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Electrical isolation of p-type GaAs layers by ion irradiation
H. Boudinov, A. V. P. Coelho, and J. P. de Souza
Instituto de Fı´sica, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil

~Received 6 June 2001; accepted for publication 22 February 2002!

The electrical isolation ofp-type GaAs layers doped with acceptor impurities incorporated in the Ga
sublattice~Mg! or As sublattice~C! was studied using proton bombardment. It was found that
practically the same proton dose is required to reach complete isolation~isolation threshold dose,
Dth! in layers doped with either Mg or C of comparable original sheet hole concentration (ps). This
result is evidence that the sublattice where the acceptor dopant atoms are incorporated does not play
any significant role for the isolation formation process in GaAs. The behavior of the recovery of the
conductivity during subsequent thermal annealing was found very similar in Mg and C doped
samples irradiated to equal proton doses. In samples irradiated to doses,Dth , the sheet resistance
(Rs) increases during annealing at temperatures.100 °C, reaches a maximum at>200 °C, and
then decreases progressively toward the original value. For proton doses ranging fromDth to 5Dth ,
the isolation is preserved up to the temperature of'500 °C. The temperature of'700 °C was
found to be the upper limit for the thermal stability of the isolation in samples irradiated to doses of
100Dth . © 2002 American Institute of Physics.@DOI: 10.1063/1.1469693#
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I. INTRODUCTION

Compound semiconductors are currently employed
the fabrication of optoelectronic devices and integrated
cuits ~ICs! for high frequency operation. In addition to the
applications, compound semiconductor devices and ICs
especially appropriate for use in harsh environments, suc
the outer space where electromagnetic and particle radia
are present.

In group III–V compound semiconductor technolog
ion implantation has two major applications, doping a
electrical isolation. The latter application is called implan
tion induced isolation or isolation by ion irradiation. Irradi
tion with appropriate ion doses is used to convert a cond
tive layer to a highly resistive one or to improve the isolati
between neighbor devices in ICs. It is assumed that the
lation is provided by carrier trapping at deep energy levels
the forbidden band gap associated to the irradiation dam
~defect isolation! or to specific impurities used for irradiatio
~chemical isolation!.1,2 Since the defect isolation process
much more versatile and simpler than chemical isolation
is preferred for industrial applications.

Isolation by ion irradiation is normally conducted usin
light mass ions~H1, He1, B1, O1, etc.!, since their pen-
etration depths at the energies provided by industrial
planters are satisfactory for the majority of the applicatio
The doses are generally low (,1014 cm22) because for each
ion tens or hundreds of carriers are removed. The ac
areas of the devices can be easily protected against the
irradiation by photoresist or dielectric thin films. The degr
of electrical isolation after ion irradiation and low temper
ture annealing (100– 500 °C) is even superior to those p
vided by mesa structures. Furthermore, in contrast to m
isolation the planarity of the surface is preserved by the
irradiation. Despite the wide industrial use of isolation by i
irradiation, the physical mechanisms involved with the is
6580021-8979/2002/91(10)/6585/3/$19.00
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lation process are not completely understood at present
systematic investigations relating to the isolation ofp-type
GaAs layers have only been sporadically reported in the
erature.

In previous studies3 we reported on the light ion irradia
tion of n-type GaAs layers. The threshold dose (D th), i.e. the
lowest dose which converts a conductive layer to a hig
resistive one, was found to closely correlate with the e
mated number of lattice atom displacements along the de
in the doped layer. We found that the threshold doses
quite similar for irradiation conducted in the temperatu
range from2100 °C to 220 °C,4 in spite of the enhanced
dynamic annealing in the latter case. Antisite defects crea
by the replacement collisions and/or their related defect co
plexes were considered to be carrier trapping centers, by
tue of their low sensitivity to dynamic annealing.

