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COMMUNICATIONS

Electrical isolation and transparency in ion-irradiated
p-InGaPÕGaAs ÕInGaAs structures

I. Danilov,a) L. L. Pataro, M. P. P. de Castro, and N. C. Frateschib)

Instituto de Fisica ‘‘Gleb Wataghin,’’ Universidade Estadual de Campinas, 13081-970 Campinas,
SP, Brazil

~Received 3 July 2000; accepted for publication 21 September 2000!

He1-ion irradiation was applied for electrical isolation ofp-In0.49Ga0.51P in InGaP/GaAs/InGaAs
structures. Sheet resistance of approximately 13106 V/h was achieved with doses above 1
31013 cm22 at 100 keV. Thermal stability of isolation was maintained for annealing temperatures
up to 500 °C. Photoluminescence results show that InGaP transparency to InGaAs/GaAs
quantum-well emission is closely related to sheet resistance changes in the irradiated structure.
© 2000 American Institute of Physics.@S0021-8979~01!02401-X#

High-power aluminum-free laser structures based on an
InGaP/GaAs double heterostructure with a strained InGaAs
quantum-well active region are of great interest for erbium-
doped fiber amplifiers~EDFA!.1 Output power is limited by
mirror catastrophic damage caused mainly by optical absorp-
tion at the facets. Ion-implantation-induced quantum-well
disordering has been applied to reduce this damage.2 How-
ever, free-carrier absorption in the waveguide and cladding
layers at the facets is also important. Aluminum-free struc-
tures can also be used for high on–off switching-efficiency
three-terminal optical modulators.3 In these devices, insulat-
ing regions are needed along the injection stripes. Wet- and
dry-etching techniques4 provide a rather easy way for elec-
trical isolation. However, in order to attain sufficiently high
resistance between electrodes, a deep etching of the InGaP
material is required. This leads to discontinuity in the effec-
tive index of refraction along the GaAs waveguide and un-
wanted optical feedback.

Light ion irradiation is an established technique for elec-
trical isolation of III–V semiconductors. It has been shown
that ion irradiation of InGaP, similar to GaAs, is capable, in
principle, of producing high-resistivity regions inn- and
p-type layers.5,6 However, basic characteristics of ion-
irradiation isolation in InGaP remain unknown~for example,
threshold doses of isolation!. Again, it is not clear how ion
irradiation modifies the optical properties of InGaP, which is
treated with the necessary doses to achieve adequate high-
resistance value. In this communication, we examine some
of the electrical and optical properties ofp-InGaP material
after different stages of He1-ion irradiation.

The samples used in this work were grown by chemical-
beam epitaxy~CBE! on ann-type ~100! GaAs substrate. The

epitaxial structure from the substrate is as follows:n1-GaAs
buffer; n-InGaP ~1.05 mm, 131018 cm23); n-InGaP ~0.15
mm, 531017 cm23); undoped GaAs~0.10 mm!; undoped
In0.22Ga0.78As quantum well~7 nm! for an emission atl
50.92 mm at 77 K; undoped GaAs~0.10 mm!; p-InGaP
~0.10 mm, 231017 cm23); p-GaAs etch-stop layer~6 nm,
231017 cm23); p-InGaP ~50 nm, 231017 cm23); p-InGaP
~0.91 mm, 631017 cm23); p-InGaP ~0.19 mm, 131018

cm23); p1-GaAs ~0.1 mm, 331019 cm23), and contact
p11-GaAs layer~0.1 mm, .531019 cm23). The wafer was
cleaved in pieces of 336 mm2. Ohmic contacts at the edges
of the samples were formed by indium strips applied to the
p11-GaAs surface and alloyed at'200 °C for 2 min. The
p11- andp1-GaAs contact layers were removed from cen-
tral parts of the samples by wet etching. Sheet resistance of
unirradiated structures was about 23103 V/h.

The choice of He1-ion energy was based on calculations
of radiation-defect distributions by theTRIM code.7 Confin-
ing the radiation defects inside the InGaP layer without dam-
age to the InGaAs quantum well is of importance. For 100
keV He1 ions, the maximum defect density is located at a
depth of 0.54mm, and the radiation damage formation oc-
curs only within the InGaP layer. As He1-ion energy aug-
ments to 150 keV, the position of maximum defect moves to
0.72 mm. The calculated density of replacement collisions
for 150 keV irradiation is equal to 23102 cm21 at the
InGaAs quantum-well position.

In order to minimize ion channeling effects, ion irradia-
tion was performed with a 15° incidence angle with respect
to the sample surface normal. The ion current density was
maintained in a range of 5–20 nA/cm2. The sheet resistance
Rs values with He1-ion dose accumulation were measured
after each dose step. Indium contacts protect the contact re-
gion from irradiation damages.

Photoluminescence was performed at 77 K with the
sample immersed in liquid nitrogen. A 170 mW Ar1 laser
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beam,l50.514mm, and a spot size of approximately 100
mm was used for the optical excitation.

