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Electrical isolation of n-type and p-type InP layers by proton bombardment
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(Received 25 October 2000; accepted for publication 19 February) 2001

The evolution of the sheet resistand®,) 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 ddSg,X to convert the conductive layer to a highly
resistive one is different fon- and p-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, whegiie tesponsible for electron trapping
and R, for the hole trapping. A time dependence of tRgwas observed after each irradiation step

to doses o&=Dy, and higher. This time variation is related to metastable processes involving free
carriers. The thermal stability of the isolation ftype samples is limited to temperatures lower
than 200 °C, irrespectively of the irradiated dose. Ipatlype samples the thermal stability of
electrical isolation is extended to 450-500 °C. 2001 American Institute of Physics.

[DOI: 10.1063/1.1365063

I. INTRODUCTION These deep levels formed by ion irradiation were found to be
antisite-related defecfsimplantation damage has been uti-
InP offers remarkable applications as a substrate in optized in n- andp-type InP for the reduction of the free carrier
tical fiber communication systems, high frequency and highconcentratiod ' However, in contrast to GaAs where ex-
power device applications, due to its outstanding electricatellent electrical isolation has been obtained by ion bom-
properties such as high electron mobility and high breakbardment, ion irradiation in InP is not as effective in creating
down field. Semi-insulatindSl) InP layers are needed for high resistivity regions. It has been reportéd?that the re-
current confinement in buried heterostructure laSers,sistivity of n-type material can only be increased by ion
Schottky barrier enhancement and dark current reduction ihombardment to the £to 1¢* Q cm range. Although it is
metal—semiconductor—metal photodetecfoas)d for inter-  possible to make-type InP more resistive4(10” Q cm),
device isolation in integrated circuitsEe is still the com- the implant dose is critical. Above the optimum dose range
monly used dopant to fabricate Sl InP. lon implantation dopthe bombarded region becomes slightifype because of the
ing plays a fundamental role in the development of discretglamage-induced defects which act as donors and the resis-
devices and integrated circuits in 1ll-V compound semicon-ivity drops to the 18 to 10* Q cm range agaih.Although
ductor technology. Besides this widely used application, thémplantation isolation is currently used in llI-V integrated
implantation of light mass ions has been proven as a succesgircuits and discrete device technologie® a systematic
ful method to achieve high resistivity layers in llI-V semi- study of the dependence of the threshold dose for isolation
conductor devices. An imp]ant isolated region ina Semiconand thermal Stabl'lty with the ion dose is still Iacking and the
ductor device may be used as a potential alternative to meg¥lysical processes involved are not yet completely under-
etching’ Offering S|mp||c|ty' precise depth control, and Com_StOOd. In this work the evolution of the sheet reSiStarRQ (
patibility with planar technolog§® The ion implantation and the thermal stability of the electrical isolationrefype
technique for electrical isolation will hereafter be called ion@ndp-type InP layers bombarded with protons was studied as
irradiation. The degree of electrical isolation after ion irra- function of the irradiation dose. Antisite defect concentra-
diation and low temperature annealifg00—500°C is tion was taken into account to discuss the results.
sometimes superior to that provided by mesa structures. lon
irradiation with light ions is very attractive, due to the large I EXPERIMENT
penetration depttt>1 um) for low and medium implanta- Sl liquid encapsulated Czochralski InP wafers(d00)
tion energies<1 MeV). In the case of GaAs, high resistivity orientation, with Fe doping in the range of‘#@ 10 cm 3
regions (>10" Q cm) can be produced by radiation damagewere used in this work. After cleaning, the wafers were im-
of n- or p-type material using implantations of ions such asplanted with?®Si at the energy of 120 keV to the dose of 6
H™, He™, B*, or O".° The isolation results from the trap- x 102 cm2 (samplesn), in order to create a-type layer.
ping of free carriers by deep level centers that are not ther]-mp|antation3 were performed at room temperat(RY)
mally ionized at the normal device operating temperature.with the substrate tilted 7° off the surface normal direction to
minimize channeling effects. The thermal treatment and dop-

