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Electrical isolation of p-type GaAs layers by ion irradiation
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The electrical isolation gb-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 isol&mation threshold dose,

Dyn) in layers doped with either Mg or C of comparable original sheet hole concentratjpnThis

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<d@sgs the sheet resistance
(Rg) increases during annealing at temperatusel)0 °C, reaches a maximum at200 °C, and

then decreases progressively toward the original value. For proton doses rangirgyfrtmbDyy, ,

the isolation is preserved up to the temperature=&00 °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
100Dy,. © 2002 American Institute of Physic§DOI: 10.1063/1.1469693

I. INTRODUCTION lation process are not completely understood at present and
systematic investigations relating to the isolationpefype
Compound semiconductors are currently employed inGaAs layers have only been sporadically reported in the lit-
the fabrication of optoelectronic devices and integrated cirerature.
cuits (ICs) for high frequency operation. In addition to these In previous studieswe reported on the light ion irradia-
applications, compound semiconductor devices and ICs angon of n-type GaAs layers. The threshold dog,(, i.e. the
especially appropriate for use in harsh environments, such aswest dose which converts a conductive layer to a highly
the outer space where electromagnetic and particle radiatiosistive one, was found to closely correlate with the esti-
are present. mated number of lattice atom displacements along the depth
In group llI-V compound semiconductor technology, in the doped layer. We found that the threshold doses are
ion implantation has two major applications, doping andquite similar for irradiation conducted in the temperature
electrical isolation. The latter application is called implanta-range from—100°C to 220°C' in spite of the enhanced
tion induced isolation or isolation by ion irradiation. Irradia- dynamic annealing in the latter case. Antisite defects created
tion with appropriate ion doses is used to convert a condudby the replacement collisions and/or their related defect com-
tive layer to a highly resistive one or to improve the isolationplexes were considered to be carrier trapping centers, by vir-
between neighbor devices in ICs. It is assumed that the isdue of their low sensitivity to dynamic annealing.
lation is provided by carrier trapping at deep energy levelsin ~ The thermal stability of the electrical isolation oftype
the forbidden band gap associated to the irradiation damagdayers after irradiation withH™, “He™, and'B™ has been
(defect isolatiohor to specific impurities used for irradiation addressed. Specific doses and energies were chosen for
(chemical isolation'? Since the defect isolation process is these ions in order to produce approximately similar damage
much more versatile and simpler than chemical isolation, idepth profiles. It was verified that the thermal stability of the
is preferred for industrial applications. isolation depends primarily on the concentration of the irra-
Isolation by ion irradiation is normally conducted using diation damage and only slightly on the ion mass. The sta-
light mass ionsH*, He", B*, O", etc), since their pen- bility of the isolation during post-irradiation thermal anneal-
etration depths at the energies provided by industrial iming increases progressively with the increase of the irradiated
planters are satisfactory for the majority of the applicationsdose. For a fixed dose a higher stability of the isolation oc-
The doses are generally low<(L0** cm™?) because for each curs in samples having a lower original carrier
ion tens or hundreds of carriers are removed. The activeoncentratio:® Fewer investigations have been published
areas of the devices can be easily protected against the ioagarding the electrical isolation gi-type GaAs by ion
irradiation by photoresist or dielectric thin films. The degreeirradiation’® It was verified that the isolation af-type and
of electrical isolation after ion irradiation and low tempera- p-type GaAs layers of similar original sheet carrier concen-
ture annealing (100—500 °C) is even superior to those protration is attained after implantation of almost identical
vided by mesa structures. Furthermore, in contrast to mestreshold doses of H or He iofisThis result was explained
isolation the planarity of the surface is preserved by the iorassuming that conduction electrons and holes are trapped,
irradiation. Despite the wide industrial use of isolation by ionrespectively, by acceptor and donor centers, these centers
irradiation, the physical mechanisms involved with the iso-being related to Ga and As antisites. Because the displace-
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ment energies of Ga and As are almost equivalesqual 10"
concentrations of both antisite defects form in the collision 10°F | ——Mg" - ]
cascades and hence equal concentrations of electron and hole Z b —e—
traps are created. g oy ]
In the present study the isolation and thermal stability of 810"k N, ]
isolation are compared ip-type GaAs layers doped with Mg % 10°F ]
and C, with acceptor impurities incorporated, respectively, in &"3 10°k ]
the Ga and As sublattices. g
S 10F eeeee J D1 |D2  |D3 !
Il. EXPERIMENT 1013010 o0 10% 10° 10" 10° 10° 10"
Semi-insulatedSl) LEC GaAs wafers of100) orienta- Irradiated Dose (cm”)