Figure 1 shows the measured sheet resistance versus
He1-ion dose accumulation. For doses,131012 cm22, the
sheet resistance increases slowly with the dose accumulation.
For doses between 131012 and 531012 cm22 an abrupt in-
crease inRs occurs. This buildup of sheet resistance results
from a progressive compensation of acceptors by deep-donor
defects introduced into thep-type semiconductor layer dur-
ing ion irradiation.8,9 Further dose accumulation has little
effect onRs , which seems to reach a plateau at'43105

V/h.
It is necessary to call attention to the values of theRs

level in this plateau. This saturation may be an effect of
parallel current paths either through a thin unirradiated
p-InGaP material, the GaAs cavity, or then-InGaP layer. The
first possibility above is evidence by the increase o the pla-
teau Rs to 4.93105 and 6.63105 V/h after additional 1
31013 cm22 dose irradiation with He1 ions of 120 and 150
keV, respectively. Given the linear character of the current
versus voltage dependence of the sheet resistance measure-
ment, transport in then-InGaP layer is very unlike. The typi-
cal GaAs cavity layer grown in our CBE system is uninten-
tionally p-type doped to 131015 cm23, which has a sheet
resistance in the order of 1.53106 V/h. Therefore, transport
through this layer limits our sheet resistance measurements.
We can say with reasonable confidence that with an ion-
irradiation dose above the thresholdDi'831012 cm22, the
InGaP sheet resistance is of the order of 106 V/h.

Figure 2 shows the photoluminescence~PL! spectra for a
sample with dose accumulations~A!, ~B!, and ~C!, as indi-
cated in Fig. 1. The inset in Fig. 2 shows the photolumines-
cence spectrum for the sample prior to irradiation where only
InGaP emission atl;6000 Å is observed. InGaP emission
is not observed for any of the irradiated samples. As the
irradiation dose increases, a corresponding increase in
quantum-well emission PL intensity at 9260 Å is observed.
He1 irradiation creates nonradiative centers in the InGaP
layer. Therefore, quantum-well excitation must, in the best
scenario, remain unchanged with ion irradiation. InGaP lay-

ers will block quantum-well emission mainly by free-carrier
absorption and/or photon scattering. A simple Lorentz–
Drude model for the doping concentration in the InGaP layer
gives a skin depth of 3600 and 1400 Å for the 131017 and
131018 cm23 hole concentrations, respectively. Therefore,
both the increase inRs and the increase in InGaP transpar-
ency are a consequence of the reduction in free-carrier con-
centration caused by the He1-ion irradiation. This close re-
lationship betweenRs and transparency indicates that there is
no increase in the number of scattering centers in the irradi-
ated layer as is known to occur for high doses of
irradiation.10,11

At higher He1-ion energies, defects induced by irradia-
tion start to reach the quantum well, reducing its quantum
efficiency. The inset in Fig. 1 shows the PL spectra for a
sample with a dose of 131013 cm22 for different ion ener-
gies. We observe a reduction in quantum-well intensity for
energies above 100 keV in agreement with our defect simu-
lations.

The irradiated samples were submitted to thermal an-
nealing steps for 60 s in the temperature range from 100 to

FIG. 1. Sheet resistanceRs vs He1-ion irradiation dose. The inset shows the
photoluminescence spectra after 131013 cm22 He1 irradiation for different
ion energies.

FIG. 2. Photoluminescence spectra of quantum-well emission after He1-ion
irradiation with doses~A!, ~B!, and ~C!, as indicated in Fig. 1. The inset
shows the photoluminescence spectrum of an unirradiated structure.

FIG. 3. Sheet resistanceRs for different annealing temperatures for the
sample with an irradiation dose of 331013 cm22. The inset shows the pho-
toluminescence spectrum for the sample before annealing, and after anneal-
ing at 450 and 550 °C.
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550 °C in N2 atmosphere. Figure 3 showsRs values versus
annealing temperature for the sample with a dose of 3
31013 cm22. We found an increase ofRs by a factor of 3 as
the annealing temperature rises to 350–400 °C. Above
500 °C there is a sharp decrease ofRs to near-unirradiated
value. The PL measurements in the inset show a close rela-
tionship betweenRs and InGaP transparency for the an-
nealed samples. The maximum PL intensity corresponds to
the maximum Rs , and for temperatures above 500 °C,
the quantum-well emission decreases considerably. Since
changes in the quantum-well emissions peak position and
linewidth are not observed, we believe no quantum-well in-
termixing is occurring and the change in emission is solely
due to a modification in free-carrier absorption in the clad-
ding layer.

Considering the expected small change in index of re-
fraction for the irradiated layer,12,13 we expect a great reduc-
tion in unwanted reflections along the resonant cavity with
isolated sections. Finally, with relatively low He1-irradiation
doses it is possible to create electrically isolated transparent
windows in the optical cavity of a laser structure without any
damage to the active region. We are currently investigating
the effects of ion irradiation on laser facets where the in-
crease in transparency should reduce damages.

In summary, He1-ion irradiation was applied for the
electrical isolation ofp-InGaP layers. Resistances of the or-
der of 13106 V/h were achieved with doses above 1
31013 cm22 at 100 keV. Thermal stability for annealing
temperatures up to 500 °C was achieved. Photoluminescence
studies show that InGaP layer transparency to the InGaAs/
GaAs quantum-well emissions is closely related to the sheet

resistance, and therefore, there is no evidence of an increase
in optical scattering center density with irradiation.
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