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The formation of nanocavities in InP~001! by room-temperature He implantation and subsequent
thermal annealing was studied using a combination of high-resolution x-ray diffraction~HRXRD!
and cross-sectional transmission electron microscopy~XTEM! analyses. The nanocavities size and
depth distributions were measured as a function of He ion dosefHe (131016 to 931016cm22) and
ion energyE ~25 to 70 keV!, as well as annealing temperatureTa ~600 to 750 °C! and timeta ~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 criticalfHe andTa values for the
formation of nanocavities were found by XTEM analysis to be between 1 and 231016cm22 and
between 600 and 620 °C, respectively. Cavities of diameter 4–50 nm with$110%, $101%, and$001%
facets were obtained. IncreasingTa and ta resulted in larger cavities and increasingfHe 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 disappear forta

.25 min at Ta5640 °C or ta.10 min at Ta5750 °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#
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I. INTRODUCTION

Nanocavities can be formed in various ceramics a
semiconductors by helium or hydrogen implantation f
lowed by high temperature thermal annealing. Heliu
which has a very low solubility in these materials segrega
around defect sites created by ion implantation; upon h
temperature annealing this situation leads to the formatio
gas-filled cavities. Nanocavity growth is the result of t
competition between the gas pressure inside the cavities
the surface tension of the gas-filled cavity. In the case
silicon, helium can diffuse out of the matrix and evaporate
the surface thus transforming helium-filled cavities in
empty cavities. Various studies have shown this process t
strongly dependent upon the He dose.1–3 The minimum He
concentration required for cavity formation in silicon h
been estimated to be 3.531020cm23. At low concentrations
(,231020cm23), small He-vacancy complexes are prese
after implantation but they may dissociate upon therm
annealing4 so that most of the implanted He atoms diffu
out of the sample without contributing to cavity formatio
This results in a low density of cavity clusters surrounded
strong strain fields.3 Formation temperatureTa for low con-
centrations is around 700 °C. At higher concentrations (.4
31021cm23), small helium-filled cavities are alread
present during implantation. During subsequent thermal

a!Electronic mail: martin.chicoine@umontreal.ca
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nealing He is released from the cavities and desorbs at
surface while the cavities coarsen.5–7 At high doses~typi-
cally fHe.131017cm22, depending on parameters such
implantation energy, annealing temperature, etc.!, the cavity
number density becomes so high that the material above
implantation depth exfoliates.8,9 He or H cavities have also
been observed in several materials including GaP, InA10

GaAs,10,11 SiC,12 MgO,13 and InGaAs.11 The general trends
for cavities in these compounds are similar to what is o
served in Si except for MgO, where the cavities are of re
angular shape while they are of faceted spherical shape
and III–V materials.

In this article, we present results on the formation of H
cavities in InP~001! and compare them with results fo
Si~001!. The cavities were created by He implantation fo
lowed by high-temperature thermal annealing and were s
ied by high-resolution x-ray diffraction~HRXRD! and trans-
mission electron microscopy~TEM!. It is found that cavity
formation takes place at lower temperatures than in Si. T
cavities exhibited$110%, $101%, and $001% facets. Their size
increased with annealing temperature and time but they w
metastable and disappeared after annealing for 25 mi
640 °C or 10 min at 750 °C. Material parameters that
relevant for cavity formation are He solubility and diffusiv
ity, surface energy, and defect diffusivity in the matrix. Sin
helium is a small, closed-shell atom that interacts ve
weakly with other atoms, its solubility and diffusivity wil
only depend on the size of interstitial space and should
6 © 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



r
on
or
n
op

ur
on

iz

si
it

of
n
o

o

in
u

o-
-
e

w
n
-
ni
rd
on

itie
id

-

n
th
p

s
rfa
u

om
es
ca

-

t is
-
Se-
ent

a
but

of

er
oup
an

an-

6117J. Appl. Phys., Vol. 94, No. 9, 1 November 2003 Chicoine et al.
similar in InP and Si. However defects and their diffusion a
more complex in III–V materials in general. Defect creati
by ion implantation and plastic deformation are also m
efficient in InP than in Si.14–16We discuss the differences i
cavity formation between InP and Si in terms of these pr
erties.

