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Abstract

Nanometer-size@-FeSp precipitates are formed in Si by ion beam synthesis (IBS). A systematic study is carried out to investigate the
correlation among the implantation parameters, the microstructure, and the luminescence properties. On the one hand, we found addition
orientation relationships (ORs) appear betweergtf@S} and the Si with improved lattice coherence between the two, when the ion implantation
energy is increased. On the other hand, the degree of preferential orientation deteriorates and leads to poor lattice coherence betwesn the partic
and Si matrix when the iron ion is overdosed. These microstructure changes lead to different luminescence properties (intensity, peak position ar
shape) of th@-FeSp particles accordingly.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction coherence with the Si matrix, and strain, etc. which further affect
its luminescence properties. In fact, several orientation relations
Semiconductin@-FeSp has orthorhombic structure with lat- between the Fegiand the Si have been identified experimen-
tice constants ofi=0.9863nm,»=0.7791nm,c=0.7833nm tally, and the correlations between the specific microstructure
[1]. The band gap of the material is reported to¥fe8 eV (cor-  and luminescence properties of the material have been elabo-
responds to a wavelength of 1.aB), matching the preferred rated. For example, Maeda et al. showed that better interfacial
wavelength window for optical communication systef@s3]. structure between thp-FeSp precipitates and the Si would
Together with its promising optical properties, the conveniencenhance the photoluminescence (PL) interjiity, Spinellaand
ofincorporating FeSiinto the current Si-based microelectronics co-workers showed that the large unstraifdeeSp precipitates
for photonic applications has attracted great research attentiagive the PL signal at 1.54m [10]. On the other hand, it has also
in the past decade. Various techniques have been employed lteen theoretically predicted that the presence of suitable strain
preparep-FeSp, such as pulsed laser deposition (PL3), changes th@-FeSp band gap value as well as its nature from
reactive deposition epitaxy (RDEJ], molecular beam epitaxy indirect to direc{12—13] Unfortunately, the available literature
(MBE) [6], andion beam assisted deposition (IBAD). Among  results are both limited and scattered. In many cases, discrepan-
them, ion beam synthesis (IBS) is one of the most widely usedies existamong individual works. Therefore, a systematic study
technigues and is capable of producing samples with J~eSito investigate the correlation among the implantation param-
particle/Si-matrix configuration, in which thg-FeSp phase eters, the microstructure and the luminescence properties is
serves as effective light emitting materigs-10]. needed, in order to understand the fundamental physics that
Various processing parameters of IBS play important roles irgovern the luminescence properties of the FeBhich would
determining the microstructure of FeSQiuch as phase, lattice further guide the engineering process of this promising photonic

material.
In this work, FeSi precipitates are formed in Si using IBS
* Corresponding author. Tel.: +852 2609 6323; fax: +852 2603 5204. with two series of systematically designed p_roc;e;sing parame-
E-mail address: liquan@phy.cuhk.edu.hk (Q. Li). ters. The microstructures of the resulted RgBecipitates were
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investigated using transmission electron microscopy (TEM), anéxamined using transmission electron diffraction (TED). The
the corresponding photoluminescence properties were exartuminescence properties of the annealed samples were stud-
ined. The effect of ion implantation energy and dosage on théd by photoluminescence (PL), which were performed at 80 K
microstructure evolution and the luminescence properties of thasing the 514 nm line of an argon laser with a power of 150 mwW

B-FeSp particles are discussed. as the excitation source. The light emission was dispersed using
alm monochromator and detected by a liquid nitrogen cooled
2. Experimental Ge detector.

