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Electrical isolation of n-type and p-type InP layers by proton bombardment
H. Boudinov,a) H. H. Tan, and C. Jagadish
Department of Electronic Materials Engineering, Research School of Physical Sciences and Engineering,
The Australian National University, Canberra, ACT 0200, Australia

~Received 25 October 2000; accepted for publication 19 February 2001!

The evolution of the sheet resistance (Rs) of n-type andp-type conductive InP layers during proton
irradiation and the stability of the formed isolation during postirradiation annealing were
investigated. It was found that the threshold dose (D th) to convert the conductive layer to a highly
resistive one is different forn- andp-type samples with similar initial free carrier concentrations.
From our results, one infers that the antisite defects and/or related defect complexes formed by the
replacement collisions are the carrier trapping centers, where InP is responsible for electron trapping
and PIn for the hole trapping. A time dependence of theRs was observed after each irradiation step
to doses of>D th and higher. This time variation is related to metastable processes involving free
carriers. The thermal stability of the isolation ofn-type samples is limited to temperatures lower
than 200 °C, irrespectively of the irradiated dose. Forp-type samples the thermal stability of
electrical isolation is extended to 450–500 °C. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1365063#
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I. INTRODUCTION

InP offers remarkable applications as a substrate in
tical fiber communication systems, high frequency and hi
power device applications, due to its outstanding electr
properties such as high electron mobility and high bre
down field. Semi-insulating~SI! InP layers are needed fo
current confinement in buried heterostructure lase1

Schottky barrier enhancement and dark current reductio
metal–semiconductor–metal photodetectors,2 and for inter-
device isolation in integrated circuits.3 Fe is still the com-
monly used dopant to fabricate SI InP. Ion implantation do
ing plays a fundamental role in the development of discr
devices and integrated circuits in III–V compound semico
ductor technology. Besides this widely used application,
implantation of light mass ions has been proven as a succ
ful method to achieve high resistivity layers in III–V sem
conductor devices. An implant isolated region in a semic
ductor device may be used as a potential alternative to m
etching, offering simplicity, precise depth control, and co
patibility with planar technology.4,5 The ion implantation
technique for electrical isolation will hereafter be called i
irradiation. The degree of electrical isolation after ion irr
diation and low temperature annealing~100–500 °C! is
sometimes superior to that provided by mesa structures.
irradiation with light ions is very attractive, due to the larg
penetration depth~.1 mm! for low and medium implanta-
tion energies~,1 MeV!. In the case of GaAs, high resistivit
regions (.107 V cm! can be produced by radiation dama
of n- or p-type material using implantations of ions such
H1, He1, B1, or O1.6 The isolation results from the trap
ping of free carriers by deep level centers that are not th
mally ionized at the normal device operating temperatu4
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These deep levels formed by ion irradiation were found to
antisite-related defects.6 Implantation damage has been u
lized in n- andp-type InP for the reduction of the free carrie
concentration.7–11 However, in contrast to GaAs where ex
cellent electrical isolation has been obtained by ion bo
bardment, ion irradiation in InP is not as effective in creati
high resistivity regions. It has been reported7,8,12 that the re-
sistivity of n-type material can only be increased by io
bombardment to the 103 to 104 V cm range. Although it is
possible to makep-type InP more resistive7,13,14(107 V cm!,
the implant dose is critical. Above the optimum dose ran
the bombarded region becomes slightlyn-type because of the
damage-induced defects which act as donors and the r
tivity drops to the 103 to 104 V cm range again.7 Although
implantation isolation is currently used in III–V integrate
circuits and discrete device technologies15,16 a systematic
study of the dependence of the threshold dose for isola
and thermal stability with the ion dose is still lacking and t
physical processes involved are not yet completely und
stood. In this work the evolution of the sheet resistance (Rs)
and the thermal stability of the electrical isolation ofn-type
andp-type InP layers bombarded with protons was studied
a function of the irradiation dose. Antisite defect concent
tion was taken into account to discuss the results.

