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The structural properties of InAs nanocrystals formed in Si by sequential implantation of In and As
ions are studied in detail. We use a combination of x-ray diffraction, Rutherford backscattering
spectroscopy, channeling, and transmission electron microscopy analyses to demonstrate that,
regardless of the order in which ion species are implanted, InAs nanocrystals can be produced in Si
(100 by means of sequential ion implantation complemented by subsequent thermal annealing.
Whichever the order of implantation is, the nanocrystals are facetted and termindfdd)qylanes,

the epitaxial relationship being cube-on-cube, (1,0Q)(100)s; with [001],,4/[001]s;, for most

InAs nanocrystals. The size distribution of nanocrystals is much affected by the sequence of
implantation. With As ions implanted first, nanocrystals of different sizes are concentrated within
one and the same layer under the sample’s surface. In contrast, when In ions are implanted first,
nanocrystals of different sizes are produced separately in space, forming a three-layer structure. As
a consequence, inverting the order of implantation entails considerable changes in the morphology
of the InAs nanocrystals obtained, affecting both their concentration profile and their size
distribution. The result has a significant impact on the optical properties of the resulting samples.
© 2002 American Institute of Physic§DOI: 10.1063/1.1507822

I. INTRODUCTION plantation of ion species on the nanocrystalline structure
properties have not been previously discussed in the litera-
Semiconductor nanocrystals have been intensely studie@ire, except for Refs. 17 and 19. Whaeall” were the first
during the last decade because of their remarkable opticgh point out significant differences in the microstructure of
properties arising from quantum confinement effects, and itsaAs nanocrystals in Si which arise under the effect of the
view of their potential for the design of optoelectronic de-jnyersion of the order of implantation. The same effect was
vices. Various techniques for the synthesis of nanocrystalgyserved in Ref. 19 with respect to InAs nanocrystals in Si,

have been developed, including colloidal chemistry, molecuznq the order of implantation was shown to strongly affect
lar beam epitaxy, electrochemical etching, and ion 'mplamabptical properties of the samples.

tllon (sge Ref. 1 anld referegcesbtheberﬁhbe use of ion r']m' Hence a significant advantage of the ion implantation
plantation  complemente y  subsequent t erma’ies in its potential for creating nanocrystals with controlled

. ~18 : . . . .
annealm@ IS e_spe_clally attractlve_from t_he viewpoint O.f size distributions, and even for producing prescribed nano-
prospective applications because it provides a convenient

; o : rystalline microstructures insi iven trates. Achievin
way to create various types of nanocrystals inside differenf Y >-a e MICTOSIIUCIUIES side given substrates. Achieving

d " such control is of particular technological importance be-
amorphous and crystalline substrates. In addition to prepai- i S New w f tuning th tical absorption and
ing nanocrystals of single-element semiconductors, such rAUSE It opens hew ways of tuning the optical absorption a

Si and GE 1 the ion implantation technique also enables uminescence—emission wavelengths used in optoelectronic
one to pr(;duce nanocrystals of various II-IV and I11-V devices. It is therefore essential to understand and control the

compound semiconductors. In this way, CdS, CdSe Gaaducleation and growth of precipitates in ion-implanted mate-

InAs, GaP, InP, and GaN nanocrystals, among others, haJ&!s: o _ _
been successfully synthesized in silica glasses, sapphire, and The present article investigates structural properties of
crystalline Si substratés*'*'5-%owever, the morphology NAS nanocrystals synthesized in crystalline(800) by se-

of resulting nanocrystals, and the impact of the order of im-duential implantation of In and As ions followed by thermal
annealing. It is demonstrated that the order in which ion

species are implanted has a significant impact on the forma-

dDeceased. : . q . | h

YAuthor to whom correspondence should be addressed; electronic mai‘Hon of InAs prempngtes, and so it strongly affects the mor-
sjoerd.roorda@umontreal.ca phology of the obtained samples.
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Il. EXPERIMENTAL PROCEDURE

Single-crystalline S{100 samples were implanted with
800 keV In" and 500 keV AS ions. The projected ranges for
ions of these energies aR,(In*)=318 nm andR,(As")
=310 nm, with the longitudinal straggling values of
AR, (In")=60 nm, andAR,(As")=71 nm. Therefore one
could expect the concentration profiles of these two ions to
be centered at about the same depth. For each type of ion, the’
dose implanted was 1cn?. In each case, the implantation
was carried out alf =500°C so as to better preserve the .
crystallinity of the substratdepitaxial recrystallization of . Si/InAs
amorphous Si during its irradiation by an ion beam occurs at Si/Asln
temperatures as low as 200°€9.) g L ettt

Two kinds of samples were prepared. Samples of the 25 30 35 40 45 50 55 60 65 70
first kind, to be identified as Si/AsiIn further on, were im-
planted with AS ions first and then with Ih ions. In the Anglei20 (deg)
second kind of sample, to be referred to as Si/InAs, the order (a)
of implantation of the two ion species was inverted. Once
implanted, the samples were annealed in a reducing atmo- m7
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sphere (At +4%H,) at 800°C for 1 h and then at 900°C
for an additional 1 h.

