for the defect responsible for the stability
8 108 R of isolation inp-GaAs’®?’ Indeed, it has been reported that
3 107 | AL V@“D‘“ the EL2 introduced in neutron-irradiated, plastically de-
& 108 r formed, or low-temperature GaAs grown by molecular beam
9 jos B L L , epitaxy, anneal in the temperature range of 450—60t<€.
S 022 024 026 028 030 032 0.34 More recently, Taret al3° have shown that the excess EL2

T8 (1 created by proton implantation of GaAs epilayers grown by
MOCVD was stable only up to 500 °C, which correlates very
FIG. 4. (a) Isochronal annealing stability of sheet resistance for layers im-Well with the temperature window within which the isolation
planted with 2 MeV C ions at 20 °C to doses ranging fromDQ,5(1.2 of C-implantedp-GaAs becomes unstabl&ig. 4(a)]. This
X10'2 cm?) to 29.1Dy, (7x 10 cm™?). The epilayers were doped with  discussion forms the basis for using values of replacements

4.5x 10" Zn/cn. (b) Arrhenius-like dependence of R) vs 17T for the - .
different ion doses marked on the curves, godtemperature variation of rather than vacancies in Fig(d. These results are in good

sheet resistance of C-implanted layers to doses marked on the curves plott@@reement with those depicted in Fig. 3, when it was con-
as InR) versusTY4 cluded that the defects responsible for stable isolation could

not be point-like. We can, therefore, conclude from Fi@) 4

that an ion dose of 3@y, is sufficient for creating a stable

isolation inp-GaAs. An ion dose larger thanD4, required
sions, and its concentration increased upon annealing up for the stable isolation in a previous study could be attributed
~280°C?2 An apparent discrepancy between the results irto the nonuniform defect profile generated by low-energy
Fig. 4a) discussed thus far and those shown in Fidi.8, protons in thep-GaAs layer'®
no significant effect of substrate temperature during implan-  Further insight into the buildup of stable electrical isola-
tation) may transpire. However, the reader is cautioned thation with the increasing ion dose is obtained by measuring
defects created during implantation at 200 °C may well bethe temperature dependenceRyf. Figure 4b) illustrates the
different to defects present in samples implanted at roonfrrhenius-like dependence &; on the inverse of measure-
temperature and subsequently annealed at 200 °C. We plan meent temperaturel, for p-GaAs layers (4.5 10'7 Zn/cnt)
perform detailed studies of defects createg-i@aAs at dif- implanted to different doses at 20 °C. The data points shown
ferent temperatures and also to investigate their postimplanin open inverted triangles correspond to the unimplanted
tation annealing kinetics in order to resolve this issue. An-sample, and they do not reveal any striking feature. How-
nealing of the layer implanted to @%, above 205 °C results ever, the curve for 0By, (open squargsexhibits two re-
in the gradual recovery of free carriers most probably due t@imes each of which can be well described by least squares
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fits (solid lineg. These fits yield activation energies of
(0.39+0.02 eV) and (0.5Z0.02 eV) for the isolation pro-
cess in the sample implanted to D{{. A comparison with
the unimplanted sample and the temperature dependence of
the carrier mobility and free carrier concentration in irradi-
ated GaAs clearly shows that two discrete defects are respon-
sible for the isolation irp-GaAs implanted to 05,,.3! The
activation energies should be treated with caution since they
consist of two components, name) the ionization energy N . 2
of holes from trapping centefge., activation energy of deep 10 0 100 200 300 400 500 600 700
level), and (b) the activation energy for hole scattering at Annealing Temperature : Ty, (°C)
defect siteqgi.e., the mechanism for degradation of hole mo-
bility in implanted samplgs The activation energy of the
defects can, therefore, be extracted only after establishing the
temperature dependence of the hole mobility in implanted
samples.

