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The evolution of sheet resistanceRs of n-type andp-type conductive AlxGa12xAs layers~x50.3,
0.6, and 1.0! during proton irradiation was investigated. The threshold doseD th to convert a
conductive layer to a highly resistive one is slightly different forn- andp-type samples with similar
initial free carrier concentration and does not depend on the Al content. The thermal stability of the
isolation, i.e., the temperature range for which theRs is maintained at'109 V/sq, was found to be
dependent on the ratio of the carrier trap concentration to the original carrier concentration. The
thermal stability of isolatedp-type samples is limited to temperatures lower than 450 °C. The
temperature of'600 °C is the upper limit for then-type samples thermal stability. ©2002
American Institute of Physics.@DOI: 10.1063/1.1427422#
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AlGaAs–GaAs is one of the most widely used com
pound semiconductor structures for a broad range of de
applications. High mobility of the electrons at the interfa
of modulation doped AlGaAs–GaAs heterostructures has
to the fabrication of high electron mobility transistors1

AlGaAs–GaAs structures are also widely used to fabric
heterojunction bipolar transistors2 and various kind of lasers
from edge emitting lasers to vertical cavity surface emitt
lasers.3 There is much interest in multiple section lase
which allow generation of picoseconds laser pulses.4 For this
purpose the carrier lifetime in the absorber section need
be minimized. This could be achieved by introducing da
age in the material, in order to create deep level centers
to decrease nonradiative lifetime. It is also necessary to e
trically isolate the gain and absorber sections. Both th
properties can be achieved by ion implantation. Proton
nitrogen bombardments of laser diode facets have b
reported.5

Ion implantation is an essential process for the prod
tion of modern compound semiconductor devices and
cuits and has been proven to be a successful method to
vert a conductive layer into a highly resistive one.6,7 Due to
its simplicity, precise depth control, and compatibility wi
planar technologies, ion implantation is a potential alter
tive for mesa etching. Selective masking of the semicond
tor surface with photoresist followed by ion irradiation is
efficient and practical way to isolate closely spaced devic8

The isolation of GaAs by ion irradiation has been stud
intensively.6–7,9–11The isolation results from the trapping o
free carriers by deep level centers that are not thermally
ized at device operating temperatures.

In this work, we study the formation of highly resistiv
layers by proton irradiation ofn- andp-type AlxGa12xAs. It

a!Author to whom correspondence should be addressed; electronic
henry@if.ufrgs.br
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was shown that the threshold dose to convert a conduc
layer to a highly resistive one and the thermal stability
irradiated AlGaAs do not depend on the Al content. In ad
tion to providing a better understanding of the physic
mechanisms responsible for electrical isolation, these res
can be used for choosing implant conditions necessary fo
effective electrical isolation of AlGaAs-based devices.

Semi-insulating VGF GaAs wafers of~100! orientation
were used in this work. Epitaxial layers of 4mm for p-type
and 2 mm for n-type AlxGa12xAs were grown using the
ANU metalorganic chemical vapor deposition reactor. In
der to prevent oxidation the samples were covered wit
GaAs capped layer of 20 nm. Samples with Al content ox
50.3, 0.6, and 1.0 were grown. An electron concentration
7.531016cm23 in the n-type samples was obtained by S
doping. Thep-type doping was achieved by background c
bon doping form the precursor trimethylaluminium. This r
sulted in different carrier concentrations for thep-type
samples with an initial free carrier concentration of
31016, 1.231017, and 1.931017cm23 for Al0.3Ga0.7As,
Al0.6Ga0.4As, and AlAs, respectively. This is mainly due t
strong Al–C bonding, leading to increased incorporation
C with higher Al content layers.

The samples were cleaved in pieces of 633 mm2 for the
preparation of resistors. The ohmic contacts were perform
by manually applying indium and sintering at'200 °C for 2
min. The prepared samples were irradiated with protons a
energy of 600 keV in the dose range of 131012– 1
31016cm22. The ion current density was 62 nA/cm2 and
irradiation took place at room temperature. Implantation
ergy was chosen to place the damage peak in the GaAs
strate, generating a uniform defect profile along the AlGa
layer depth. To minimize ion channeling the samples w
tilted 15° off the surface normal direction. The sheet res
tanceRs values were measuredin situ after each irradiation
step using a Keithley 617 electrometer.
il:
© 2002 American Institute of Physics
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The implanted samples were subjected to rapid ther
annealing in the temperature range of 100–650 °C, for 6
in an argon atmosphere. The annealing cycles were accu
lated in the samples. TheRs was measured in the resistors
room temperature in the dark.