tion were gsed throughout this work. After cleaning, the WAL 1 Evolution of the sheet resistance in Mg and C dopésipe GaAs
fers were implanted at room temperatRT) at the energy resistors during irradiation with Hat 400 keV. The doses D1, D2, and D3
of 900 keV with ?Mg* to the dose of 2.510% cm? used in the thermal stability experiment are shown.

(sample ) or with Y2C™ to the dose of % 10* cm™? (sample

II). The defect annealing and dopant activation were per-

formed by caples§GaAs proximity rapid thermal annealing
(RTA) at 950°C for 10 s. From electrical measurements i
Van der Pauw devices the sheet resistaritg @nd sheet
hole concentrationf() values obtained in sample | are 1.9
kQ/sq and 2. 10" cm 2, respectively, corresponding to
an electrical activation of 80% of the implanted Mg dose. In
sample Il theRg and pg values are of 7.5 ®/sq and 1.2

far hole concentration at the profile peak. The higher initial
value of Rg in the C doped resistor compared to that in the
Mg doped one is the result of its lower values @f and
effective mobility. During the dose accumulation from 1
X 10 cm™2 up to 1x 10" cm™ 2 there is a progressive in-
crease oRg in consequence of carrier trapping and mobility
%101 cmi2, respectively. The electrical activation of the degradatior’:® The dose for whiclR; just reaches its maxi-

implanted C dose was of 24%. Since C is an amphoterif’Um value 612><1Q9 /D) corresponds toDy,. This
dopant in GaA<® one could attribute the low C activation to maximum value oR; is established by the electrical conduc-

a possible acceptor-donor compensation. However, this pod©n through the underneath SI GaAs substrate. The accumu-

sibility is disregarded in the present work, since it was showration of the dose beyonBy, results in the formation of a
that the nonelectrically activated fraction of the implanted cPlatéau in the curves, since all the free carriers were trapped
dose during RTA remains neutdiResistors of rectangular 2/réady. The plateau ends when the concentration damage

geometry (6<3 mn?) were prepared from cleaved pieces of pecor_nes high er_10ugh for th_e onset of _intrada_mage conduc-
samples | and Il. Ohmic contacts were performed by manution via the hopping mechanistiAfter this, the increase of

ally applying In strips(0.5 mm wide, 3 mm longand sin- the irradiation dose leads to the increase of hopping conduc-
tering at 200 °C for 2 min. The In strips form mask, which tion and hence to a decreaseRy.

prevent isolation of the underneath contact regions. It is important to notice that th®y, values obtained in

The devices were irradiated at RT witH* at 400 key  the Mg and C doped layers are quite similar. Since C and Mg
to doses in the range of 5QL0Y cm~2—2.0x 106 cm 2 are acceptor dopants incorporated in different sublattices, it

is possible to conclude that the physical mechanisms respon-
ible for the isolation formation are not influenced by the
flopant sublattice position.
Estimated depth profiles of hole concentration in
samples | and Il are shown in Fig. 2. The profiles were ob-

with ion current density lower than 08A/cm?. The energy

of the proton beam was chosen to place the damage pe
well beyond the doped layer, such that the damage conce
tration varies slightly along the depth in the doped layer. In

order to minimize channeling effects the device surface nor=< 3 . ; . .
mal was tilted by 7° with respect to beam incidence directained from the TRIM® simulated implantation profiles after

tion. TheR values during dose accumulation were measurediormalization to the total number of electrically activated

