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Nanocavities in He implanted InP
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The formation of nanocavities in 1@01) by room-temperature He implantation and subsequent
thermal annealing was studied using a combination of high-resolution x-ray diffraétiRXRD)

and cross-sectional transmission electron micros¢®@¥EM) analyses. The nanocavities size and
depth distributions were measured as a function of He ion gpg€1x 10'°to 9x 10*%cm™2) and

ion energyE (25 to 70 keV, as well as annealing temperatdrg (600 to 750 °Q and timet, (5 to

25 min). HRXRD scans from annealed samples indicate an expansion of the InP lattice, contrary to
what is usually observed following heavy-ion implantation. The critiggl and T, values for the
formation of nanocavities were found by XTEM analysis to be between 1 antio¥cm 2 and
between 600 and 620 °C, respectively. Cavities of diameter 4—50 nm{¥dith, {101}, and{001}

facets were obtained. Increasimg andt, resulted in larger cavities and increasigg,. produced

a larger number of cavities. Furthermore we find that nanocavities are metastable as their size first
increases with annealing temperature and time but then decreases until they disappgar for
>25min atT,=640°C ort,>10min atT,=750°C. Results are compared with similar work
carried out on He-implanted silicon and differences between the two materials are explained in
terms of defect diffusivity and surface energy, higher diffusivity enhancing cavity collapse and
lower surface energy enhancing cavity growth. 2003 American Institute of Physics.

[DOI: 10.1063/1.1618354

I. INTRODUCTION nealing He is released from the cavities and desorbs at the
surface while the cavities coarsgH.At high doses(typi-
Nanocavities can be formed in various ceramics anaally ¢,.>1x10cm 2, depending on parameters such as
semiconductors by helium or hydrogen implantation fol-implantation energy, annealing temperature,)gtbe cavity
lowed by high temperature thermal annealing. Helium,number density becomes so high that the material above the
which has a very low solubility in these materials segregatesmplantation depth exfoliates’ He or H cavities have also
around defect sites created by ion implantation; upon highheen observed in several materials including GaP, HAs,
temperature annealing this situation leads to the formation aaAs1®! Sic 2 MgO,'® and InGaAs! The general trends
gas-filled cavities. Nanocavity growth is the result of thefor cavities in these compounds are similar to what is ob-
competition between the gas pressure inside the cavities argrved in Si except for MgO, where the cavities are of rect-
the surface tension of the gas-filled cavity. In the case ohngular shape while they are of faceted spherical shape in Si
silicon, helium can diffuse out of the matrix and evaporate and I11-V materials.
the surface thus transforming helium-filled cavities into In this article, we present results on the formation of He
empty cavities. Various studies have shown this process to hgyvities in INRO01) and compare them with results for
strongly dependent upon the He dds&The minimum He  sj001). The cavities were created by He implantation fol-
concentration required for cavity formation in silicon has owed by high-temperature thermal annealing and were stud-
been estimated to be 3&.0°°cm™>. At low concentrations  jed by high-resolution x-ray diffractiofHRXRD) and trans-
(<2Xx10°%cm™®), small He-vacancy complexes are presentmission electron microscop§TEM). It is found that cavity
after implantation but they may dissociate upon thermaksrmation takes place at lower temperatures than in Si. The
annealing so that most of the implanted He atoms diffuse cavities exhibited110}, {101}, and{001} facets. Their size
out of the sample without contributing to cavity formation. jncreased with annealing temperature and time but they were
This results in a low density of cavity clusters surrounded byetastable and disappeared after annealing for 25 min at
strong strain field$.Formation temperatur&, for low con- 640°C or 10 min at 750°C. Material parameters that are
Ce”tr?t'orl% is around 700 °C. At higher concentratiorst(  relevant for cavity formation are He solubility and diffusiv-
x10P'cm™?), small helium-filled cavities are already ity, surface energy, and defect diffusivity in the matrix. Since
present during implantation. During subsequent thermal amrgjium is a small, closed-shell atom that interacts very
weakly with other atoms, its solubility and diffusivity will
dElectronic mail: martin.chicoine@umontreal.ca only depend on the size of interstitial space and should be
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similar in InP and Si. However defects and their diffusion are Surface —»
more complex in IlI-V materials in general. Defect creation
by ion implantation and plastic deformation are also more
efficient in InP than in St*~*%We discuss the differences in
cavity formation between InP and Si in terms of these prop-
erties.

