
Thermal stability of the electrical isolation in n-type gallium arsenide layers irradiated
with H, He, and B ions
J. P. de Souza, I. Danilov, and H. Boudinov 
 
Citation: Journal of Applied Physics 81, 650 (1997); doi: 10.1063/1.364229 
View online: http://dx.doi.org/10.1063/1.364229 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/81/2?ver=pdfcov 
Published by the AIP Publishing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

200.130.19.173 On: Fri, 21 Mar 2014 18:03:40

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1479233748/x01/AIP-PT/JAP_Article_DL_0214/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=J.+P.+de+Souza&option1=author
http://scitation.aip.org/search?value1=I.+Danilov&option1=author
http://scitation.aip.org/search?value1=H.+Boudinov&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.364229
http://scitation.aip.org/content/aip/journal/jap/81/2?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov


 [This a
Thermal stability of the electrical isolation in n -type gallium arsenide layers
irradiated with H, He, and B ions

J. P. de Souza,a) I. Danilov, and H. Boudinov
Instituto de Fı´sica, UFRGS, 91501-970 Porto Alegre, R.S., Brazil

~Received 10 April 1996; accepted for publication 9 September 1996!

The stability of the electrical isolation inn-type GaAs layers irradiated with ions of different mass
is compared. The irradiations were performed with proper doses of1H1, 4He1, or 11B1 ions to
create specific damage concentration level which lead to:~i! the trapping of practically all the
carriers~Rs'108 V/h), ~ii ! the onset of hopping conduction~Rs'108 V/h), and~iii ! a significant
hopping conduction~Rs '106 V/h). Irrespectively of the ion mass, the temperature range for
which the isolation is preserved, i.e., Rs.108 V/h, extends up to 200 or' 600 °C, respectively,
for the cases~i! and ~ii !. In case~iii !, this range comprises temperatures from' 400 to 650 °C.
Annealing stages at 200 and 400 °C recover in a great extent the conductivity and improve the
carrier mobility in low dose irradiated samples@case~i!#. In samples irradiated to higher doses
@cases~ii ! and ~iii !#, the conductivity recovers in a single stage. ©1996 American Institute of
Physics.@S0021-8979~96!04324-1#
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I. INTRODUCTION

Ion implantation is an essential process for the prod
tion of modern devices and integrated circuits~ICs! in Si and
compound semiconductor technologies. In the case of II
compound semiconductor, there are two important appl
tions. The first is the implantation of dopants to establ
propern- or p-type conductivity. The second is the impla
tation of ions like H1, He1, B1, O1, etc., to convert a doped
layer to a highly resistive one. This latter application
called implantation induced isolation or isolation by io
irradiation.1 In complex GaAs ICs, the backgating effect is
great concern to IC designers because of the associated
ficulties imposed to the IC design. This detrimental pheno
enon consists in the electrical interaction between neigh
devices resulting in the reduction of the drain-to-source c
rent in field effect transistors by the negative biasing o
closely spacedn-type contact.2 It is known that the ion irra-
diation of the semi-insulating~SI! regions between neighbo
devices greatly minimizes the backgating effect.3,4

The irradiation is performed with an ion penetratio
depth larger than that of doped layer to be isolated. For s
plicity and easy control light ions are preferred, since p
etration depth up to few microns can be attained with
currently available energies of the industrial implanters. F
quently, the dose is chosen high enough such that conduc
via hopping between nearby defects is established.5 A post-
irradiation annealing conducted at typically 300–500 °C
then required to suppress the hopping conduction and
crease the Rs from an initial value of'105–106 V/h to
above 108 V/h. The isolation is stable up to the temperatu
at which most of the irradiation damage anneals out and
the best cases reaches'600 °C. Typically, the isolation is
the last step in the front-end-of-the-line processing in vir
of its relatively poor thermal stability.