Figure 1~a! shows the evolution ofRs in p-type AlGaAs
layers with the accumulation of the proton dose at the ene
of 600 keV in resistors with different Al contents. Durin
dose accumulationRs increases as a consequence of car
trapping and mobility degradation.11

The dose for whichRs reaches the maximum value
('53109 V/sq) is hereafter called the threshold dose
isolation D th . A similar sharp increase inRs has been ob-
served in all the samples, but the dose interval where it
curs shifts to higher doses proportionally with the initial fr
hole concentrationp. It is interesting to mention thatD th

depends linearly on the free carrier concentration but d
not depend on the aluminum content of the samples.
doses equal to or higher than the threshold dose there ar
free carriers in the doped layer.Rs saturates at its maximum
value, which is determined by the electrical conducti
through the underneath semi-insulating GaAs substrate.
current flows underneath and parallel to the isolated do
layer. The plateaus end when the damage concentratio
high enough to permit carrier transport via hopping cond
tion. Further dose accumulation leads to a decrease ofRs due
to an increase of hopping conduction.

Figure 1~b! shows the evolution of similar dose accum
lation in resistors with different Al content ofn-type layers.
Similarly to p-type samples, the nondependence of theD th

on the aluminum contents is even more clearly seen h

FIG. 1. Sheet resistance vs dose accumulation inp-type ~a! andn-type ~b!
AlGaAs layers with different Al contents. The ion current densityj and free
carrier concentrationsn or p are shown.
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due to the same initial free electron concentration of
samples. One resistor was irradiated with a much higher
rent density~930 nA/cm2!. Apparently, the threshold dose
are found to be practically insensitive to the ion current d
sity. The lack of influence of the beam current density sig
fies that the dynamic annealing does not play a role in
isolation process. After a careful analysis of the data in Fig
one can conclude that the threshold dose to convert a
ductive layer to a highly resistive one is slightly different f
n- and p-type AlxGa12xAs samples with similar initial free
carrier concentrations and does not depend on the Al con

It is interesting to compare these results with the pre
ously published damage buildup data for AlxGa12xAs of dif-
ferent Al compositions,12 where the amorphization thresho
increases with increasing Al content by more than 2 order
magnitude. This is due to strong dynamic annealing beha
increasing the Al content. The nondependence of the thre
old dose for isolation with the Al composition shows that t
defects responsible for the free carrier trapping are spe
kinds of defects, very stable at room temperature. The n
ral candidates with these characteristics are antisite defec
complexes.

The thermal stability of the implanted samples was st
ied using doses from different regions of the isolati
curves~See Fig. 1!. The isolation is considered to be stab
at a given temperature ifRs persists at'109 V/sq after
annealing at that temperature. Figure 2 presents evolu
of Rs with the annealing temperature of the implantedn-type
resistors using four different doses: 631013cm22

(D th); 331014cm22(5D th); 131015cm22(17D th), and 1
31016cm22(167D th).

In the sample irradiated with the lowest dose
31013cm22), Rs starts to decrease at'250 °C. Increasing
the dose to 331014cm22 the isolation persists up to 400 °C
The conductivity is enhanced by about 5 orders of magnit
during annealing at 450–550 °C. In the sample irradiated
the dose of 131015cm22 one can observe that the abov
mentioned annealing stages atT,500 °C are absent. The
isolation is stable up to 600 °C. After an irradiation to th
dose of 131016cm22, Rs is reduced to'107 V/sq due to
hopping conduction. A reverse annealing, i.e., the increas
Rs with annealing temperature, is observed in the tempe
ture range of 100–500 °C. The improvement of isolati
with temperature is explained by the progressive annea

FIG. 2. Thermal stability of the proton beam isolated layers ofn-type
Al xGa12xAs with x50.3 andx50.6, irradiated to different dosesD.
P license or copyright; see http://apl.aip.org/apl/copyright.jsp
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of the damage, which progressively removes the hopp
conduction.10 After annealing at 600 °C the highest degree
isolation was obtained. It is interesting to note in Fig. 2 th
resistors with different Al content~x50.3 and 0.6! have
similar temperature dependence for postirradiation ann
ing. Based on this result we may conclude that thermal
bility does not depend on the Al content of the isolated la
ers. Similar results are obtained forp-type AlGaAs.

Figure 3 compares the maximum temperature of stab
for isolatedn- andp-type AlGaAs~this work! with isolated
n10 andp-type13 GaAs. The general trend of this graph sho
that the thermal stability increases with an increase in d
ratio. After a dose of 8D th the thermal stability saturated
Any further increase in dose does not increase the ther
stability significantly. For GaAs the temperature depende
is quite similar forn- andp-type resistors. However, there
a significant difference of about 150 °C in the maximum te
perature of stability betweenp- and n-type AlGaAs. This
result, although not fully understood and requiring furth
investigation, gives an indication that the electrons and ho

FIG. 3. Maximum temperature of thermal stability vs the ratio of irradia
dose to threshold dose.
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are trapped by distinct defects with different thermal stab
ity.

The evolution of the sheet resistance of conduct
AlGaAs layers during proton irradiation and the stability
the formed isolation during postirradiation annealing we
studied. The threshold dose to convert a conductive laye
a highly resistive one and the thermal stability of irradiat
resistors do not depend on the Al content. The thermal
bility of isolation was found to increase with the increase
the proton dose. To achieve maximum thermal stabi
~450 °C forp-type and 600 °C forn-type AlGaAs!, the ratio
between irradiated dose and threshold dose should be at
8.
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