II. EXPERIMENTAL DETAILS Cavities =

. R i
INP(001) samples were implanted at room temperature VECERCISE)

with He ions of energies ranging from 25 to 70 keV and ion R (interstitials) =
dosesgy, between 1 10 and 9x 10'%cm™2. The focused
helium beam was scanned over a 166 cnf area. The Dislocation loops —»
angle of incidence on the target was set to 7° to minimize
channeling. The current density was aboutA%cm 2. The
samples were annealed wiihy from 600 to 750 °C and,
from 5 to 25 min in a metal-organic chemical vapor deposi- _
tion (MOCVD) reactor under phosphorous overpressure witiF!G. 1. TEM CI‘OS'S-SGCtiOI’I im.age withnear the 002rientation from an
tertiarybutylphosphinéTBP) partial pressures ranging from '”P(F%Dlosamp'e 'ggfrge" Withp,e=3x 10°°cm™* at 40 keV and an-
2.1x10"* to 4.1x 10~ Torr. The chosen partial pressures of | o~ " a '
TBP are sufficient to inhibit surface degradation at all an-
nealing temperatures used héfeSome samples were also cies predicted bygriM, which has also been verified for im-
treated by rapid thermal anneali@TA) under Ar flow in an ~ plantations aE= 25 and 70 keV for whiclR, values are 210
AG Associates Heatpulse 610 furnace, with the surface covand 445 nm, respectively. This is in agreement to what is
ered with a piece of InP. observed in St? Finally, a~250 nm wide band of disloca-
The structural properties were investigated usingtion loops centered at a depth of 375 nm is observed. Se-
HRXRD and TEM. HRXRD measurements were carried outlected area electron diffraction patterns taken in the different
using the Cuk,; (A\=1.5406 A radiation from a Philips regions of the sample indicate that it is a single crystal.
high-resolution five-crystal diffractometer with the mono-  Figure 2 shows a close-up of the cavity band from a
chromator aligned in its GE220) settings and a 0.45° receiv- sample implanted under the same conditions as in Fig. 1 but
ing slit in front of the detector. TEM specimens were pre-annealed aff,=620°C for t,=10min. In this case, the
pared in cross-section witki110) surface normals using width of the cavity band is about 170 nm. The diameter of
mechanical polishing followed by room-temperature low-the cavities varies from=4 to ~15 nm, except for one single
angle(4°) argon ion milling at 5 keV in a Gatan precision ion cavity that is=~28 nm in diameter. We found that the larger
polishing system(PIPS. The ion energy was gradually re- cavities are always located closer to the surface. That group
duced to 2.5 keV during the final stages of thinning to mini-of larger cavities will be chosen for the calculation of mean
mize radiation damage to the samples. Images were recorded
at 300 kV on a Philips CM30 microscope using Fresnel con-
trast to observe the nanocavities.

Ill. RESULTS
A. TEM

and are characterized by a point defects band whose width
and depth increase witlp. and E, respectively. For an
INP(001) sample implanted withpye=3x10%cm 2 at 40
keV, TEM micrographs exhibit 165 nm wide band cen-
tered at a depth of 295 nm. For comparissriM'® simula-
tions gives a calculated ion projected rang® ) and longi-
tudinal straggling of 300 and 130 nm, respectively, and

annealed fort,=10min atT,=640°C under phosphorous
overpressure. As seen on the micrograph, the near surface
region shows considerable damage, containing a large num-
ber O.f dislocations and St.a.Ckmg. faul_(rmp defec@; A 60 FIG. 2. Close-up of the cavity band of an (@1 sample withg near the
nm-wide band of nanocavities with diameters ranging from_ = o - o

o .. 002 orientation implanted under the same conditions as in Fig. 1 and an-
~8 to ~18 nm is visible at a depth of 220 nm. The cavities nealed 10 min at 620 °C. The arrow indicates the projected rRggsf the

are thus centered near the maximum concentration of vacaimplanted ions.
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FIG. 5. Nanocavity band width as a function of annealing temperature for
INP(001) implanted with¢,.=3x 10'6cm™2 at 25 keV and annealed for 10
FIG. 3;C|ose-up of a Ca\/ity from the same samp]e as in F|g 1 g/'mbar min. The cavities centers are used for width calculation.

the 002orientation.

cavity diameter values in Figs. 4, 5 and 6 because, as it wi|‘< fqr InP and 1687 K for S'. to prowde_an _ap_proglmate
scaling for defect concentrations and diffusivities in these

be discussed in the next paragraph, those larger cavities grow_, : : .
o . : . materials. The comparison is not perfect since for these con-
with increasingT, andt, while the smaller ones shrink, so

. . tions, cavities in Si have reached equilibrium at this tem-
they are more representative of the growth process. Figure . - .
. . . ) .. perature while this is not the case for InP but it nevertheless
shows a single cavity of18 nm diameter terminated with

. . provides insights into the formation mechanisms in InP. No
ig)%]i’a{sllir?}’F?;di{loj} facets, for the same annealing condi- cavities were observed for InP samples annealedr at

: . - =600 °C. The cavity diameter then increased with increas-
Figure 4 presents the size of the largest cavities as a o . :