II. EXPERIMENTAL DETAILS

InP~001! samples were implanted at room temperat
with He ions of energies ranging from 25 to 70 keV and i
dosesfHe between 131016 and 931016cm22. The focused
helium beam was scanned over a 1.631.6 cm2 area. The
angle of incidence on the target was set to 7° to minim
channeling. The current density was about 1.5mA cm22. The
samples were annealed withTa from 600 to 750 °C andta

from 5 to 25 min in a metal-organic chemical vapor depo
tion ~MOCVD! reactor under phosphorous overpressure w
tertiarybutylphosphine~TBP! partial pressures ranging from
2.131021 to 4.131021 Torr. The chosen partial pressures
TBP are sufficient to inhibit surface degradation at all a
nealing temperatures used here.17 Some samples were als
treated by rapid thermal annealing~RTA! under Ar flow in an
AG Associates Heatpulse 610 furnace, with the surface c
ered with a piece of InP.

The structural properties were investigated us
HRXRD and TEM. HRXRD measurements were carried o
using the Cu Ka1 ~l51.5406 Å! radiation from a Philips
high-resolution five-crystal diffractometer with the mon
chromator aligned in its Ge~220! settings and a 0.45° receiv
ing slit in front of the detector. TEM specimens were pr
pared in cross-section witĥ110& surface normals using
mechanical polishing followed by room-temperature lo
angle~4°! argon ion milling at 5 keV in a Gatan precision io
polishing system~PIPS!. The ion energy was gradually re
duced to 2.5 keV during the final stages of thinning to mi
mize radiation damage to the samples. Images were reco
at 300 kV on a Philips CM30 microscope using Fresnel c
trast to observe the nanocavities.

III. RESULTS

A. TEM

As-implanted samples show no observable nanocav
and are characterized by a point defects band whose w
and depth increase withfHe and E, respectively. For an
InP~001! sample implanted withfHe5331016cm22 at 40
keV, TEM micrographs exhibit a'165 nm wide band cen
tered at a depth of 295 nm. For comparison,SRIM18 simula-
tions gives a calculated ion projected range (Rp) and longi-
tudinal straggling of 300 and 130 nm, respectively, a
maximum concentration of vacancies at 230 nm below
surface. Figure 1 shows a TEM image from the same sam
annealed forta510 min at Ta5640 °C under phosphorou
overpressure. As seen on the micrograph, the near su
region shows considerable damage, containing a large n
ber of dislocations and stacking faults~top defects!. A 60
nm-wide band of nanocavities with diameters ranging fr
'8 to '18 nm is visible at a depth of 220 nm. The caviti
are thus centered near the maximum concentration of va
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cies predicted bySRIM, which has also been verified for im
plantations atE525 and 70 keV for whichRp values are 210
and 445 nm, respectively. This is in agreement to wha
observed in Si.19 Finally, a '250 nm wide band of disloca
tion loops centered at a depth of 375 nm is observed.
lected area electron diffraction patterns taken in the differ
regions of the sample indicate that it is a single crystal.

Figure 2 shows a close-up of the cavity band from
sample implanted under the same conditions as in Fig. 1
annealed atTa5620 °C for ta510 min. In this case, the
width of the cavity band is about 170 nm. The diameter
the cavities varies from'4 to '15 nm, except for one single
cavity that is'28 nm in diameter. We found that the larg
cavities are always located closer to the surface. That gr
of larger cavities will be chosen for the calculation of me

FIG. 1. TEM cross-section image withg near the 002̄orientation from an
InP~001! sample implanted withfHe5331016 cm22 at 40 keV and an-
nealed 10 min at 640 °C.