The isolation results from carrier trapping at deep ene
levels, associated either to the irradiation damage or spe
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implanted chemical impurities. In a previous publication6

we proposed that antisite defects created by the replacem
collisions and/or their related defect complexes constitute
carrier trapping centers.

Although the implantation for isolation is currently use
in GaAs ICs7,8 and discrete device9,10 technologies a system
atic study of the dependence of the thermal stability with
ion mass and ion dose is still missing in the literature. F
thermore, the physical processes involved with the isolat
formation and its thermal stability are not yet complete
understood.

The thermal stabilities after irradiation with different io
mass were compared in previous publications.1,11 The pub-
lished data, regarding sheet resistance after annealin
H1, B1, and O1 irradiated samples, suggest that the therm
stability increases with the increasing of the ion mass. Ho
ever, uncertainties in the as-irradiated damage concentra
after the different mass ion implants certainly preclude tha
correlation between the thermal stability and the ion m
could be established.

In the present work, the thermal stability of the electric
isolation of n-type layers after irradiations with1H1,
4He1, and11B1 is systematically studied. The samples we
irradiated to create similar damage concentration using i
of different masses. The results show that the thermal sta
ity of the isolation depends primarily on the irradiation dam
age concentration. The ion mass has only a marginal imp
tance in the thermal stability behavior.

II. EXPERIMENT

Semi-insulated liquid-encapsulated crystal~LEC! GaAs
wafers of ^100& orientation were cleaned with organic so
vents and etched to a depth of 4mm in a solution of
NH4~OH! : H2O2 : H2O ~3:1:30 vol.!. The wafers were im-
planted with47SiF1 or 29Si1 to a dose of 5.031013 cm22 at
50 or 30 keV, respectively. The electrical activation of t
implanted Si was performed by capless~Si proximity! rapid
thermal annealing~RTA! at 850 °C for 10 s. The thickness o
7/81(2)/650/6/$10.00 © 1997 American Institute of Physics
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 [This a
the n-doped layer, measured by secondary-ion-mass s
troscopy~SIMS!, is 0.2mm ~at 1.031016 cm23 level!. Two
types of devices were prepared: resistors of 336 mm2 rect-
angular shape and 535 mm2 Van der Pauw devices.12 The
ohmic contacts to the samples were formed by In applied
the GaAs surface and alloyed at' 200 °C for 2 min. Typical
sheet resistances of 330 or 450V/h were measured respec
tively in the 29Si1 or 47SiF1 implanted samples. The effec
tive Hall mobility of the carriers (m) are in the range of
1800–2000 cm2/V s.

The ion irradiations were performed at nominal roo
temperature with doses in the range of 131011 cm22 to
531015 cm22 of 1H1 at 50 keV, 4He1 at 80 keV, and
11B1 at 150 keV. The ion current density was maintained
the range of 0.1–0.3mA/cm2. The estimated projecte
ranges13 are 0.39, 0.39, and 0.35mm, respectively for H1,
He1, and B1 ions. The In contact layers formed mask whi
prevented the irradiation of the underneath GaAs.

Another set of samples was irradiated before format
of the In contacts. In these samples, the areas reserve
ohmic contact were covered with an aluminum foil duri
ion irradiation.

All the implantations were performed with the samp
surface normal tilted by 7° in respect to the beam incide
direction to minimize ion channeling effect.

The irradiated samples were submitted to thermal
nealing steps for 300 s in the temperature range from 10
700 °C in Ar atmosphere. From 100 to 500 °C the annea
steps were accumulated in samples which have the In
tacts formed prior to the irradiation process. At higher te
peratures, the samples were annealed with the irradiated
in close proximity with the Si susceptor. Subsequently, the
contacts were prepared.

The electrical measurements in Van der Pauw dev
provided Rs , sheet carrier concentration~ns), and effective
mobility (m) values. Electrical measurements in the res
tors, using a Keithley 617 electrometer, provided onlys
values.