. . . . ihg T,, from 620 to 720 °C until they abruptly disappeared
function of normalized annealing temperature and implanta-

tion energy for a constant dose oka0cm 2 and after a at T,=750°C, in contrast with data for Si. Figure 5 shows

10 min anneal under TBP. Data for cavities in Si implantedthe cavity band width as a function of annealing temperature

; ; _ 6 a2
i A et 100 e e ST AT it X0 a5
for 1 h are shown for compariséfi?! The temperature is harng 9. % y

normalized to the respective melting temperaturgg1333 d'.a meter is accomp.a.med by a decr.ease of the pavny band
width, the larger cavities always staying at approximately the

same depth while growing and smaller cavities progressively
disappearing, which could be explained by an Oswald ripen-

60 ' T J ing proces$2 At 720 °C, the band is just one cavity wide, of
: |sniP138 teyl diameter~47 nm. Figure 6 shows the variation of the maxi-
oOF & P B T mal cavity size as a function af, for fixed T, (640 °Q and
£ implantation conditions ¢.=3Xx10%cm 2 at 40 ke\j.
£ 40 - - The diameter of the cavities increases from 11 nmtat
% =5 min to 23 nm after 15 min of annealing. However after
£ 30} i 25 min, they had disappeared, leaving only dislocation loops
S in place of the cavities.
£l A Implantations with different ion doses were also investi-
8 gated for samples annealed 10 min at 640°C. No cavities
ol ] were seen for samples implanted éf,,=1x10%cm 2

whether it was at 25, 40, or 70 keV. Cavities were present for
samples implanted at>210%cm™2 at 40 keV. For samples
implanted at 40 keV andp.=9X10®cm 2, the mean
depth of the cavities was the same as for the smaller doses
but the cavity band was 300 nm wide, instead of 60 nm for
FIG. 4. Diameter of large cavities as a function of normalized annealinggh,=3X 10¢cm™2,
tergpzegalzusfr '”‘201) impl'agtfd Vi’gh%e:D@:l?mCS”_‘fz alt 4? ';eV(_') Finally, some samples were also annealed in a RTA fur-
n n nn r min. rolim n .
a:1><1017ecr£r2); 108 kee\fl:nd gnnealed fori(ai)ois show?waflorecoxgii- hace to compare the effect of temperature ramp-up,.whlch
son (taken from Refs. 20 and 21Error bars correspond to the standard WET€ 120°C/s in the RTA compared to about 2°C/s in the

deviation of cavities size. MOCVD reactor. No significant differences in cavity size
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25 T T I ion projected range of 290 nm. The peak at the lowest angle
stems from expanded material due to implantation damage
and its shift from the substrate peak increases ith. The
peaks between the lowest angle peak and the substrate peaks
are thickness fringes corresponding to the layer of material
between the surface and the damaged zone. Their spacing
increases from right to left because the strain in the damaged
region increases progressively from the surface to the end of
range of the implanted ions so that at low angles, the beam
sees a smaller effective thickness. We note that the expansion
observed here in InP corresponds to the usual behavior for
r . implanted semiconductors but that it is different from the
compaction that is usually observed for high energy heavy
0 1 1 ] 1 ion implantations in InRsee Ref. 14 for exampleThis dif-
0 5 10 15 20 25 30 ference in behavior could be related to the fact that forgEhe
Annealing time (min) values used in this work, energy is lost mostly through direct
FIG. 6. Cavity diameter as a function of annealing time for(0tH) im- _CO_”iSionS with target atoms Wh”e.in the.Me.V-range.energies’
planted with = 3% 10 cm 2 at 40 keV and annealed at 640 °C. Error It IS l0st mostly through electronic excitations, which could
bars correspond to the standard deviation of cavities size. result in different damage regimes in the crystalline
substraté?

Curves b—d in Fig. 7 correspond to 004 HRXRD pat-
and distribution were observed between the two methods fqrerns for an |nm01) Samp|e that was imp|anted under the
samples annealed for 10 min at 620 °C, 5 min at 640 °C, 1@ame conditions with the ion beam scanned only on half of
min at 640°C, or 25 min at 640°C. These results are ints surface and annealed 15 min at 640 °C. The scans were
contrast with what was observed in Ref. 8 which deSCl’ibeC{aken with the X-ray beam directed on|y on the nonimp|anted
the exfoliation of He-implanted InP. In this article, the annealpart (b), only on the implanted paft), and on the frontier
temperature ramp-up rate had a large influence on the ocCUbetween implanted and nonimplanted regiéds The full-
rence and degree of exfoliation. The difference could be dugyidth at half-maximum of the substrate peak in the nonim-

= N
[4,] [=]
1 I
1 1

Cavity diameter (nm)
=
T
[

to the lower energies and doses used in our work. planted region is 15.5 arc sec while it is 16.9 arc sec for the
implanted part, indicating good crystalline quality for the
B. HRXRD implanted material.