FIG. 2. Close-up of the cavity band of an InP~001! sample withg near the
002̄ orientation implanted under the same conditions as in Fig. 1 and
nealed 10 min at 620 °C. The arrow indicates the projected rangeRp of the
implanted ions.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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cavity diameter values in Figs. 4, 5 and 6 because, as it
be discussed in the next paragraph, those larger cavities g
with increasingTa and ta while the smaller ones shrink, s
they are more representative of the growth process. Figu
shows a single cavity of'18 nm diameter terminated wit
$001%, $110%, and$101% facets, for the same annealing cond
tions as in Fig. 1.

Figure 4 presents the size of the largest cavities a
function of normalized annealing temperature and implan
tion energy for a constant dose of 331016cm22 and after a
10 min anneal under TBP. Data for cavities in Si implant
with fHe5131017cm22 at 100 keV and vacuum anneale
for 1 h are shown for comparison.20,21 The temperature is
normalized to the respective melting temperaturesTm ~1333

FIG. 3. Close-up of a cavity from the same sample as in Fig. 1 withg near
the 002̄orientation.

FIG. 4. Diameter of large cavities as a function of normalized annea
temperature for InP~001! implanted withfHe5331016 cm22 at 40 keV~j!
and 25 keV~.! and annealed for 10 min. Data for Si implanted withfHe

5131017 cm22 at 100 keV and annealed for 1 h~d! is shown for compari-
son ~taken from Refs. 20 and 21!. Error bars correspond to the standa
deviation of cavities size.
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K for InP and 1687 K for Si! to provide an approximate
scaling for defect concentrations and diffusivities in the
materials. The comparison is not perfect since for these c
ditions, cavities in Si have reached equilibrium at this te
perature while this is not the case for InP but it neverthel
provides insights into the formation mechanisms in InP.
cavities were observed for InP samples annealed atTa

5600 °C. The cavity diameter then increased with incre
ing Ta , from 620 to 720 °C until they abruptly disappeare
at Ta5750 °C, in contrast with data for Si. Figure 5 show
the cavity band width as a function of annealing temperat
for samples implanted withfHe5331016cm22 at 25 keV.
Comparing with Fig. 4, we see that the increase in cav
diameter is accompanied by a decrease of the cavity b
width, the larger cavities always staying at approximately
same depth while growing and smaller cavities progressiv
disappearing, which could be explained by an Oswald rip
ing process.22 At 720 °C, the band is just one cavity wide, o
diameter'47 nm. Figure 6 shows the variation of the max
mal cavity size as a function ofta for fixed Ta ~640 °C! and
implantation conditions (fHe5331016cm22 at 40 keV!.
The diameter of the cavities increases from 11 nm atta

55 min to 23 nm after 15 min of annealing. However aft
25 min, they had disappeared, leaving only dislocation lo
in place of the cavities.

Implantations with different ion doses were also inves
gated for samples annealed 10 min at 640 °C. No cavi
were seen for samples implanted atfHe5131016cm22

whether it was at 25, 40, or 70 keV. Cavities were present
samples implanted at 231016cm22 at 40 keV. For samples
implanted at 40 keV andfHe5931016cm22, the mean
depth of the cavities was the same as for the smaller do
but the cavity band was 300 nm wide, instead of 60 nm
fHe5331016cm22.

Finally, some samples were also annealed in a RTA
nace to compare the effect of temperature ramp-up, wh
were 120 °C/s in the RTA compared to about 2 °C/s in
MOCVD reactor. No significant differences in cavity siz

g

FIG. 5. Nanocavity band width as a function of annealing temperature
InP~001! implanted withfHe5331016 cm22 at 25 keV and annealed for 10
min. The cavities centers are used for width calculation.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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and distribution were observed between the two methods
samples annealed for 10 min at 620 °C, 5 min at 640 °C,
min at 640 °C, or 25 min at 640 °C. These results are
contrast with what was observed in Ref. 8 which describ
the exfoliation of He-implanted InP. In this article, the anne
temperature ramp-up rate had a large influence on the oc
rence and degree of exfoliation. The difference could be
to the lower energies and doses used in our work.