II. EXPERIMENT

SI liquid encapsulated Czochralski InP wafers of~100!
orientation, with Fe doping in the range of 1016 to 1017 cm23

were used in this work. After cleaning, the wafers were i
planted with28Si at the energy of 120 keV to the dose of
31012 cm22 ~samplesn!, in order to create an-type layer.
Implantations were performed at room temperature~RT!
with the substrate tilted 7° off the surface normal direction
minimize channeling effects. The thermal treatment and d
ant activation were carried out with capless~InP proximity!
rapid thermal annealing~RTA! at 700 °C for 10 s in flowing
3 © 2001 American Institute of Physics
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argon. The thickness of then-type doped layers where the S
atom concentration exceeds 1016 cm23 is about 320–350 nm
as calculated byTRIM.17 The p-type samples for this work
~samplesp! were grown on SI InP substrates with the~100!
axis 2° off normal orientation using the ANU metal–organ
chemical-vaor deposition reactor. The growth temperat
was at 630 °C and the reactor pressure at 76 Torr.
samples were 1mm thick and doped to a carrier concentr
tion of 1.931017 cm23, using Zn as the dopant. The corr
sponding electrical characteristics of both sets of samples
shown in Table I.

Resistors of rectangular geometry~633 mm2! and
square~535 mm2! Van der Pauw18 devices were prepare
from cleaved pieces of samplesn andp. The ohmic contacts
to the samplesn were fabricated by applying In and sinterin
at 250 °C for 2 min. The In contacts formed the mask, wh
prevented isolation of the covered regions by the subseq
proton irradiation. Ohmic contacts for samplesp were
formed by thermal evaporation of Au/Zn/Au~20 nm/200 nm/
500 nm! and subsequent annealing at 400 °C for 60 s in
argon ambient at atmospheric pressure. Because the t
ness of Au/Zn/Au was not sufficient to prevent the isolati
of the covered regions by ion irradiation, additional mask
of the contacts was done with aluminum foil.

The resistors were irradiated at RT with1H1 at 600 keV
to doses in the range of 1.031012– 1.031016 cm22, with an
ion current density,0.1 mA/cm2. The energy of the proton
beam was chosen to place the damage peak beyond
doped layer. In this way the defect concentration in
doped layer is essentially uniform along the depth. To m
mize ion channeling the samples were tilted by 7° off t
surface normal direction. The sheet resistance (Rs) values
during irradiation were measuredin situ after each dose ste
without breaking the vacuum in the target chamber. The
vices used in the postirradiation annealing study were irra
ated to a single dose. The postirradiation annealing cy
were performed in argon atmosphere in a rapid thermal
nealing furnace. The samples were heated from RT up to
final temperature with a heating rate of 50 °C/s. After t
final temperature was reached it was maintained constan
60 s. Annealing temperatures from 100 to 600 °C were e
ployed and the annealing cycles were accumulated in
samples. TheRs measurements were performed in the da
using a Keithley 619 electrometer.

III. RESULTS AND DISCUSSION

Figure 1~a! presents the dose and time evolution ofRs

during H1 irradiation at 600 keV of then-type resistor. The
curves show three distinct regions. The first region compr

TABLE I. Sheet resistance (Rs), effective mobility (meff), sheet carrier
concentration (Cs), effective layer depth (d), and bulk carrier concentration
(C) of the InP samples used in this work.

Sample
Rs

@V/sq#
meff

@cm2 V21 s21#
Cs

@cm22#
d

@mm#
C

@cm23#

n 650 2410 ns53.931012 0.33 n51.231017

p 2530 130 ps51.931013 1 p51.931017
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

200.130.19.173 On: Wed,
re
e

re

h
nt

n
ck-

g

the
e
i-

e-
i-
es
n-
he

or
-
e

k

s

the lowest doses whereRs increases only slightly with the
dose. The second region is characterized by a sharp incr
of Rs by several orders of magnitude with increasing do
Carrier trapping at defects created by the irradiation and p
sibly carrier mobility degradation by the damage cause
change ofRs . TheRs values reach their highest levels aft
a specific dose has been accumulated (D th , hereafter called
threshold doses!. The third region is formed by the dos
accumulation beyondD th . The values ofRs remain approxi-
mately constant, forming a plateau, which extend up to
maximum dose used in this work (431015 cm22!. In similar
experiments of isolation formation inn-type orp-type GaAs
layers6,19 the value of the measured resistance in the plat
region results from the parallel association of the isola
layer resistance and that of the SI substrate. In the cas
InP we have observed a strong time variation of theRs after
finishing the bombardment dose step for total doses of>D th

and higher. For this reason it is not correct to relate theRs

value in the plateau with the substrate resistance for tim
less than 48 h.

The values ofRs for different time intervals after finish-
ing the irradiation dose step have been presented (t151 s,
t255 min, t3548 h!. After 48 h theRs values reach a satu
ration and no change was observed in further measurem
Interestingly, the 48 h curve in Fig. 1~a! shows that for very

FIG. 1. Time and dose evolution of the sheet resistance of~a! n-type (n
51.231017 cm23! and~b! p-type (p51.931017 cm23! InP samples during
irradiation with H1 at 600 keV.
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high doses the plateau region is followed by a decreas
region. This occurs when the damage concentration beco
high enough for the onset of conduction via a hopp
mechanism.

