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Formation of electrical isolation inn- and p-type In0.49Ga0.51P epitaxial layers grown on
semi-insulating GaAs substrates was investigated using proton or helium ion irradiation. Sheet
resistance increases with the irradiation dose, reaching a saturation level of'109 V/h. The results
show that the threshold dose necessary for complete isolation linearly depends on the original carrier
concentration either inp- or n-type doped InGaP layers. Thermal stability of the isolation during
postirradiation annealing was found to increase with accumulation of the ion dose. The maximum
temperature at which the isolation persists is>500 °C. © 2002 American Institute of Physics.
@DOI: 10.1063/1.1506200#
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I. INTRODUCTION

Structures consisting of an epitaxial In0.49Ga0.51P layer
grown matched on GaAs are promising for the fabrication
microelectronic and optoelectronic devices, such as het
junction bipolar transistors~HBTs! with wide-band-gap
emitters1 and laser structures composed by InGaP/GaAs c
fining layers and InGaAs quantum well active regions.2

An important subject, which is related to fabrication
devices using such structures, is electrical isolation. For
ample, it is necessary to prepare highly resistive regions
electrical separation of individual devices on the sem
insulating GaAs substrate. Mesa etching3 of InGaP conduc-
tive layers is the simplest method to obtain isolation. Ho
ever, in order to attain highly resistive isolated regions
etching is usually deep, leading to a lack of planarity in t
structures, which may cause device failure associated
the breaking of metal connections. Additionally, a de
etched layer in laser structures causes discontinuity of
effective refractive index in GaAs waveguides.

Electrical isolation of III–V semiconductors formed b
introduction of a controlled concentration of point defec
from light ion irradiation is a well-established technique4

Besides the efficiency of this method to obtain highly is
lated layers, it has the additional advantage of keeping
planarity of the isolated structures.

Highly resistive regions can be produced by irradiati
of n- and p-type InGaP layers using light mass ions.5–8

Some trends can be noted in the published data, which
similar to that observed in irradiated GaAs.9 For example,
the dose required to obtain maximum sheet resista
~threshold dose for complete isolation,D th) in InGaP de-
creases with increasing of ion mass@from 131014 cm22 for
He1 ions ~Ref. 6! to 531012 cm22 for B1 ions ~Ref. 5!#,
and the sheet resistance (Rs) decreases with hopping con
duction after irradiation with doses well aboveD th .6,7 How-
ever, it is difficult to make a comparative analysis of t

a!Electronic mail: henry@if.ufrgs.br
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results from previous reports,5–8 because they employed ca
rier concentrations in a narrow range (0.1– 1.131018 cm23

for n-type samples and 1.0– 4.231018 cm23 for p-type
samples!, InGaP layers of different thickness, and ions
different mass and energy.

During a postirradiation annealing the formed isolati
in irradiated InGaP was observed to persist up to temp
tures in the range of 400– 600 °C.6,7 However, factors that
determine the thermal behavior ofRs in irradiated InGaP
layers and the dependence ofD th on the original carrier con-
centration in the InGaP layers were not presented in the p
lications.

Although ion irradiation has been used for the formati
of highly resistive regions in InGaP wide-band-gap emitt
of HBTs,10,11 a deeper understanding of this method is urg
to extend its application to other devices, such as, for
ample, Al-free heterostructure quantum well lasers with
GaP cladding layers.

In the present article, a systematic investigation on
dependence of the threshold dose for isolation with the do
or acceptor original concentration in InGaP/GaAs structu
and their thermal stability is reported.