B. HRXRD

Figure 7 shows 004 HRXRD rocking curves fro
InP~001! samples implanted withfHe5331016cm22 at 40
keV. The bottom curve~a! corresponds to an as-implante
sample. The narrow, high intensity peak at zero relat
angle arises from the InP~001! substrate at depths beyond th

FIG. 6. Cavity diameter as a function of annealing time for InP~001! im-
planted withfHe5331016 cm22 at 40 keV and annealed at 640 °C. Err
bars correspond to the standard deviation of cavities size.

FIG. 7. HRXRD rocking curves from InP~001! samples implanted with
fHe5331016 cm22 at 40 keV~a! and annealed 15 min at 640 °C~b!, ~c!,
and ~d!. The curves from the annealed sample were taken on the no
planted part~b!, only on the implanted part~c!, and on the frontier between
implanted and nonimplanted regions~d!. They are vertically shifted for
clarity.
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ion projected range of 290 nm. The peak at the lowest an
stems from expanded material due to implantation dam
and its shift from the substrate peak increases withfHe. The
peaks between the lowest angle peak and the substrate p
are thickness fringes corresponding to the layer of mate
between the surface and the damaged zone. Their spa
increases from right to left because the strain in the dama
region increases progressively from the surface to the en
range of the implanted ions so that at low angles, the be
sees a smaller effective thickness. We note that the expan
observed here in InP corresponds to the usual behavior
implanted semiconductors but that it is different from t
compaction that is usually observed for high energy he
ion implantations in InP~see Ref. 14 for example!. This dif-
ference in behavior could be related to the fact that for thE
values used in this work, energy is lost mostly through dir
collisions with target atoms while in the MeV-range energi
it is lost mostly through electronic excitations, which cou
result in different damage regimes in the crystalli
substrate.23

Curves b–d in Fig. 7 correspond to 004 HRXRD pa
terns for an InP~001! sample that was implanted under th
same conditions with the ion beam scanned only on hal
its surface and annealed 15 min at 640 °C. The scans w
taken with the x-ray beam directed only on the nonimplan
part ~b!, only on the implanted part~c!, and on the frontier
between implanted and nonimplanted regions~d!. The full-
width at half-maximum of the substrate peak in the noni
planted region is 15.5 arc sec while it is 16.9 arc sec for
implanted part, indicating good crystalline quality for th
implanted material.

A 145 arc sec shift of the InP peak to smaller angu
values is observed for the implanted sample, as seen
curves ~c! and ~d!. The presence of two distinct substra
peaks on these curves cannot be explained by lattice ex
sion in the implanted region because the fact that only
peak is seen in that region would imply that the signal co
ing from the substrate is less intense than the backgro
level of the deformed InP layer peak. In order for this to
true, the thickness of the deformed region would have to
over 20mm thick, according to x-ray diffraction simulations
which is very unlikely. Another possibility is that the samp
is bent by 145 arc sec at the frontier between the implan
and nonimplanted regions. This bend could be caused by
volume expansion in the implanted region due to the sp
taken by nanocavities.

IV. DISCUSSION

A critical He implanted dose is necessary for cavity fo
mation to take place.1 In this work, this dose is found to be
between 131016 and 231016He cm22 for an ion energy be-
tween 25 and 70 keV and annealing temperatures ab
620 °C. According toSRIM calculations, the maximum he
lium concentrations corresponding to the previous ion do
at 40 keV are 2.931020 and 5.831020cm23, respectively.
For comparison, the estimated critical dose for cavity form
tion in Si is 3.531020cm23.1,2 It was also observed that fo
a given ion energy and annealing conditions cavity ba