The thermal stability of the electrical isolation ofn-type
layers after irradiation with1H1, 4He1, and11B1 has been
addressed.5 Specific doses and energies were chosen
these ions in order to produce approximately similar dam
depth profiles. It was verified that the thermal stability of t
isolation depends primarily on the concentration of the ir
diation damage and only slightly on the ion mass. The s
bility of the isolation during post-irradiation thermal annea
ing increases progressively with the increase of the irradia
dose. For a fixed dose a higher stability of the isolation
curs in samples having a lower original carri
concentration.5,6 Fewer investigations have been publish
regarding the electrical isolation ofp-type GaAs by ion
irradiation.7,8 It was verified that the isolation ofn-type and
p-type GaAs layers of similar original sheet carrier conce
tration is attained after implantation of almost identic
threshold doses of H or He ions.8 This result was explained
assuming that conduction electrons and holes are trap
respectively, by acceptor and donor centers, these cen
being related to Ga and As antisites. Because the displ
5 © 2002 American Institute of Physics
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ment energies of Ga and As are almost equivalent,9 equal
concentrations of both antisite defects form in the collis
cascades and hence equal concentrations of electron and
traps are created.

In the present study the isolation and thermal stability
isolation are compared inp-type GaAs layers doped with Mg
and C, with acceptor impurities incorporated, respectively
the Ga and As sublattices.

II. EXPERIMENT

Semi-insulated~SI! LEC GaAs wafers of~100! orienta-
tion were used throughout this work. After cleaning, the w
fers were implanted at room temperature~RT! at the energy
of 900 keV with 24Mg1 to the dose of 2.531013 cm22

~sample I! or with 12C1 to the dose of 531013 cm22 ~sample
II !. The defect annealing and dopant activation were p
formed by capless~GaAs proximity! rapid thermal annealing
~RTA! at 950 °C for 10 s. From electrical measurements
Van der Pauw devices the sheet resistance (Rs) and sheet
hole concentration (ps) values obtained in sample I are 1
kV/sq and 2.031013 cm22, respectively, corresponding t
an electrical activation of 80% of the implanted Mg dose.
sample II theRs and ps values are of 7.5 kV/sq and 1.2
31013 cm22, respectively. The electrical activation of th
implanted C dose was of 24%. Since C is an amphot
dopant in GaAs,10 one could attribute the low C activation t
a possible acceptor-donor compensation. However, this
sibility is disregarded in the present work, since it was sho
that the nonelectrically activated fraction of the implanted
dose during RTA remains neutral.11 Resistors of rectangula
geometry (633 mm2) were prepared from cleaved pieces
samples I and II. Ohmic contacts were performed by ma
ally applying In strips~0.5 mm wide, 3 mm long! and sin-
tering at 200 °C for 2 min. The In strips form mask, whic
prevent isolation of the underneath contact regions.

The devices were irradiated at RT with1H1 at 400 keV
to doses in the range of 5.031010 cm22– 2.031016 cm22

with ion current density lower than 0.3mA/cm2. The energy
of the proton beam was chosen to place the damage
well beyond the doped layer, such that the damage con
tration varies slightly along the depth in the doped layer.
order to minimize channeling effects the device surface n
mal was tilted by 7° with respect to beam incidence dir
tion. TheRs values during dose accumulation were measu
in situ after each dose step. The devices used in the p
irradiation annealing study were irradiated by a single d
step. TheRs measurements were performed in the dark us
a Keithley 617 electrometer.

Post-irradiation annealing cycles were performed in
RTA furnace in the temperature range from 100 to 700 °
with duration of 60 s in argon atmosphere. The tempera
was measured by a cromel-alumel thermocouple bonde
the sample susceptor and controlled with an accuracy
63 °C by a closed loop control system.

III. RESULTS AND DISCUSSION

Figure 1 presents the evolution of theRs during proton
dose accumulation in Mg and C doped resistors, having s
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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lar hole concentration at the profile peak. The higher init
value ofRs in the C doped resistor compared to that in t
Mg doped one is the result of its lower values ofps and
effective mobility. During the dose accumulation from
31010 cm22 up to 131014 cm22 there is a progressive in
crease ofRs in consequence of carrier trapping and mobil
degradation.3,5 The dose for whichRs just reaches its maxi-
mum value ('23109 V/h) corresponds toDth . This
maximum value ofRs is established by the electrical condu
tion through the underneath SI GaAs substrate. The accu
lation of the dose beyondDth results in the formation of a
plateau in the curves, since all the free carriers were trap
already. The plateau ends when the concentration dam
becomes high enough for the onset of intradamage con
tion via the hopping mechanism.12 After this, the increase of
the irradiation dose leads to the increase of hopping cond
tion and hence to a decrease ofRs .