FIG. 1. Sheet resistance Rs @curve ~1!# and sheet carrier concentrations
@curve~2!# in GaAs sample versus1H1 irradiation dose, at the energy of 5
keV.
J. Appl. Phys., Vol. 81, No. 2, 15 January 1997
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III. RESULTS AND DISCUSSION

Curve ~1! in Fig. 1 presents the Rs versus the accumu
lated H1 dose in a resistor. At the beginning of the irradi
tion ~dose,431012 cm22), Rs increases slowly with the
accumulation of the dose. However, for doses abo
' 131013 cm22 a sudden variation of Rs is observed. Rs
increases about five orders of magnitude when the H1 dose
varied from 131013 to 431013 cm22. The increase of Rs
occurs in consequence of a progressive removal of the c
ers and mobility degradation.

Curve ~2! in Fig. 1 presents the ns values evaluated in
irradiated Van der Pauw devices. The original Rs of the Van
der Pauw devices is identical to that in the resistor used
obtain curve~1! of Fig. 1. The decreasing of ns with the
accumulation of the irradiation dose is a clear evidence
carrier removal, via capture at the trapping centers. The
fective Hall mobility (m) deteriorates in consequence of th
ion irradiation. It varied from an initial value of 1800 to 15
cm2/V s after a dose of 331013 cm22 has been accumulated
When Rs reaches the 13109 V/h, practically all carriers
were captured by the traps.

It was previously demonstrated that the integrated nu
ber of replacement collisions along the depth of the dop
layer after irradiation to the dose which convert the cond
tive layer to a highly resistive one, is of the same order
magnitude of the original sheet carrier concentration.6

Further accumulation of the dose does not lead to mo
fication of the Rs. A plateau forms in curve~1! with
Rs'109 V/h. This plateau is succeeded by a decreasing
Rs with the increase of the dose. This damage-related c
duction is attributed to carrier transport via hopping betwe
nearby defects.5 Hall effect measurements in samples irrad
ated with H1 to the dose of 531015 cm22 indicaten-type
conductivity with a very lowm (,1 cm2/V s!. In agreement
with a previous publication,5 the data in the descending pa
of the curve~1! indicate that the increasing of the conducti
ity is proportional to the third power of the dose.

FIG. 2. TRIM code simulated profile of the replacement collision concent
tion in GaAs irradiated with 50 keV H1. Slab I contains the doped layer
slab II comprises the peak of the damage distribution, and slab III is form
by the underneath SI substrate.
651Souza, Danilov, and Boudinov
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 [This a
The energies for the H1, He1, and B1 irradiations were
chosen in order to locate the peak of the defect concentra
underneath the n-type doped layer. The estimated13 depth
distribution of the replacement collisions for a 50 keV H1

irradiation in GaAs is shown in Fig. 2.
The analysis of the Rs data shown in Fig. 1@curve~1!# is

now developed considering three distinct slabs parallel to
sample surface, as depicted in Fig. 2: slab I, containing
doped layer~thickness of 0.2mm!; slab II, comprising the
peak of the defect distribution; and, slab III, formed by t
underneath SI substrate~thickness of 450mm!. The Rs val-
ues shown in curve~1! of Fig. 1 result from the paralle
association of three sheet resistances: Rs,I , of slab I, which
original value for the considered sample is 330V/h; Rs,II ,
of slab II, originally higher than 1012 V/h, and Rs,III , the
sheet resistance of the underneath SI substrate (23109

V/h). In the low dose region, the parallel association
dominated by the sheet resistance of the doped layer.
increase of the carrier trap concentration in slab I with ac
mulation of the dose leads to a progressive decreasing os

and hence to an increasing of Rs,I @see curves~1! and ~2! in
Fig. 1#. At the threshold dose for isolation,6 the concentration
of the carrier traps present in the doped layer becomes c
parable with the original ns. In this situation, Rs,I becomes
orders of magnitude higher than Rs,III . Since both Rs,I and R

s,II are much higher than Rs,III , the latter sheet resistanc
dominates the parallel association. Consequently, Rs' R

s,III . This situation persists as long as the defect concen
tion in slab II is below that required for the onset of hoppi
conduction. This explains the formation of the plateau in
curve~1! of Fig. 1. The plateau ends when hopping cond
tion starts in slab II. With further increase of the irradiatio
dose, the conduction in slab II becomes more significant t
in the bulk. In this dose regime, Rs ' Rs,II .