A 145 arc sec shift of the InP peak to smaller angular
values is observed for the implanted sample, as seen in
curves(c) and (d). The presence of two distinct substrate
é:)eaks on these curves cannot be explained by lattice expan-
sion in the implanted region because the fact that only one
peak is seen in that region would imply that the signal com-
ing from the substrate is less intense than the background
level of the deformed InP layer peak. In order for this to be

Figure 7 shows 004 HRXRD rocking curves from
INP(001) samples implanted witlp.=3x10*%cm™2 at 40
keV. The bottom curvda) corresponds to an as-implanted
sample. The narrow, high intensity peak at zero relativ
angle arises from the 801 substrate at depths beyond the

l
10° | true, the thickness of the deformed region would have to be
over 20um thick, according to x-ray diffraction simulations,
which is very unlikely. Another possibility is that the sample
od 8 is bent by 145 arc sec at the frontier between the implanted
o and nonimplanted regions. This bend could be caused by the
\‘: volume expansion in the implanted region due to the space
’§ 10°F taken by nanocavities.
2
[
ok 2 ’ IV. DISCUSSION
A critical He implanted dose is necessary for cavity for-
mation to take placé.n this work, this dose is found to be
10°_'1‘500 _1(;00 _550 (‘) =50 between X 10'® and 2x 10'°He cm 2 for an ion energy be-

tween 25 and 70 keV and annealing temperatures above
620 °C. According tosRIM calculations, the maximum he-
FIG. 7. HRXRD rocking curves from InB01) samples implanted with lium concentrations corresponding to the previous ion doses
dre=3x10"°cm™? at 40 keV (@) and annealed 15 min at 640%0), (¢},  at 40 keV are 2.8107° and 5.8<10°°cm 2, respectively.

and (d). The curves from the annealed sample were taken on the nonimg, - o mparison, the estimated critical dose for cavity forma-
planted partb), only on the implanted partt), and on the frontier between .~ S O3 12
implanted and nonimplanted regioiid). They are vertically shifted for tion in Siis 3.5<10"cm™>.%“ It was also observed that for

clarity. a given ion energy and annealing conditions cavity bands

Angle (relative seconds)
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were wider for higher ion doses. This is explained by the faclv. CONCLUSION

that a higher dose results in a wider region in which the He In conclusion, we have created nanocavities in InP by
concentration is above a certain threshold concentration foﬁelium implantation at dosesy.>2x 10%cm 2 followed

cavity formation. In the further evolution of cavities with by thermal annealing at temperatufes>600 °C. Their size
increasing annealing temperature and time, as described by, gistribution were studied as a function of ion energy, ion
Figs. 4, 5, and 6, the cavity diameter increases while thgose annealing time, and annealing temperature. The cavi-
width of the cavity band decreases. Also, larger cavities grovfies were metastable as they collapsed under annealing for 25
at the expense of the smaller ones so that cavity growthhin at 640°C or 10 min at 750 °C. The “processing win-
could be driven by an Oswald ripening procéss. dow” for nanocavity formation in InP is thus limited; they
Cavity formation is more efficient in InP than in Si. zre created fof ,>620 °C but they collapse whéFy, andt,
From Fig. 4, it is seen thakt, /T, values of 0.9 are required are |arge enough. It was also found that the InP lattice ex-
in order to obtain=50 nm-wide cavities in Si. Comparative pands under & 10'®cm™2 He 40 keV implantation contrary
Tal/Tr, values for InP are~0.7. Overall, lower temperatures to the compression which is usually observed for high-
are necessary for He cavity formation in InP compared to Sienergy implantation.
We propose that this is due to the lower surface energy of Results were compared to data on cavity formation in Si
InP. For comparison, the measured surface energi¢sl6f  found in the literature. The fact that the obtained cavities are
planes in SP* GaP, and GaAgRef. 25 are 1.43, 1.9, and larger in InP than in Si for similar He energy, ion doses,
0.86 J/m, respectively, and InP surface energy is expected t@annealing temperatures, and times is attributed to the lower
be even lower because InP has less bonds per unit area asdrface energy of InP. We also propose that the cavity col-
less energy per bond compared with GaAs and GaP. So, tHapse observed in InP and not in Si is due to the high defect
necessary He pressure needed to sustain a cavity of a giveliffusivity in InP, which facilitates In and P diffusion to fill
dimension in Si should be at least twice the pressure needdlie empty cavity after He out diffusion.
in InP since pressure is proportional to surface energy for a
given nanocavity radius. Therefore, cavity growth will be ACKNOWLEDGMENTS
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