II. EXPERIMENTAL DETAILS

The InGaP layers were grown on semi-insulating Ga
substrates of~100! orientation using chemical beam epitax
in a Riber 32 system. Before the epitaxial growth, the surf
oxide was desorbed at 590 °C during 20 min under As3

flow. The doped In0.49Ga0.51P layers were epitaxially grown
on a 0.3mm undoped GaAs buffer layer at the temperature
540 °C (n-type! or 500 °C (p-type! with a growth rate of
>1 mm/h. Solid silicon or beryllium was evaporated fro
effusion cells at temperatures in the range of 1050–1200
700– 850 °C, respectively, forn- andp-type doping. Details
of the electrical properties and crystal structure of the InG
layers produced using the present method have been
scribed elsewhere.12
1 © 2002 American Institute of Physics
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Wafers of three different structures were prepared
named as A, B, and C. Structure A contains a 0.85-mm-thick
InGaP p-type layer with hole concentration (p0) of
131018 cm23. Structure B comprises an-type 0.8-mm-thick
InGaP layer with electron concentration (n0) in the range
from 531016 to 1.231019 cm23. Structure C contains a
p-type 0.4-mm-thick InGaP layer with hole concentration
the range from 3.131017 to 1.831019 cm23. The wafers
were cleaved in pieces to obtain rectangular resistors
336 mm2. For the Ohmic contacts to thep-type resistors
In–Zn~2%!, strips of >330.5 mm2 of area were manually
applied on the InGaP surface, close to the 3 mm border
the sample. In the case ofn-type resistors, a similar proce
dure using In was adopted. The contacts were alloyed
450 °C for 5 min in N2 flow. The In or In–Zn~2%! contact
layers provided a mask, which protected the underneath
gion from the ion irradiation.

The ion energies were chosen based on simulated d
age profiles using the TRIM code.13 Displacement energie
of 7, 9, and 9 eV were assumed in the simulations, resp
tively, for In, Ga, and P.14 The ion irradiation steps wer
performed with the samples kept at nominal room tempe
ture, using ion current density in the range
0.005– 0.3mA/cm2. In order to minimize channeling effects
the sample surface normal was tilted 7° with respect to
beam incidence direction and rotated 25° with respect to
^110& direction.

TheRs values were measured after each dose step u
a Keithley 617 electrometer without breaking the vacuum
the target chamber. The resistors used in the postirradia
annealing study were irradiated to a single dose step.
postirradiation annealing cycles were performed in argon
mosphere, using a halogen lamp rapid thermal annealing
nace. The annealing cycles employed a heating rate
50 °C/s and time duration of 60 s.

III. RESULTS AND DISCUSSION

Figure 1 shows the evolution ofRs in a p-type resistor of
structure A during proton irradiation at the energy of 2
keV. The evolution ofRs in the InGaP resistor proceede
quite similarly to the ones previously observed in t
GaAs ~Ref. 15! and InP resistors.16 For doses below
131014 cm22, Rs remains practically constant at the valu
of '23104 V/h. However, in the dose range of 1.5
2.531014 cm22, Rs sharply increases by about four orde
of magnitude. The increase ofRs should be attributed to
carrier trapping at the irradiation damage centers and de
dation of carrier mobility in the InGaP layer. For this samp
a dose of 2.531014 cm22 corresponds to the isolatio
threshold dose. It is expected that for doses>D th all the
carries in the InGaP layer have been trapped already.
explains the formation of a plateau in the curve, extend
from a dose of 2.531014 to 531014 cm22. The Rs value
('109 V/h) in the plateau is determined by parallel co
duction paths through the undoped GaAs buffer layer and
SI–GaAs substrate. For doses>531014 cm22 the damage
concentration becomes high enough to permit carrier tra
port via hopping conduction, causing a decrease ofRs .
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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Figure 2 shows the evolution ofRs in resistors of struc-
ture B during irradiation with He ions at the energy of 27
keV. Curves~1!–~4! were obtained from samples withn0 of
4.831016, 6.131017, 2.131018, and 1.231019 cm23, re-
spectively. One can note the shift ofD th toward higher values
with the increase of the original carrier concentration. T
phenomenon will be discussed later in the text. Another
teresting peculiarity is the close match of all the curves in
region where the resistivity is dominated by hopping cond
tion. It can be understood considering that in all samples

FIG. 1. Evolution of the sheet resistance in ap-type InGaP resistor of
structure A during irradiation with protons at the energy of 240 keV.