In Fig. 3, the Rs versus dose curves are shown f
1H1, 4He1, and 11B1 irradiations performed in originally
identical resistors. The shift of the curves toward lower do

FIG. 3. Sheet resistance versus dose curves for B1 ~at 150 keV!, He1 ~at 80
keV!, and H1 ~at 50 keV! irradiations in resistors with original Rs ' 500
V/h. The points marked in each curve correspond to the doses which c
the defect concentration levels to obtain almost complete isolation~D1!, the
onset of the hopping conduction~D2!, or a noticeable hopping conductio
~D3!.
652 J. Appl. Phys., Vol. 81, No. 2, 15 January 1997
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scales with the increase of the nuclear energy deposition
income ion in the doped layer.6

Considering that the depth distribution of the nucle
energy deposition is almost similar for the used ions it
conceivable to assume that the damage concentration
equivalent points in the curves of Fig. 3 are approximat
similar.

The thermal stability of the isolation was studied usi
three different damage concentration levels, labelled her
ter as D1, D2, and D3. The marked points in the curves
Fig. 3 correspond to the doses which create the selected d
age concentration levels.

After irradiation to create the damage concentrat
level D1, practically all the carriers are captured by the tra
ping centers. In the case of D2, a weak hopping conduc
is established in the region comprising the peak of the da
age profile, where the damage concentration is higher.
both D1 and D2 cases, the Rs values are in the range o
108–109 V/h. After irradiation to create damage concentr
tion D3, a significant hopping conduction is established,
sulting in Rs values of' 106 V/h.

The doses of1H1, 4He1, and11B1 required to produce
the damage levels D1, D2, and D3 are quoted in Table I

The evolution of Rs after post-irradiation annealing i
shown in Figs. 4~a!, 4~b!, and 4~c!, respectively, in samples
irradiated with1H1, 4He1, and11B1. It is interesting to note
that the evolution of Rs with the annealing temperature afte
irradiation to a similar damage concentration level~D1, D2,
or D3! is practically similar, irrespectively of the mass of th
used ion.

For D1 case, the stability of the isolation is restricted
temperatures below 200 °C. Above'200 °C, a sudden de
crease of Rs of 2–3 orders of magnitude is observed. Anoth
annealing stage starting at 400 °C is apparent in the
curves.

Some peculiarities of the defect annealing in a sam
irradiated to a low dose are disclosed from the data show
Fig. 5. Curves~1! and~2! in Fig. 5 represent respectively th
ns andm values obtained in a Van der Pauw device irradia
to a 1H1 dose slightly lower than that corresponding to D
case. It is clearly apparent the remarkable increasing of b
ns andm in the temperature range of 200–300 °C. This a
nealing behavior can be explained assuming annihilation
acceptorlike compensation centers. The increase of bots

andm results respectively of electron liberation and redu
tion of the concentration of charged scattering centers. P
et al.14 using deep level transient spectroscopy~DLTS! in
GaAs irradiated with 1 MeV electrons reported a pronounc
annealing stage beginning at the same temperature. T

ate

TABLE I. The doses of H2, He1, and B1 used to create the specific damag
levels D1, D2, and D3.

H He B
@cm22# @cm22# @cm 22#

D1 2.631013 2.431012 7.531011

D2 5.031014 5.031013 5.331012

D3 4.431015 3.031014 4.631013
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 [This a
authors interpreted the annealing mechanism as annihila
of simple intrinsic defects like vacancy-interstitial pairs
vacancy-antisite defect pairs. Considering that the GaAs anti-
site defects are double acceptors,15 their annihilation would
produce the observed enhancement of ns. Probably the
GaAs antisites recombine with VGa vacancies at temperature
above 200 °C.