The microstructure and stoichiometry of both as-
implanted and annealed samples were studied using a com-
bination of Rutherford backscattering spectroscéRBS),
channeling, x-ray diffraction(XRD), as well as cross-
sectional transmission electron microsco¥TEM). The
RBS and channeling probe beam consisted of 2 MeV He
ions, and all of the spectra were recorded with a detector set
at a scattering angle of 170°. In the RBS measurements, the
beam was incident at an angle of 7° with respect to the 1
normal of the sample’s surface. The spectra obtained were ] -
analyzed by means of tirumP simulation progrant! E——————————————

The XRD 6-26 and rocking curvegwith 6 the Bragg 25 30 35 40 45 50 55 60 65 70
angle were obtained using (4, radiation. XTEM speci-
mens were prepared in cross section With0] surface nor- Angle 20 (deg)
mals by conventional mechanical polishing followed by (b)
room-temperature low-ang(@°) Ar ion milling at 5 keV in a
Gatan precision ion pO“Shmg. system. The an _e”e_rgy WELIQEIG. 1. The XRD diffraction patterns of the samplés): as-implanted state
gradually reduced during the final stages of thinning in ordet,, v after the annealingl h at 800 °C followed 1 h at 900 °C).
to minimize sample damage. XTEM images were recorded at
300 kV on a Philips CM30 microscope.

NI I

InAs (004)

InAs (002)

In (110)

ST R

Intensity (arb. units)

. RESULTS cates that in both types of samples, after annealing, most of
) , the In is present in the form of crystalline InAs.
A. X-ray diffraction The widths of the InA4400) peaks, as determined from

The XRD measurements were performed on both kindsigh-resolution XRD by use of Gk, radiation(not shown
of samples, first in the as-implanted state, and then after arhere, are 0.35° for the Si/Asin sample and 0.36° for the
nealing. The obtained curves are shown in Fig®) Aind  Si/InAs one. The average siZe of nanocrystals can be
1(b). Besides the $400 substrate peak, the curves for both evaluated from the line broadening due to the finite crystal
of the as-implanted samples displayed several crystalline 1size using the Scherrer formula
peaks[Fig. 1(a)]. However, whereas the XRD curve of the
Si/AsIn sample did not reveal any peak attributable to crys- 09
talline InAs, a low-intensity INAQ00) peak was detected in - Bcostg’
the corresponding curve of Si/lnAs sample ne@r=29.9°.

Figure Xb) shows XRD curves for the same sampleswhereB is the line broadening due to the finitemall) crys-
after annealing. Both Si/AsIn and Si/InAs now display dis-tal size,\ is the x-ray wavelength, angk is the correspond-
tinct (400) and (200 crystalline InAs peaks, whereas the In ing Bragg angle. From Ed1) we obtain nanocrystal diam-
peaks have nearly disappeared. Only thg260 peak re- eters of about 23 nm for the Si/AsIn sample and 26 nm for
mains, although its intensity is greatly reduced. This indi-the Si/InAs one.

(€Y
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FIG. 2. Grazing-angle XRD curves of the annealed samples.
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Grazing-incidence XRD measurements, with the x-ray
beam angle of incidence being fixed while the detector is
scanned, were carried out on annealed samples to determine
the orientation of the nanocrystals. The angle of incidence
was chosen to be about 0.3° so as to fulfill the Bragg condi-
tion for the(311) planes in InAs crystals for which th@00) ©o3s
planes are parallel to those of the (800) matrix. Figure 2
shows the curves obtained for both kinds of samples. These
curves exhibit a strong InA811) peak along with several In
and InAs peaks of much lower intensity. This, together with
selected-area electron diffraction results, establishes the epi-
taxial relationship between InAs and Si to be cube-on-cube.
(100),ad| (100)s; with [001];,44I[001]s;, for most InAs
nanocrystals. Quantitative analysis of the integrated peak in-
tensity of the XRD data presented in Fig. 2, with the geo-
metrical structure factor and Lorentz factor taken into ac-
count, indicates that the fraction of InAs nanocrystals having
orientations different from that of the (300 substrate is
10%+0.5% for Si/AsIn and 3% 0.5% for Si/InAs.