-
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were wider for higher ion doses. This is explained by the f
that a higher dose results in a wider region in which the
concentration is above a certain threshold concentration
cavity formation. In the further evolution of cavities wit
increasing annealing temperature and time, as describe
Figs. 4, 5, and 6, the cavity diameter increases while
width of the cavity band decreases. Also, larger cavities g
at the expense of the smaller ones so that cavity gro
could be driven by an Oswald ripening process.22

Cavity formation is more efficient in InP than in S
From Fig. 4, it is seen thatTa /Tm values of 0.9 are required
in order to obtain'50 nm-wide cavities in Si. Comparativ
Ta /Tm values for InP are'0.7. Overall, lower temperature
are necessary for He cavity formation in InP compared to
We propose that this is due to the lower surface energy
InP. For comparison, the measured surface energies of$110%
planes in Si,24 GaP, and GaAs~Ref. 25! are 1.43, 1.9, and
0.86 J/m2, respectively, and InP surface energy is expecte
be even lower because InP has less bonds per unit area
less energy per bond compared with GaAs and GaP. So
necessary He pressure needed to sustain a cavity of a g
dimension in Si should be at least twice the pressure nee
in InP since pressure is proportional to surface energy fo
given nanocavity radius. Therefore, cavity growth will b
more efficient in InP than in Si.

A major difference between cavities in InP and Si is t
dramatic collapse of cavities in InP when heated to a cer
temperature for a sufficient time. We found no evidence
the literature for cavity collapse in other matcrials. We no
for comparison purposes that cavities created under sim
conditions in Si have been observed to be stable at temp
tures as high asTa /Tm50.9 for 5 h in Si.21 In the case of
InP~001!, it is found that cavities have collapsed after
annealing time between 15 and 25 min at 640 °C. For co
parableta and Ta for cavities in Si, helium has been com
pletely evacuated from the cavities.3 As has already been
discussed in the introduction, He diffusivity should be sim
lar in InP and Si so that the out-diffusion of He should a
be the same in InP and Si. Therefore, it appears that cav
in InP shrink when He has out-diffused, which means t
InP is not able to sustain empty cavities at high temperat
We propose that cavities in InP are filled by In and P ato
that diffuse in the material. Defects in InP are known to
highly mobile because of low cohesion energy.15,26 The fill-
ing could also be enhanced by the In and P atoms alre
present as interstitials as irradiation damage due to He
plantation. The measured defect interdiffusion rate for InP
Dd;10211cm2/s at 725 °C~Ref. 26! while it is Dd'1.4
310215cm2/s for vacancies and 6.28310215cm2/s for in-
terstitials in Si at the same temperature.27 This four orders of
magnitude difference in defect mobility could explain why
similar cavity collapse has not been observed in Si. Ca
collapse could also be related to the high phosphorous pa
vapor pressure of InP. At 750 °C, it is'3.631021 Torr.17

For 50 nm nanocavities in equilibrium at 750 °C, this cor
sponds to about 1P2 molecule. ThoseP2 molecules could
interact with the surface of the nanocavities and enha
their filling.
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V. CONCLUSION

In conclusion, we have created nanocavities in InP
helium implantation at dosesfHe.231016cm22 followed
by thermal annealing at temperaturesTa.600 °C. Their size
and distribution were studied as a function of ion energy,
dose, annealing time, and annealing temperature. The c
ties were metastable as they collapsed under annealing fo
min at 640 °C or 10 min at 750 °C. The ‘‘processing wi
dow’’ for nanocavity formation in InP is thus limited; the
are created forTa.620 °C but they collapse whenTa andta

are large enough. It was also found that the InP lattice
pands under 331016cm22 He 40 keV implantation contrary
to the compression which is usually observed for hig
energy implantation.

Results were compared to data on cavity formation in
found in the literature. The fact that the obtained cavities
larger in InP than in Si for similar He energy, ion dose
annealing temperatures, and times is attributed to the lo
surface energy of InP. We also propose that the cavity c
lapse observed in InP and not in Si is due to the high de
diffusivity in InP, which facilitates In and P diffusion to fil
the empty cavity after He out diffusion.
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