dpermanent address: Instituto dsiEa, UFRGS, Porto Alegre, R.S., Brazil; am_aCtivation were Clarried out with caple$sP p!‘OXimit_Y)
electronic mail: henry@if.ufrgs.br rapid thermal annealin@RTA) at 700 °C for 10 s in flowing
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TABLE |. Sheet resistanceRy), effective mobility (ues), Sheet carrier 10? 10" 10" 10 10
concentrationCy), effective layer depthd), and bulk carrier concentration . T T T T
(C) of the InP samples used in this work. 10°F a) 3
Rs Meff Cs d C 10°k n—type 4
Sample [Q/sq] [cnPV s Y] [em™?] [em] [em™2] "é-“
n 650 2410  n,=3.9x<102 033 n=1.2x107 e} ok ::: ,15 f:lﬁ N
— 3 — 7
p 2530 130 ps=1.9x10% 1 p=1.9x10 § e 48 hours
2 10°F 3
a s u—u—N L]
4
argon. The thickness of thetype doped layers where the Si ¢ 10*F /AAAA_A—_A ¢ 3
atom concentration exceeds'46m 2 is about 320—-350 nm, % < :
as calculated byrriM.” The p-type samples for this work 10’k et 3
(samplesp) were grown on Sl InP substrates with t{i0) L ) { }
axis 2° off normal orientation using the ANU metal—organic '
chemical-vaor deposition reactor. The growth temperature 10°f  p-type b) s
was at 630°C and the reactor pressure at 76 Torr. The _ —a—1sec s
. . ®,
samples were um thick and doped to a carrier concentra- & 10'f —=—5min /:\\5-\_ 3
tion of 1.9 10'7 cm ™3, using Zn as the dopant. The corre- =} —e— 48 hours . \
. . - o \ . ]
sponding electrical characteristics of both sets of samples ar S 10°F / .
shown in Table I. 8 ) T
Resistors of rectangular geometix3 mnf) and 210k / 3
square(5x5 mn?) Van der Pau#® devices were prepared j'f .
from cleaved pieces of samplasandp. The ohmic contacts _&;3 10°F / .
to the samples were fabricated by applying In and sintering @2 -
at 250 °C for 2 min. The In contacts formed the mask, which 10k 1
prevented isolation of the covered regions by the subsequel ](‘)lz 1(')]3 1(’)” 1(').5 10

proton irradiation. Ohmic contacts for samplgs were

formed by thermal evaporation of Au/Zn/A0 nm/200 nm/ Dose [cm'z]

500 nm and subsequent annealing at 400 °C for 60 s in an _ _ _

argon ambient at atmospheric pressure. Because the thicE'—f'zi'lgl'?:;ﬁ%dagg?s) i’g):go(g:fl tghf ls0r11$ s:n[%s 'f,fi”gmg?ur‘;g
ness of Au/Zn/Au was not sufficient to prevent the isolation;, agiation with H" at 600 keV. '

of the covered regions by ion irradiation, additional masking

of the contacts was done with aluminum foil.

The resistors were irradiated at RT witH™ at 600 keV ) ] ]
to doses in the range of DALO2—1.0x 106 cm 2, with an the lowest doses whe.rléS increases qnly slightly W|th.the
ion current density<0.1 uA/cm?. The energy of the proton dose. The second region is chargctenzeq b_y a sha_rp increase
beam was chosen to place the damage peak beyond R Rs by sevgral orders of magnitude W|th increasing dose.
doped layer. In this way the defect concentration in theC_arner trapping a.t.defects cregted by the irradiation and pos-
doped layer is essentially uniform along the depth. To mini-SiPly carrier mobility degradation by the damage cause the
mize ion channeling the samples were tilted by 7° off thechangg pﬂ?s. The R values reach their highest levels after
surface normal direction. The sheet resistanRg) (values & SPecific dose has been accumulatg, ( hereafter called
during irradiation were measuréni situ after each dose step threshold doses The third region is formed by the dose
without breaking the vacuum in the target chamber. The de@ccumulation beyonBy,. The values oR remain approxi-
vices used in the postirradiation annealing study were irraditMately constant, forming a plateau, which extend up to the
ated to a single dose. The postirradiation annealing cycle@@ximum dose used in this work (10" cm™?). In similar