Figure 1~b! presents the dose and time evolution ofRs in
a p-type resistor. The main shape of the curves is simila
that of then-type resistorRs evolution, but we have to men
tion some differences. First of all, the threshold doses
D th'3.031014 cm22 for the n-type and D th'2.831013

cm22 for the p-type samples. From the data in Table I o
can see that the threshold doses for both sets of sample
not scale with the free carrier concentrations. Moreover,
rising slope of the 48 h curve for thep-type sample@Fig.
1~b!# is much steeper than the slope of the correspond
curve for the n-type sample@Fig. 1~a!#. Consequently, a
lower irradiated dose is necessary to isolatep-type InP, com-
pared with an-type InP with a similar carrier concentration

It was demonstrated20 that for n-type InP the ratio be-
tween the free electron concentration and the total numbe
replacement collisions taking place within the doped lay
estimated byTRIM calculations, is a constant after irradiatio
with D th . Just as in GaAs,6,19 carrier trapping could be asso
ciated with antisite defects (InP and PIn), created in replace
ment collisions. For the case ofn-type material the InP or InP

related acceptor-like defects and for the case ofp-type ma-
terial the PIn or PIn related donor-like defects could play
role of carrier traps.

It has been found21 that the PIn defect has two dominan
donor levels:~0/1! and ~1/11!, with energy levels at 0.11
eV above and 0.23 eV below the minimum of the conduct
band, respectively. The relatively lowRs after n-type InP
complete isolation (106 V/sq! @see Fig. 1~a!# is very likely
due to the autoionization of the PIn antisites, via excitation of
~0/1! level. The antisite defects in GaAs are responsible
the semi-insulating behavior.6,22 In InP the presence of thes
defects seems to have a different character, like traps or
ionizing donor, depending on the energy level position23

Bombardingp-type material the holes are trapped in t
single charged PIn ~1/11! antisites or are compensated wi
the electrons created via autoionization of PIn ~0/1! antisites.
For then-type InP isolation the trapping in InP antisites com-
petes with the free electron creation via autoionization ofIn

~0/1! antisites.
As mentioned before, we have observed a strong t

variation of theRs . The time evolution ofRs in n-type @Fig.
2~a!# andp-type @Fig. 2~b!# samples is shown during the firs
5 min after irradiation with different total doses in the ran
3.031013– 3.031015 cm22. All curves seem to have an ex
ponential behavior with the time dependence ofRs expressed
as

Rs~ t !5Sai@1 2exp~2t/t i !#. ~1!

However, it was not possible to fit the data with only o
exponential term. By fitting with two exponential terms,
good fit was obtained and the values for the character
time constants weret155.460.8 s andt2580611 s for
n-type samples andt159.661.8 s andt25140632 s for
p-type samples. Additional low dose bombardment and e
trical measurements proved that this short time variation
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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related to metastability of the free carriers and probably d
to electron capture–emission phenomena from two differ
metastable traps. The different characteristic time const
for n- and p-type samples can be explained by consider
the slightly different Fermi energy levels in both cases. Lo
time metastability~.30 min! is shown in Fig. 3. The shee
resistance ofn-type resistors, irradiated to different tota
doses changes linearly with the time up to 48 h after
irradiation. After this time interval theRs values saturate

FIG. 2. Time evolution of the sheet resistance of~a! n-type and~b! p-type
InP samples after irradiation with H1 at 600 keV to different doses.

FIG. 3. Long time metastability of the sheet resistance ofn-type InP
samples after irradiation with H1 at 600 keV to different doses.
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The observed long time sheet resistance metastability is
sibly related to room temperature defect annealing, in ac
dance with previously published results.24

The thermal stability of the isolation inn-type samples
@see Fig. 4~a!# was studied using three different H1 doses
~D15331014 cm22, D25131016 cm22, and D35631016

cm22!. These doses correspond toD th , 33D th , and 200D th ,
respectively. It is interesting to note that the evolution ofRs

with the annealing temperature is practically the same, i
spective of the introduced defect concentration level.
though the number of replacement collisions for the high
dose is 200 times higher than in the lowest dose case
improvement in the thermal stability of the isolation resulte
In all the samples the stability of the isolation is restricted
temperatures below 200 °C. Above this temperature, a ra
decrease ofRs by three orders of magnitude is observe
Considering that the InP antisite defects are double accepto
@like GaAs antisites in GaAs~Ref. 19!# their annealing would
produce the observed decreasing ofRs due to releasing of the
captured electrons. Probably the InP antisites defects are an
nealed at temperatures of 200–300 °C via recombina
with In vacancies. We can conclude from the results p
sented in Fig. 4~a! that only one kind of defect, with the
characteristic annealing temperature region mentio
above, is the major cause for the electron trapping. Ano
less prominent annealing stage starting at 400 °C is appa