FIG. 2. Evolution of the sheet resistance inn-type InGaP resistors of struc
ture B during irradiation with He ions at the energy of 270 keV. The origin
electron concentrations in the resistors are 4.831016 cm22, and 6.131017,
2.831018, and 1.231019 cm23, respectively, for the curves~1!, ~2!, ~3!, and
~4!.
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hopping conduction takes place in the GaAs substrate m
rial where the peak of the damage concentration depth pr
is located. The monotonic decrease ofRs value in the pla-
teaus with the increase ofn0 is a phenomenon for which w
do not have a plausible explanation at this moment. Fur
work needs to be undertaken in order to clarify this poin

The evolution ofRs in p-type resistors~of structure C!
during He ion irradiation is presented in Fig. 3 forp0 values
of 3.131017 @curve ~1!#, 5.431018 cm23 @curve ~2!#, and
1.831019 cm23 @curve ~3!#.

Similarly to what was observed inn-type resistors~see
Fig. 2!, curve~1! of Fig. 3 presents the three distinct regio
as discussed above. However, in curves~2! and~3! of Fig. 3
the plateaus are absent. It can be explained considering
heavy doping level of these samples, for which the cor
spondingD th values are higher than the onset dose for h
ping conduction in the underneath GaAs damage layer.

The D th values obtained from the data in Figs. 2 and
respectively, forn- and p-type resistors, are plotted versu
the original carrier concentration (n0 or p0) in Fig. 4. A
unique linear relationship was found that fits closely the d
points obtained from bothn- and p-type InGaP layers. It
indicates that there is a direct proportion of the carrier c
centration and the required minimum damage concentra
to capture all carriers.

Considering that the observed behavior ofRs during
dose accumulation is quite similar to those observed in G
~Ref. 15! and InP,16 it is plausible to presume that the carri
trapping in the InGaP material is also performed by antis
defects (PGa, PIn , GaP, and InP) and/or their related defec
complexes created in the replacement collisions. For
n-type (p-type! InGaP the GaP and InP (PIn and PGa) antisite
defects and/or antisite related defect complexes should c
pose the electron~hole! traps. From the data in Fig. 4 on

FIG. 3. Evolution of the sheet resistance inp-type InGaP resistors of struc
ture C during irradiation with He ions at the energy of 270 keV. The origi
hole concentrations in the resistors are 3.131017, 5.431018, and
1.831019 cm23, respectively, for curves~1!, ~2!, and~3!.
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can infer that for each single 270 keV He ion abo
'1.5– 2.03105 carriers are removed per cm along the dep
in the InGaP layer. On the other hand, according to TR
~Ref. 13! code simulation, each single 270 keV He ion pr
duces '33105– 43105 replacement collisions per cm
Consequently,>260.5 replacement collisions are necessa
for the capture of each single carrier in the InGaP materia
should be pointed out that this estimate is rather rough
cause the damage distribution is not constant along the d
of the InGaP layer.

The obtained number of>260.5 replacement collisions
per carrier captured fits reasonably well the one that
would expect according to the following reasoning. In III–
compound semiconductors of similar displacement energ
25% of all replacement collisions result in VIII antisite de-
fects and 25% in IIIV antisite defects. By another side, th
VIII (III V) antisite defect is a double hole~double electron!
trap. Consequently, the ratio of replacement collisions a
captured carrier should be 2, which reasonably agrees
the observed number (>260.5).

The estimate number of replacement collisions per c
tured carrier can be useful whenD th from irradiation runs
involving ions of different masses and energies need to
compared. For example, according to TRIM~Ref. 13! code
simulation irradiation with 240 keV protons produces a
placement concentration in the InGaP layer'35 times lower
than that of 270 keV He ions, at the same dose. Taking fr
Fig. 4 theD th value corresponding to a carrier concentrati
of 131018 cm23 for structure A and multiplying it by 35 one
obtains >2.131014 cm22. This estimated D th value
agrees satisfactorily with the experimental one
>2.531014 cm22 ~see Fig. 1!.