. S . . . .
in situ after each dose step. The devices used in the posf{OMS, assuming uniform activation along the depth. The es-
irradiation annealing study were irradiated by a single dosdimated carrier concentrations at the profile peak in the Mg

step. TheR, measurements were performed in the dark usingnd ? dE’EEd samples are expected to be simila8 (-
a Keithley 617 electrometer. X 10" cm™?) and the peak positions approximately coinci-
Post-irradiation annealing cycles were performed in glent(1.15-1.25um). Included in the figure is the &g an-

RTA furnace in the temperature range from 100 to 700 °C isite_depth profile estimatétl for an irradiation to the

PO . -
with duration of 60 s in argon atmosphere. The temperaturdréshold dose (% 10" cm?). The region comprising the
was measured by a cromel-alumel thermocouple bonded fgeak of the carrier profile is the last one to become isolated

the sample susceptor and controlled with an accuracy dpecause of its higher carrier concentratioBonsequently,
+3°C by a closed loop control system. the minimum dose required to isolate the peak region is the

threshold isolation dose, already nanizg . One can note in
Fig. 2 that the estimated concentration ofcAsiround the
hole peak is approximately 2 times lower than that of hole

Figure 1 presents the evolution of tRg during proton  concentration, in close agreement with what is the expected
dose accumulation in Mg and C doped resistors, having simieonsidering the As, antisite a double donor centér.

Ill. RESULTS AND DISCUSSION
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is restricted to temperatures below 250 °C. Abev¥250 °C

a decrease oRg by 4-5 orders of magnitude is observed.
The increase of the dose from D1 to D2 resulted in remark-
] able improvements in the thermal stability. In the samples
irradiated to the dose D2 the isolation persists up to the tem-
perature of 450 °C or 600 °C in the Mg or C doped sample,
respectively. The different thermal stability of Mg and C
doped samples very likely would be attributed to the differ-
5 ences in the thermal behavior of point defects belonging to
the As and Ga sublattices. The increase of the irradiation
dose to 10D, (D3) leads to the decreasing Bf in conse-
quence of the hopping conduction in the highly damaged
FIG. 2. Estimated carrier profiles in Mg and C implanted samples. Tag As '€gion. During postirradiation annealing there is a progres-
profile simulated by TRIM for a dose of irradiation of<110™ cm™2 (H*, sive increase oRg with the increasing of the temperature up
400 keV) is included. to 500 °C, since the carrier hopping becomes less effective
as the damage is repaired. The temperature-660 °C is

o . . . . the upper limit for the isolation in samples irradiated to a
Thermal stability of the isolation was studied using three
ty 9 dose of 100y, .

different irradiation doses, labeled as D1, D2, and D3 in Fig.
1. In terms of Dy, these doses are: B10.29D,,, D2 |V. CONCLUSION
=5Dy,, and D3=100D,,). After irradiation to the dose D1,
the majority of the free carrier was captured by the trappinqJse
centers. In the case of D2, all the carriers were captured sin
the implanted dose is 5 times higher thHag, . After irradia-
tion to the dose D3, a significant hopping conduction Wasg
established, resulting in a decreasdrghby about two orders
of magnitude R,=10" /).

The evolution ofRg during postirradiation annealing is
shown in Figs. 8) and 3b), in samples doped with Mg and
C, respectively. For the D1 case, the stability of the isolatio
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In summary, carbon and magnesium doped samples were
d to study isolation formation and thermal stability after
cp?ostirradiation annealing irp-type GaAs layers. Using
-type dopants like C and Mg, which are incorporated in
ifferent GaAs sublattices, the influence of the dopant sub-
lattice position on the isolation formation process was stud-
ied. The Ag, antisite defects and/or antisite related defect
complexes formed in the collision cascades during ion irra-
diation were considered to be trap centers for the holes. It
Nwvas determined that the threshold dose for isolation does not
depend on the acceptor sublattice position. However, minor
; . r : . . differences in the thermal stability behavior were detected
(a) between C and Mg doped layers.
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