0.8

30 [~

Normalized Yield

300
Channel

Both as-implanted and annealed samples were character- (b)
ized by_ RB,S' Typical spec'tra OT as-implanted samples al’EIG. 3. The RBS spectra of the samples before and after annealing. The
shown in Fig. 3 as opefwhite) triangles together with the  gashed vertical lines denote the surface channels of Si, As, and In dm@ms:
TRIM simulation spectra of Si implanted with In and As ions Si/Asin sample andb) Si/lnAs sample.
(dashed lines The spectrum of Si/InAs reveals a broad peak
corresponding to the As ion distribution, as well as a sharp
peak corresponding to In ions. The latter indicates a sharpon. Hence, there is a considerable difference between the
concentration profile of In, as sharp as would be expecte®RBS spectra of the Si/AsIn and Si/InAs samples immediately
based on the range straggling during the implantation. Such after ion implantation.
narrow distribution of In after a high-dose ion implantation The depth distributions of the In and As io@mt shown
could indicate segregation of the In ions, and indeed, In cryshere were extracted from these spectra, as well as from
tallites were detected by XRD and transmission electron miother spectra recorded at different scattering angles. Signifi-
croscopg TEM) measurements. Both In and As distributions cant deviations from the standard implantation profile were
appear to be centered at depths close to those predicted byserved, as could be expected for such high-dose heavy ion
TRIM simulation. The spectrum of the Si/AsIn sample showsmplants. Specifically, the widths of As ion distributions in
two broad peaks attributable to the In and As ion distribu-both samples are much greater than the corresponding values
tions. The In peak is centered at its expected projected rangef straggling predicted byrim simulation, as shown in Fig.
whereas the center of the As distribution is located closer t@. The same is true for the distribution of In ions in Si/AsIn
the substrate’s surface than predictedrBym. This displace- sample. By contrast, the width of In distribution in the Si/
ment is likely to be due to the sputter erosion of the surfacénAs sample corresponds to the one predictedrikg (see
of As ion-implanted Si substrate by In ions during implanta-Fig. 3). However, most of the implanted species were con-

I
200

150 250

B. lon-beam analysis (RBS) and channeling
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fined to a 500 nm thick surface layer with partial overlap
between the As and In profiles in the as-implanted samples
[see Figs. &) and 3b)].

Black triangles in Fig. 3 represent the spectra measured
after the thermal anneal treatment. In these spectra, the en-

100
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ergy difference between the As and In peaks corresponds
exactly to that between the As and In surface channels, ©
which indicates that the overlap of the depth profiles of these >~ 60
species is significantly increased as compared to the as-
implanted state. Such an increase in the overlap would result
if an InAs compound had formed. However, in both samples
the width of the As distribution is still greater than that of the
In distribution, indicating that a fraction of implanted ions 20
still remains in the substrate in a form other than molecular

or crystalline InAs.

The microstructure of the annealed samples was also in- 0 | T T |
vestigated by channeling the 2 MeV He@n beam along the 200 300
[001], [011], and [111] crystallographic directions of the Channel
Si(100) substrate. The spectra obtained for {0@1] direc- (a)
tion in both Si/AsIn and Si/InAs are presented in Fig&) 4
apd 4h). .For each sample, the channeled spec_:tl(black Energy (MeV)
triangles is shown together with the corresponding random 05 o s
spectrum(solid line). The spectra show a reduction of the 60 . ! T
backscattering yield for all channels in both samples demon-
strating very clearly that they are crystalline. The minimum
yield, however, is about three times greater than in unim-
planted Si wafers, which suggests the presence of a consid-
erable number of defects resulting from ion implantation.
The yield is also reduced between channels 300 and 450,
corresponding to backscattering from As and In, although the
reduction is somewhat less than in the substrate.

The ratios of the channeling yield in the channel range
300-450(In and As signal to the channeling yield for the
channels 100—-28(8i signa), designated by as. i,/ xsi and
Xin+as/xsi for Si/AsIn and Si/lnAs samples, respectively,
were calculated from channeling spectra measurd@0d], I
[011], and[111] directions of silicon substrate. These ratios 200
remain constant for all the three directions in each kind of Channel
sample, indicating that a large fraction of In and As atoms (b)

are aligned along the same crystallographic axes as the Si
substrate. This result is consistent with the formation of InAs

FIG. 4. Channeling spectra measured 1] silicon matrix direction:(a)
Si/AsIn sample andb) Si/lnAs sample.
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50— — Random -
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crystallites embedded epitaxially within the Si matrix.