The height of the steps at 200–300 °C in the Rs curves
of Figs. 4~a!–4~c! decreases with the increasing of the i
mass. This seems to be related to the structure of the c
sion cascade. The collision cascades becomes denser
lesser amount of simple defects as the ion mass increa
Considering this annealing stage as associated to annihila
of simple intrinsic defects,14 its contribution to the recover
ing of the conductivity is expected to decrease with the
creasing of the ion mass.

The annealing stage beginning at 400 °C promotes
hancement ofm without increasing of ns @see curves~1! and
~2! in Fig. 5#. Apparently, annealing of charged scatteri
centers without net carrier liberation is taking place. A m
credible explanation for this phenomenon is the annihilat
of defect pairs composed by an ionized donorlike defect
a negatively charged one.

FIG. 4. The evolution of Rs with the temperature of the post-irradiatio
annealing in samples irradiated with H1 at 50 keV~a!, He1 at 80 keV~b!,
and B1 at 150 keV~c!. The ion doses were chosen to create the spec
defect concentration levels D1, D2, and D3.
J. Appl. Phys., Vol. 81, No. 2, 15 January 1997
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The change ofm21, which is proportional to variation of
the concentration of charged scattering centers, was plo
versus the inverse of the temperature of the annealing~plot
not shown!. Them values were obtained in Van der Pau
devices irradiated with H1 ~D1 case! and subsequently an
nealed at temperatures in the range from 400 to 500 °C.
straight line fitting to the data provided an activation ener
of 0.5160.02 eV for the annealing of the charged scatter
centers. This value agrees quite well with the migration
ergy of the As interstitial~Asi).

16 Presumably, the annealin
at 400–500 °C arises from the recombination of Asi

1 ~ion-
ized donors! with negatively charged As vacancies~VAs

2 ).
Remarkable effects on the thermal stability of the iso

tion are introduced when the damage concentration leve
creases from D1 to D2~see Fig. 4!. For the samples irradi-
ated to the D2 damage level, the interval of temperature
which the isolation persists extended to 550–600 °C. Abo
'550–600 °C there is a sharp decrease of Rs toward its
original value.

This annealing behavior closely correlates with those
served in previous works.17,18 Wörner et al.17 reported a
sharp decrease of the AsGa

41 electron spin resonance signal
neutron irradiated GaAs, after annealing at temperatu
above 500 °C. Martinet al.18 demonstrated that temperatur
in excess to 550 °C are required to anneal most of the d
age in GaAs irradiated with B1 to doses in the range o
1013–1014 cm22.

Considering that the AsGa antisite annihilates via recom
bination with VAs it is conceivable to assume that this a
nealing stage is assisted by thermally generated VAs . The
possible sources for VAs generation are:~i! the sample sur-
face where significant As loss is expected to occur dur
capless post-irradiation annealing and,~ii ! the dissolution of
defect complexes.

In a separated experiment, samples capped with 50-
thick Si3N4 layer were irradiated with H1 to a dose corre-

c

FIG. 5. Sheet carrier concentration ns @curve~1!# and effective Hall mobility
m @curve ~2!# for a GaAs sample with an original Rs of 300V/h, subse-
quently irradiated with H1 at 50 keV and dose 331013 cm22 and isochroni-
cally annealed for 300 s at different temperatures. The original value
ns andm are 1.3631013 cm22 and 1910 cm2/V s, respectively.
653Souza, Danilov, and Boudinov
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 [This a
sponding to D2 damage concentration level and anne
together with capless ones. Besides the lower As loss f
the capped surface, identical Rs values were found in the
capped and capless annealed samples. This result indi
that the contribution of the surface to the generation of VAs is
negligible. Very likely, VAs and VGa are generated predom
nantly from the thermal dissolution of complex lattice d
fects in samples submitted to high dose irradiation.