were performed in argon atmosphere in a rapid thermal ar@xperiTgents of isolation formation imtype orp-type GaAs
nealing furnace. The samples were heated from RT up to thl@yeré"* the value of the measured resistance in the plateau
final temperature with a heating rate of 50 °C/s. After theregion results from the parallel association of the isolated
final temperature was reached it was maintained constant fdfyer resistance and that of the Sl substrate. In the case of
60 s. Annealing temperatures from 100 to 600 °C were emlNP We have observed a strong time variation of fgeafter
ployed and the annealing cycles were accumulated in thBnishing the bombardment dose step for total doses Df,

samples. Thek, measurements were performed in the dark@nd higher. For this reason it is not correct to relate Rye
using a Keithley 619 electrometer. value in the plateau with the substrate resistance for times

less than 48 h.
The values oRg for different time intervals after finish-
ing the irradiation dose step have been presented 1 s,
Figure 1a) presents the dose and time evolutionRyf t,=5 min, t3=48 h). After 48 h theR, values reach a satu-
during H' irradiation at 600 keV of the-type resistor. The ration and no change was observed in further measurements.
curves show three distinct regions. The first region comprisemterestingly, the 48 h curve in Fig(d) shows that for very

IIl. RESULTS AND DISCUSSION
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high doses the plateau region is followed by a decreasinc 0 1 2 3 4 5 6 7 8
region. This occurs when the damage concentration become ol ' ' ' ' ' ' ' |
high enough for the onset of conduction via a hopping " a)
mechanism. Z 5l I/./‘ )
Figure Xb) presents the dose and time evolutiorRgfin é’ D/°/ e
a p-type resistor. The main shape of the curves is similar to== ;| /,.f"'/ " n-type
that of then-type resistoRg evolution, but we have to men- § c/of.’/' - e 12x10" em®
tion some differences. First of all, the threshold doses areg 3 _//' e k10" em”
Dy ~3.0x10* cm 2 for the n-type and Dy~2.8<10° % K ™™ 5 0x10% o’
cm 2 for the p-type samples. From the data in Table | one & 2 ' e ,4cm,z .
can see that the threshold doses for both sets of samples (_&:"3 A + L 2.5x10[4 em
not scale with the free carrier concentrations. Moreover, the? 10 /+'*' “"_5~°’”OIS Cm_z .
rising slope of the 48 h curve for thetype samplgFig. pesesssee— —o—3.0x10" cm
1(b)] is much steeper than the slope of the corresponding 0 ; y } } t t t
curve for then-type sample[Fig. 1(a)]. Consequently, a 30T b) ]
lower irradiated dose is necessary to isolatgpe InP, com- = PR
pared with an-type InP with a similar carrier concentration. é /./'/
It was demonstratél that for n-type InP the ratio be- S 2 o ]
tween the free electron concentration and the total number o E I .,o"
replacement collisions taking place within the doped layer, g .,-/ p-type
estimated byrrim calculations, is a constant after irradiation % | e 30" em?
with Dy,. Just as in GaA8;® carrier trapping could be asso- & o[ PO b
ciated with antisite defects (prand R,), created in replace- B e " = 4"]0[3 cm_z
ment collisions. For the case pitype material the Igor Inp & e YO0 em
related acceptor-like defects and for the cas@-bfpe ma- ,,v"' —+— 110" cm
terial the R, or B, related donor-like defects could play a o beogese—e oy ¢ — ; .
role of carrier traps. o 2 3 4 5 6 7 8
Time {min]