A higher channeling yield from the InAs portions of the
spectra(as compared to the yield from the Si rapgan be
attributed to a number of structural imperfections. Specifi-

cally, some of the In and As atoms may remain in solution ong.ated at depths greater than the projected ragéabout
nonsubstitutional sites, some of the InAs crystallites may1q nm), have been identified by XRD analysis as indium
hgve formed but still not aligned e.pitaxially with the Si ma- nanocrystals. With In ions implanted firgianel b, some of

trix, and some larger InAs crystallites may have relaxed t0yhe5e nanocrystals have the shape of platelets in the plane
ward their normal lattice parameter. It is also possible tha,;rmal to the implantation directiofthey appear as wires in

dislocations and other types of extended defects are formqﬂe two-dimensional projection of the cross-sectional TEM

inside these nanocrystals. image$ and are considerably larger than in the case of As

ions implanted firs{panel a. In both cases these nanocrys-

tals are confined to a 650 nm thick surface layer. The largest

of these nanocrystals are located at a depth corresponding to
The TEM measurements were carried out on both Sithe projected rang®, as predicted byrrim for the im-

AsIn and Si/InAs samples, before and after thermal anneaplanted In ions. The formation of smaller nanocrystals at

ing. The micrographs of the as-implanted samples are showlarger depths would require diffusion during ion implanta-

in Fig. 5. The dark spots and agglomerates of different sizegjon.

C. Transmission electron microscopy
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Si/InAs
as-implanted

(b)

FIG. 5. XTEM micrographs of samples in as-implanted stédg:Si/AsIn
and(b) Si/InAs.

The TEM micrographs of annealed Si/AsIn and Si/InAs
samples shown in Figs.(® and 6b) demonstrate that the

annealing resulted in the formation of InAs nanocrystals in

Tchebotareva et al.

500 nm Si/AsIn

% _ Si/lnAs 500 nm
(b)

FIG. 6. XTEM micrographs of samples after annealitay:Si/AsIn and(b)
Si/lnAs.

of nanocrystals form sets of parallel planes aligned at an
angle of 54.7° with respect to the substrate’s surface and
hence are identified to H&11} planes, in agreement with the
epitaxial relationship that was obtained from grazing-angle
XRD.

It is worth noting that a large number of extended de-
fects are formed in the Si/InAs sample after annealing, but
not in the Si/AsIn sample. Dislocations and dislocation loops
are created in Si/InAs far beyond the projected range of the
implanted ions. A number of dislocations is also seen be-
tween the sample’s surface and the layer containing InAs
nanocrystals. These defects are likely to cause nonradiative
carrier recombination during a photoluminescefieg) ex-
citation and thus prevent PL emission from the sample.

D. Size distribution

both kinds of samples. From the shape of dark spots in these We performed a quantitative analysis of the TEM im-
micrographs it becomes clear that nanocrystals obtained iages, such as those in Fig. 6, to obtain the size and depth
the samples of both kinds are facetted. Moreover, the facewistribution of the InAs nanocrystals. A total of 287 nano-
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crystals of more than 10 nm in diameter were taken into Si/AslIn sample

account for the Si/Asln sample, whereas 484 nanocrystals 80

were considered for Si/InAs. The average diameter of the 70

nano-crystals, evaluated without regard to the depth of their & ]

location, was found to be 58.3 nm for Si/AsIn sample and ‘f/ 60—5

28.0 nm for Si/InAs. The difference is due to a large number 3 507

of nanocrystals with small diametefiess than 25 nithat 5 40 3

are present in Si/InAs at depths exceeding 600 nm. In both ;0 30 _7

samples, the average size of nanocrystals is larger than that § 3

obtained from XRD analyses. Indeed, the calculations from & 20 E

TEM micrographs are referred to as nanocrystals of discern- 10 5

ible sizes alone, whereas XRD analysis is sensitive to nano- B 2 e f L e T e A B
crystals of all sizes actually present. Correspondingly, the 0 100 200 300 400 500 600 700 800 900 1000
line broadening supplied by XRD analysis is affected by all Depth (nm)

of the nanocrystals existing in the sample. As a result, the (a)

TEM analysis tends to overestimate the average size of the
nanocrystals obtained. However, in the case of the Si/lnAs

Si/InAs sample

sample the agreement between the nanocrystal’'s average di- 80
ameters evaluated from high resolution XRD and TEM mea- 70 E
surements, turns out to be good, due to the large number of g
small nanocrystals that are visible on the micrographs. Tﬁ: 60 3