Only one defect is responsible for the isolati@ttiva-
tion energy (0.130.02 eV) of a layer implanted to 0.R3,
[closed triangles in Fig.®)]. This activation energy is most
probably related to the ionization of holes to the valence
band, as opposed to thermally activated interdefect hopping
conduction. A conducting-GaAs layer implanted also 0y,
exhibits two temperature regimdglosed circles in Fig.
4(b)], except that an Arrhenius-like dependence oRlpn FIG. 5. (a) Evolution of sheet resistance for Kepen squarés C- (closed
1/T is observed only folT>280 K. The dotted line is the circles, and O- implantedclosed trianglesp-GaAs resistors at 20 °C to

. . . - - —3.5 times their corresponding threshold do§kgg, and(b) the variation
linear regression through these data points, which yields aﬁ In(Ry as a function of I for H- and O-implanted resistors yielding

activation energy of (0.650.03 eV) for the process. Fdr activation energies of (0.620.03 eV) and (0.630.03 eV), respectively.
<280 K, the data points are well described by a linear relaThe temperature dependent measurements were made after samples were
tionship between Ii) and T~ ¥*[Fig. 4(c)], which is char- annealed at 450 °C.
acteristic of the hopping conduction mechanism between lo-
calized defect states near the Fermi level as proposed by
Mott.*8323%The p-type layer implanted to the highest dose of trates the change dR, for H- (open squares C- (closed
29.1Dy, is heavily damaged as demonstrated by the hoppingircles, and O-implantedclosed trianglesp-GaAs resistors
conduction mechanism in itFigs. 4b) and 4c)]. In the  to 2-3.5 times their corresponding threshold doggs, All
higher temperature T>200 K) range, the slope of the three samples implanted at 20 °C demonstrate the similar
Arrhenius plot[Fig. 4(b)] yields an activation energy of thermal stability of isolation. It is pointed out here that the
(0.11+0.01 eV), which is in good agreement with the value similar annealing behavior was observed for samples im-
obtained for Te-implanted GaAs to high do$&at tempera-  planted at-196, 100, or 200 °C, which was further evidence
tures below 200 K, th&g curve can be better fitted to the that the implantation temperature did not play a significant
Mott relationship for hopping conductidiirig. 4(c)]. Using  role in the isolation process. We show in Figbbthe varia-
Mott’s theory?? and the detailed formalism described in tion of In(Ry) as a function of ¥ for the H- and O-implanted
Refs. 18 and 33, a value of6.5 nm can be deduced from samples(i.e., the lightest and heaviest ion species used in
Figs. 4b) and 4c) for the hopping distance in the layer this study for temperatures above 290 K when the trapped
bombarded to 29.10y,. For T>200 K, hopping of carriers carriers become thermally activated. The measurements were
takes place between the nearest neighlfioes, defect sites made after the samples were annealed at 450 °C. The least
within ~6.5 nm to each othg¢teading to the Arrhenius-like squares fits through the data points shown as solid lines in
dependence of IRy versus 1T, whereas holes can tunnel to Fig. 5b) yield activation energies of (0.620.03 eV) and
more distant trapping sites at the lower temperatures accord0.63+0.03 eV) for the isolation process by H and O im-
ing to In(RY=T Y432 Figure 4c) also features the data plantation, respectively. It is timely here to remind the reader
points for 0.2®y, in order to confirm the absence of a hop- that an activation energy of (0.65.03 eV) was obtained
ping conduction mechanism in the low-dose ion implantationfrom Fig. 4b) for C implantation. The similar activation en-
regime. The stages of the buildup of implantation isolationergies for the different ions indicate the absence of an ion
with increasing ion dose are evident from Fig. 4. Isolatedmass effect on the isolation process, which is supported by
point defects which are thermally stable up+@05°C are the earlier discussion of the results in Fig. 1. The crux of the
responsible for free carrier trapping at the low ion dosesjmplant isolation process is the nuclear energy deposited in
while point defect pairgstable up to~400 °Q are likely to  elastic recoils within the conducting layer. In a previous
cause isolation in the intermediate dose regime. study of the long-term thermal stability of implant-isolated
We now turn to the influence of the ion species on thep-GaAs, Renet all* extracted different activation energies
thermal stability of isolation inp-GaAs. Figure &) illus-  for the isolation of H- and F-implantep-GaAs. Following
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