It has been fourfd that the R, defect has two dominant
donor levels(0/+) and(+/++), with energy levels at 0.11 FIG. 2. Time evolution of the sheet resistance@f n-type and(b) p-type
eV above and 0.23 eV below the minimum of the conductionnp samples after irradiation with'Hat 600 keV to different doses.
band, respectively. The relatively loRg after n-type InP
complete isolation (10Q/so) [see Fig. 1a)] is very likely
due to the autoionization of thgRantisites, via excitation of related to metastability of the free carriers and probably due
(0/+) level. The antisite defects in GaAs are responsible foito electron capture—emission phenomena from two different
the semi-insulating behavié#? In InP the presence of these metastable traps. The different characteristic time constants
defects seems to have a different character, like traps or seffer n- and p-type samples can be explained by considering
ionizing donor, depending on the energy level posifion. the slightly different Fermi energy levels in both cases. Long
Bombarding p-type material the holes are trapped in thetime metastabilit(>>30 min) is shown in Fig. 3. The sheet
single charged p(+/+ +) antisites or are compensated with resistance ofn-type resistors, irradiated to different total
the electrons created via autoionization gf ®/+) antisites.  doses changes linearly with the time up to 48 h after the
For then-type InP isolation the trapping in grantisites com- irradiation. After this time interval thdr, values saturate.
petes with the free electron creation via autoionization,pf P
(0/+) antisites.

As mentioned before, we have observed a strong time  2x1¢0° y . .
variation of theRg. The time evolution oRg in n-type[Fig. —o— 1x10" em”
2(a)] andp-type[Fig. 2(b)] samples is shown during the first = —e—3x10" em”
5 min after irradiation with different total doses in the range & —a— 1x10" em” "
3.0x 10-3.0< 10" cm 2. All curves seem to have an ex- 'y —v—3x10" em” / SR,
ponential behavior with the time dependencé&gexpressed g J 1x10" cm? /
as *% 1x10° e 1
Ry(t)=2a[1 —exp —t/7)]. (1) B '?‘//
= >
However, it was not possible to fit the data with only one / vo—o—"* .
exponential term. By fitting with two exponential terms, a yo
good fit was obtained and the values for the characteristic 0t . — . .
time constants were;=5.4+-0.8 s andr,=80*=11 s for 0 1060 | 2000 3000 4000
Time [min]

n-type samples and;=9.6+1.8 s andr,=140+32 s for
p-_type samples. Additional low dose_ bombar(jment a_nd_ elef3FIG. 3. Long time metastability of the sheet resistancendfpe InP
trical measurements proved that this short time variation iSamples after irradiation with Hat 600 keV to different doses.
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0 100 200 300 400 500 600 in the curves. According to previous res@ftene can note
10 ' ' i ' ' N that in the samples irradiated to high dosesl(x 10'® cm™2)
a) . ;
n-type the_Rs ya_lues after 6Q0 C annealing res.ult_s are lower than
T ~. 4 their original value. It is well-knowf? that in implanted InP
—_—y —e—DI=3x10" cm” layers after annealing at temperatures above 450 °C a kind of
s e —v—D2=1x10" cm” , donor-like defect exists, which adds free electrons to a donor
—8— D3=6x10" cm’? implant and compensates an acceptor implant. Apparently
this process is responsible for the creation of additional free
electron concentration in the samples irradiated with doses in
excess oDy, which were annealed at temperature400 °C
[see curves for doses D2 and D3 in Figa)4.
2 ~— B Figure 4b) presents the thermal stability of the isolation
" in p-type samples after irradiation with two different'H
* ’ ’ ’ ’ ’ doses (B=7x10" cm 2 and D2=1x10'° cm ?). These
_ 10°F /%Z:: — b) 1 doses correspond, respectively, to2;5and 3®,. The
 ——— %{ * evolution of Ry with the annealing temperature is different,
compared to that ofh-type irradiated samples. For both
p-type p-type samples the thermal stability of electrical isolation is
10°F . extended to 450 °C. Above this temperature, a rapid decrease
—e-—D1=7x10" cm® of Rq by four orders of magnitude is observed for the sample
10k —v—D2=1x10" cm” . implanted with D2 and th& value after 600 °C annealing is
4 lower than its original value. It is important to mention here
o'k \ ] that the conductivity is changed fromtype to n-type for
original R, value . this sample. This result can be explained by invoking the
~ formation of the same kind of donor-like defeeventually
10°F ! - - - . P P,, related defegt which is responsible for the creation of
0 100 200 300 400 500 600 additional free electron concentration. The concentration of
Temperature [°C] this defect is proportional to the irradiated dose and for suf-
ficiently high irradiation doses the defect-related free elec-
FIG. 4. Evolution of the sheet resistance with temperature after rapid thertrgn concentration exceeds the hole concentration and inverts
Eig?;gﬁamﬁ fffr Sto GSO'(;] fggotgﬁggfepnﬁegizzgjwpe and() p-type InP the conductivity type.._This conclusion is .confi.rmed by the
result of thermal stability for the sample irradiated to dose
D1 [see Fig. 4b)]. In this case the concentration of the de-