It is important to notice that theDth values obtained in
the Mg and C doped layers are quite similar. Since C and
are acceptor dopants incorporated in different sublattice
is possible to conclude that the physical mechanisms res
sible for the isolation formation are not influenced by t
dopant sublattice position.

Estimated depth profiles of hole concentration
samples I and II are shown in Fig. 2. The profiles were o
tained from the TRIM13 simulated implantation profiles afte
normalization to the total number of electrically activat
atoms, assuming uniform activation along the depth. The
timated carrier concentrations at the profile peak in the
and C doped samples are expected to be similar (;3
31017 cm22) and the peak positions approximately coinc
dent ~1.15–1.25mm!. Included in the figure is the AsGa an-
tisite depth profile estimated13 for an irradiation to the
threshold dose (131014 cm22). The region comprising the
peak of the carrier profile is the last one to become isola
because of its higher carrier concentration.6 Consequently,
the minimum dose required to isolate the peak region is
threshold isolation dose, already namedDth . One can note in
Fig. 2 that the estimated concentration of AsGa around the
hole peak is approximately 2 times lower than that of h
concentration, in close agreement with what is the expec
considering the AsGa antisite a double donor center.14

FIG. 1. Evolution of the sheet resistance in Mg and C dopedp-type GaAs
resistors during irradiation with H1 at 400 keV. The doses D1, D2, and D
used in the thermal stability experiment are shown.
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Thermal stability of the isolation was studied using thr
different irradiation doses, labeled as D1, D2, and D3 in F
1. In terms of Dth these doses are: D150.25Dth , D2
55Dth , and D35100Dth!. After irradiation to the dose D1
the majority of the free carrier was captured by the trapp
centers. In the case of D2, all the carriers were captured s
the implanted dose is 5 times higher thanDth . After irradia-
tion to the dose D3, a significant hopping conduction w
established, resulting in a decrease ofRs by about two orders
of magnitude (Rs>107 V/h).

The evolution ofRs during postirradiation annealing i
shown in Figs. 3~a! and 3~b!, in samples doped with Mg an
C, respectively. For the D1 case, the stability of the isolat

FIG. 2. Estimated carrier profiles in Mg and C implanted samples. The AGa

profile simulated by TRIM for a dose of irradiation of 131014 cm22 ~H1,
400 keV! is included.

FIG. 3. Evolution ofRs with the annealing temperature inp-type resistors
irradiated with H1 at 400 keV and doses D150.25D th , D255D th , and
D35100D th for Mg ~a! and C~b! doped samples.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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is restricted to temperatures below 250 °C. Above'250 °C
a decrease ofRs by 4–5 orders of magnitude is observe
The increase of the dose from D1 to D2 resulted in rema
able improvements in the thermal stability. In the samp
irradiated to the dose D2 the isolation persists up to the t
perature of 450 °C or 600 °C in the Mg or C doped samp
respectively. The different thermal stability of Mg and
doped samples very likely would be attributed to the diffe
ences in the thermal behavior of point defects belonging
the As and Ga sublattices. The increase of the irradia
dose to 100Dth ~D3! leads to the decreasing ofRs in conse-
quence of the hopping conduction in the highly damag
region. During postirradiation annealing there is a progr
sive increase ofRs with the increasing of the temperature u
to 500 °C, since the carrier hopping becomes less effec
as the damage is repaired. The temperature of'650 °C is
the upper limit for the isolation in samples irradiated to
dose of 100Dth .

IV. CONCLUSION

In summary, carbon and magnesium doped samples w
used to study isolation formation and thermal stability af
postirradiation annealing inp-type GaAs layers. Using
p-type dopants like C and Mg, which are incorporated
different GaAs sublattices, the influence of the dopant s
lattice position on the isolation formation process was st
ied. The AsGa antisite defects and/or antisite related defe
complexes formed in the collision cascades during ion ir
diation were considered to be trap centers for the holes
was determined that the threshold dose for isolation does
depend on the acceptor sublattice position. However, m
differences in the thermal stability behavior were detec
between C and Mg doped layers.
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