An important issue concerning application of the ion
radiation process to device fabrication technology is the th
mal stability of the isolation during postirradiation annealin
In the present study the thermal stability in structures

l

FIG. 4. Experimental values of the threshold isolation dose versus the o
nal carrier concentration inp-type ~open circles! andn-type ~closed circles!
InGaP resistors for He ion irradiation at the energy of 270 keV.
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irradiated to different proton doses at the energy of 240 k
was investigated. The doses were chosen~see Fig. 1! in the
leading edge ofRs versus dose curve (231014 cm22 or 0.8
D th and 2.231014 cm22 or 0.9D th) at the beginning of the
plateau (2.531014 cm22 or D th) and in hopping region of
the curve (231015 cm22 or 8D th).

The effects of the postirradiation annealing cycles onRs

are shown in Fig. 5. In the samples irradiated with do
<D th , four stages of annealing are apparent@see curves~1!
and ~2! in Fig. 5#. In the temperature range of 20– 100 °
there is essentially no variation ofRs . In the temperature
range from 100 to 300 °C a monotonic and gradual decre
of Rs ('1 order of magnitude! is observed. Above 300 °C,
sudden decrease ofRs by 2–4 orders of magnitude occur
Another annealing stage starts at 400 °C and leads to
restoration of the originalRs value.

In the sample irradiated toD th , the temperature rang
where the isolation persists is restricted to values be
'300 °C @see curve~3! in Fig. 5#. In the temperature rang
of 350– 400 °C there is an abrupt recovery ofRs by 3–4
orders of magnitude. A second annealing stage in the t
perature range of 500– 600 °C recovers the originalRs value.

Remarkable enhancement in the isolation stability is
served when the dose is increased to 8D th @see curve~4!#. In
the temperature range of 100– 300 °CRs increases mono
tonically. This behavior results from a progressive annea
of the radiation damage responsible for hopping conduct
Above 300 °C the hopping conduction has been extinguis
already and thenRs is maintained at its highest level o
'109 V/h. However, in the temperature range
500– 600 °C a sharp decrease ofRs occurs with a complete
recovery of its original value.

The data plotted in curves~1!–~4! of Fig. 5 clearly indi-
cate that there are two main annealing stages starting at

FIG. 5. Evolution of the sheet resistance with the temperature of the po
radiation annealing in samples of structure A after irradiation with proton
the energy of 240 keV. The doses are 231014 cm22 for curve ~1!,
2.231014 cm22 for curve ~2!, 2.531014 cm22 for curve ~3!, and 231015

cm22 for curve ~4!.
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peratures of>300 and 500 °C. Considering that PIn and PGa

are donor-like antisite defects, their annealing would prod
the observed decreasing ofRs , due to the release of th
captured holes. One should consider that the PIn and PGa

antisite defects have the same first-neighbor structure. B
consist of a P atom connected to four other P atoms by
valent bonds. The existence of two main annealing temp
tures very likely suggests that other defect structures are
ing place for carrier capture, like for example, antisite rela
defect complexes.

IV. CONCLUSIONS

The formation of electrical isolation in InGaP/GaA
structure via light mass ion irradiation and the thermal s
bility of the formed isolation during postirradiation annealin
were investigated.

The behavior ofRs during the dose accumulation i
InGaP layers is quite similar to those already observed
irradiated GaAs~Ref. 15! and InP.16 The threshold dose fo
isolation was found in direct proportion with the origin
carrier concentration in the InGaP layer, irrespectively of
conduction type of the layer. According to TRIM code sim
lation and data in Fig. 4 the threshold for isolation is attain
when an ion dose, which produces>260.5 replacement
collisions per carrier in the InGaP layer, is accumulated. O
results suggest that antisite and/or antisite related de
complexes are the carriers trapping centers in InGaP m
rial, similarly to what was inferred for GaAs~Ref. 15! and
InP ~Ref. 16! materials.

The thermal stability of isolation was found to increa
with the irradiation dose. A significant improvement in th
thermal stability was obtained in samples irradiated to
dose of 8D th . In these samples the isolation is maintained
to 500 °C, which seems adequate for most of the technol
cal applications.
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