The observed long time sheet resistance metastability is pof€C€tS iS not enough to invert theoconducti\(ity type and its
sibly related to room temperature defect annealing, in accort’€rmal stability is even high&b00 °Q. The different defect

dance with previously published restifs. annealing behavior in-type andp-type InP is an indication
The thermal stability of the isolation in-type samples that the traps for electrons and for holes are distinctly differ-

[see Fig. 4a)] was studied using three different'Hdoses €Nt

(D1=3x10" cm 2, D2=1x10% cm 2, and D3=6x10'

cm 2. These d_os_es correspondﬂxg], 33Dy, and ZO_(IDth, IV. CONCLUSION

respectively. It is interesting to note that the evolutiorRgf

with the annealing temperature is practically the same, irre- The evolution of the sheet resistance and the thermal
spective of the introduced defect concentration level. Al-stability of the electrical isolation ofi-type andp-type InP
though the number of replacement collisions for the higheslayers irradiated with protons was studied as a function of
dose is 200 times higher than in the lowest dose case, nihe irradiation dose. Lower threshold dose is necessary to
improvement in the thermal stability of the isolation resulted.isolatep-type InP, compared to-type InP with a similar free

In all the samples the stability of the isolation is restricted tocarrier concentration. Probably, theslantisite or I related
temperatures below 200 °C. Above this temperature, a rapidcceptor-like defects trap the electrons, and for the case of
decrease oRg by three orders of magnitude is observed.p-type material the R or B, related donor-like defects could
Considering that the pantisite defects are double acceptorsplay the role of hole traps. For thetype InP isolation the
[like Gay antisites in GaAgRef. 19] their annealing would trapping in Irp antisites competes with the free electron cre-
produce the observed decreasindrgidue to releasing of the ation via autoionization of R (0/+) antisites. A strong time
captured electrons. Probably the lantisites defects are an- variation of theRg was observed after finishing the irradia-
nealed at temperatures of 200—300°C via recombinatiotion step for total doses o&Dy, or higher. Characteristic
with In vacancies. We can conclude from the results pretime constants of 5.4 and 80 s for theype samples and of
sented in Fig. @) that only one kind of defect, with the 9.6 and 140 s for thg-type samples were estimated. The
characteristic annealing temperature region mentionestariation of Ry with time is most likely related to electron
above, is the major cause for the electron trapping. Anothecapture—emission phenomena from two different metastable
less prominent annealing stage starting at 400 °C is apparetraps. Only one kind of defect, with a characteristic anneal-

10’ original R_ value oo 7

Sheet Resistance [(V/sq]

—_

Ll
T

]

Sheet Resistance [€¥/sq]
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