The essential process for electron liberation is the an
hilation of acceptor defects, like the GaAs antisite. This an-
nihilation reaction involves VGaand is supposed to occur at
much lower temperature~at >200 °C!. The simple defects
predominate the irradiation damage. Consequently, in
dose irradiated samples, like D1 case, low temperature
nealing is able to liberate most of the captured carriers. H
ever, in samples irradiated to higher doses the residual t
ping centers after annealing~200 °C,T,500 °C! consist of
complex defects. Depending on the irradiation dose, th
concentration may be high enough to keep the majority
the carriers captured. This would explain the lack of the
nealing stage at 200 °C in the D2 and D3 curves of Fi
4~a!–4~c!. Annealing temperatures in excess to 500 °C
required to dissolve the defect complexes and generate
vacancies necessary for annihilation of the antisites.

For technological applications, the hopping conduct
in samples irradiated to the highest doses~D3 case! has to be
suppressed in order to attain high isolation between devi
An annealing performed at 400–550 °C is then required
obtain best isolation@see curves D3 in Figs. 4~a!–4~c!#. The
hopping conduction ceases when the defect concentratio
slab II, and very likely in slab I also, becomes sufficien
low such that the distance between the defects is la
enough to preclude carrier hopping.

In spite of the higher damage concentration level in
case compared to D2 one, only a marginal improvemen
'50 °C is observed in the thermal stability of H1 and He1

irradiated samples. In the case of B1 irradiation no improve-
ment is observed.

Based in the present study, we propose the concept
the isolation persists while the density of electron traps in
n-type GaAs layer exceeds that of the original carriers. In
case of an irradiation to a dose which creates a damage
centration comparable to that of carriers~D1 case!, the an-
nealing of even a small fraction of the electron trap conc
tration ~at '200 °C! leads to carrier liberation and henc
significant reduction of the Rs. In the case of D2, the trap
concentration in the doped layer is about one order of m
nitude higher than in the case of D1, as estimated by the d
ratios. This fact reflects in a higher thermal stability for t
case of D2 compared to D1 one.

In the case of D3, the damage concentration is about
order of magnitude higher than in D2. However, the anne
ing kinetics at 550–650 °C is so high that the addition
damage concentration produces, if any, a marginal impro
ment in the thermal stability of the isolation.

IV. SUMMARY AND CONCLUSIONS

Initially, the evolution of the sheet resistance with t
ion dose inn-type GaAs layers was analyzed in terms of t
654 J. Appl. Phys., Vol. 81, No. 2, 15 January 1997
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depth distribution of the irradiation damage. Subsequen
the thermal stability of the isolation after irradiations wi
ions of different mass, which form almost similar depth d
tribution of the damage was investigated. Three spec
damage concentration levels labelled as D1, D2, and
were considered in the present study.

For a damage concentration which conducts to the on
of the isolation~D1!, the stability is restricted to tempera
tures below 200 °C. We argue that this annealing stage
sults from reaction between simple isolated defects,
GaAs acceptors and VGa. At 400 °C, another annealing stag
leads to the enhancement of the mobility without the incre
of the carrier concentration. Very likely it proceeds via a
nihilation of charged scattering centers.

In the samples where a slightly hopping conduction
apparent~D2 case!, the thermal stability of the isolation ex
tends to temperatures of'550–600 °C. We argue that com
plex defects dissolution at temperatures above 550 °C ge
ate the vacancies which react with the antisite defe
causing their annihilation.

Further increase of irradiation dose by another order
magnitude~D3 case! produces, if any, only a marginal im
provement of the thermal stability.

In contrast with previous publications,1,11 no significant
mass effects influencing the thermal stability were found
the present work. The damage concentration is the main
rameter influencing the thermal stability of the electrical is
lation.

For application purposes, the dose corresponding to
damage level D2 leads to the highest isolation without
manding post-irradiation annealing. In addition, the therm
stability is comparable to those in samples irradiated to do
which lead to significant hopping conduction.
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