Distributions of the average diamet®rof nanocrystals Z 50
as a function of depth are shown in Figsa)7and 7b). For g 40 4
the Si/AsIn sampleD is a slowly varying function of depth. 2 30 3
Moreover, at every fixed depth the average diameter is pro- & _7
portional to the concentration of implanted ions and has a & 20 3
one-layer structure. In other words, in the Si/Asln sample 10
nanocrystals of different sizes are concentrated within one 0 i A R A A
and the same layer under the sample’s surface. By contrast, 0 100 200 300 400 500 600 700 800 900 1000
in the Si/InAs sample the depth distribution of the average Depth (nm)
size has a three-layer structure. In this sample the layer con- (b)

taining large nanocrystals lies at a depth of about 300—400

nm. This layer is surrounded on either side by a layer witheig. 7. Average size of nanocrystals as a function of depth under the sam-
nanocrystals of considerably smaller sjgég. 6(b)]. A care-  ple’s surface{a) Si/Asin and(b) Si/lnAs.

ful examination of an enlarged version of the XTEM image

in Fig. G(p) reveals that (_)nly a sm_all num_ber of nanocrystalslv‘ DISCUSSION

have their centers lying in the regions adjacent to the layer of .

large nanocrystals, their depths extending from 200 to 300 All of the results we have obtained by means of struc-
nm, and from 400 to 500 nm. Such a layered structure idural analysis reveal a considerable structural difference be-
characteristic of a precipitation process dominated by ostween Si/Asin and Si/InAs samples. B_ased on the total s<_at of
wald’s ripening? Hence, for the Si/lnAs sample the prob- the results, we propose the following pheno_men_ologlcal
ability of finding a nanocrystal of a given size is strongly modeldfobr the f(_)rm?tlon of I”ASS Onoaglgc][yﬁtals (;nbsloo)b
dependent on the depth of the nanocrystal’'s location undéy éated by ion imp antatlon at M L Tollowed Dy subse-
the sample’s surface. This fact is also illustrated in Figa) 8 quent ther.mal anne_allng. The equilibrium SOgE"'tV,Sf Asin
and &b) which display the depth distributions of very small Sis considerably higher than that of In (X307 cm for

e As atoms versus 4X10® cm™2 for In atoms atT
nanocrystalgless than 29 nm in dlamebeland.of very large =900 °C). Even though the conditions in our experiment are
ones(greater thalm 6_39 ?]m N dlan;eLeres'}:/)ectlvely. | far from equilibrium, our observationdn nanocrystals but
Consequently, in the case of the Si/Asin sample, NaNo;, As segregationindicate that the system follows a trend

crystals of different sizes are formed with the same probabilg;ilar to that of the equilibrium system. Moreover, the for-

ity at every depth where the process of synthesis is efficienty,ation of relatively stable vacancy—As complexes (Vg)As
By contrast, in the case of the Si/InAs sample, nanocrystalg; high As concentration and high temperatdimgevents As

of all sizes are formed with nearly the same probability onlysegregation. Hence, when As is implanted first, it tends to
at depths smaller than 650 nm, whereas for depths betwegBmain essentially atomically dispersed. When In ions are
650 and 960 nm the formation of very small nanocrystalsadded afterward, some of them are involved in the formation
(those with diameter lesser than 29 nim favored. As a of InAs, which remains in molecular form in the substrate
result, in Si/InAs the distribution of the sizes of nanocrystals(this step in the process may be enhanced by the affinity of
over depth is multimodal. In for the vacancy in the V—-Ascomplexes The remainder
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We find, however, that inversion in the implantation se-

3 40 V. CONCLUSIONS

3 L

Z 35 EEE D <29 nm The structural measurements performed by use of vari-
% 40 =5 D > 69 nm ous experimental techniques as described above demon-
g strated the possibility of producing InAs nanocrystals in Si
@ 25 (100 by means of sequential ion implantation complemented
3 20 by subsequent thermal annealing, regardless of the order in
ks : which ion species are implanted. Whichever the sequence of
E 15 implantation is, the nanocrystals produced are terminated by
E 10 (112) facets while being epitaxial with the (300) substrate.

=}

p-d

[))

=

ks

[5)

o

5 quence strongly affects the distribution of nanocrystals’ sizes
0 scesces M over depth. When As is implanted first, nanocrystals of dif-
0 100 200 300 400 500 600 700 800 900 1000 ference sizes are concentrated within one and the same layer
Depth (nm) under the sample’s surface. By contrast, implantation of In
(a) followed by As results in nanocrystals of different sizes be-
ing located separately in space. This has an appreciable ef-
40 fect on th_e optical properties of the resulting samples, as was
o B D < 29 nm reported in Ref. 19.

BT D>69nm
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