FIG. 4. Evolution of the sheet resistance with temperature after rapid t
mal annealing for 60 s in argon atmosphere in~a! n-type and~b! p-type InP
irradiated with H1 at 600 keV to different doses.
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in the curves. According to previous results20 one can note
that in the samples irradiated to high doses (>131016 cm22!
the Rs values after 600 °C annealing results are lower th
their original value. It is well-known25 that in implanted InP
layers after annealing at temperatures above 450 °C a kin
donor-like defect exists, which adds free electrons to a do
implant and compensates an acceptor implant. Appare
this process is responsible for the creation of additional f
electron concentration in the samples irradiated with dose
excess ofD th which were annealed at temperatures>400 °C
@see curves for doses D2 and D3 in Fig. 4~a!#.

Figure 4~b! presents the thermal stability of the isolatio
in p-type samples after irradiation with two different H1

doses (D5731013 cm22 and D25131015 cm22!. These
doses correspond, respectively, to 2.5D th and 36D th . The
evolution of Rs with the annealing temperature is differen
compared to that ofn-type irradiated samples. For bot
p-type samples the thermal stability of electrical isolation
extended to 450 °C. Above this temperature, a rapid decre
of Rs by four orders of magnitude is observed for the sam
implanted with D2 and theRs value after 600 °C annealing i
lower than its original value. It is important to mention he
that the conductivity is changed fromp-type to n-type for
this sample. This result can be explained by invoking
formation of the same kind of donor-like defect~eventually
PIn related defect!, which is responsible for the creation o
additional free electron concentration. The concentration
this defect is proportional to the irradiated dose and for s
ficiently high irradiation doses the defect-related free el
tron concentration exceeds the hole concentration and inv
the conductivity type. This conclusion is confirmed by t
result of thermal stability for the sample irradiated to do
D1 @see Fig. 4~b!#. In this case the concentration of the d
fects is not enough to invert the conductivity type and
thermal stability is even higher~500 °C!. The different defect
annealing behavior inn-type andp-type InP is an indication
that the traps for electrons and for holes are distinctly diff
ent.

IV. CONCLUSION

The evolution of the sheet resistance and the ther
stability of the electrical isolation ofn-type andp-type InP
layers irradiated with protons was studied as a function
the irradiation dose. Lower threshold dose is necessar
isolatep-type InP, compared ton-type InP with a similar free
carrier concentration. Probably, the InP antisite or InP related
acceptor-like defects trap the electrons, and for the cas
p-type material the PIn or PIn related donor-like defects coul
play the role of hole traps. For then-type InP isolation the
trapping in InP antisites competes with the free electron c
ation via autoionization of PIn ~0/1! antisites. A strong time
variation of theRs was observed after finishing the irradia
tion step for total doses of>D th or higher. Characteristic
time constants of 5.4 and 80 s for then-type samples and o
9.6 and 140 s for thep-type samples were estimated. Th
variation of Rs with time is most likely related to electron
capture–emission phenomena from two different metasta
traps. Only one kind of defect, with a characteristic anne

r-
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ing temperature region of 200–300 °C, is the major cause
the trapping of electrons. Irrespective, of the irradiated d
the thermal stability of implant-isolatedn-type InP is limited
to temperatures lower than 200 °C. The thermal stability
defects responsible for isolation inp-type InP is found to be
as high as 500 °C. With increasing irradiation dose a
crease of this temperature is observed. High dose impla
tion and subsequent annealing ofp-type InP layers leads to
n-type conversion.

ACKNOWLEDGMENT

This work was partly supported by Conselho Nacion
de Pesquisas~CNPq, Brazil! under Contract No. 200541
99-4.

1H. Wada, H. Horikawa, Y. Matsui, Y. Ogawa, and Y. Kawai, Appl. Phy
Lett. 55, 723 ~1989!.

2L. Yang, A. S. Sudbo, R. A. Logan, T. Tanbun-Ek, and W. T. Tsa
IEEE Photonics Technol. Lett.2, 56 ~1990!.
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