The samples were prepared using iron ion implantation int®. Results
(100) p-Si wafer (resistivity-15—25¢cm) using a metal vapor
vacuum arc (MEVVA) ion source. In order to investigate the The TEM results of the as-implanted samples (not shown
effects of both the implantation energy and the ion dosage ohere) revealed that an amorphous layer of Fe-Si mixtures was
the microstructure and the luminescence properties of the sarfermed on top of the crystalline Si. The thickness of the layer is
ples independently, we designed two experiment series. In théetermined by the implantation parameters such as ion energy
implantation energy series, the three samples, which are referr@dhd ion dosage. The iron silicide phase would precipitate out
to EN1, EN2, and EN3, were implanted at extraction voltage®nly after the annealing process.
of 40kV, 60kV, and 80 kV, respectively, at a fixed total dose of
5 x 101%jons/cn?. In the dosage series, the extraction voltage3.1. Ion energy series
was kept fixed at 80 kV with three different doses of 10,
5x 1015 and 1x 10'8ions/cn?, for the samples DO1, DO2, FeSp particles of similar sizes are formed in sample EN1,
and DO3, respectively. The implantation temperature was maireEN2, and EN3 after annealing. The selected area electron
tained at approximately-100°C for all the samples so that a diffraction patterns (SADP) taken from their planview TEM
dislocation-free layer would be expected after annealing accordsamples are shown iRig. 1(a)—(c), respectively. The SADPs
ing to a previous report on the study of implantation temperawere taken with the electron beam parallel to the Si[100] zone
ture effec14]. The as-implanted samples were then subjecte@xis. Extra diffraction spots not belonging to Si are observed
to a dual step annealing process, i.e. firstly annealed using (@s marked by arrows). In order to identify the phase origin of
rapid thermal annealing (RTA) at 85Q for 20, followed by these extra diffraction spots, micro-diffractions-diffraction)
a furnace annealing (FA) at 83Q for 10 h. The microstruc- are taken from the particles that give the specific diffrac-
ture characterizations of the annealed samples were carried dittns as marked by arrow d—f iRig. 1(a)—(c), respectively.
using transmission electron microscopy (Philips CM120, andill of the p-diffractions §ig. 1(d)—(f)) can be indexed to the
Tecnai 20 ST). The detailed phase identification and orientasrthorhombicB-FeSp phase (S.G: Cmca (64)},15] but hav-
tion relation between the Fe—Si phase and the Si matrix werimg different orientation relationships (OR) with the Si matrix.

Si [100] zone Si [100] zone Si [100] zone

(®) (f)

Si[100] zone  P-FeSiz [100] zone
.

Si [100] zone

Fig. 1. (a)—(c) are the SADPs taken from planview EN1, EN2 and EN3 respectively; (d)—(f) arediffeaction patterns taken from the particles corresponding to
the specific diffraction spots as marked by arrows d—f in (a)—(c), respectively.
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crystalline directions, respectively. Similarly, the strain values

7000__ T Ezg M in the second additional OR (lll) observed in EN3 were deter-
6000 -| EN1 : 5 mined to be—1.63% along the [0 1 @] direction and—2.16%

1 —_— [ along the [0 0 1] direction.
5000 - ]

The PL spectra taken from the ion energy series samples are
I shown inFig. 2 All of them give broad peaks at1550 nm. EN1
i 4 gives the lowest emission intensity, which is much improved
in sample EN2. Both samples have emission peaks centered
at~1550 nm. Sample EN3 demonstrates the strongest emission
among the three, but with a blue-shifted peak position at a shorter
wavelength £1530 nm).
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Fig. 3(a)—(c) are the planview TEM images of the annealed

Fig. 2. PL spectra of EN1, EN2 and EN3. samples DO1, DO2, and DO3, respectively. These images show
that dark spherical particles were formed after the dual step
annealing. The number of particles is significantly fewer in DO1

Single OR (l) is observed in sample ENEig. 1(d)), with  than in DO2 and DO3. The particle size of DO1 (10-30 nm in
[011]g~//[100]si, (022x~//(004)%i and (200}-//(040k;. diameter) is smaller than those in DO2 and DO3 (10-50 nm in
Besidesthe OR observedin EN1, one more OR (Il) is observed idiameter). In order to identify the phase of the particles, SADPs
EN2 (Fig. 1(e)), with[1 12]g~//[100]sjiand @ 20p~//(022)i. ~ were taken with electron beam parallel to the Si[1 0 0] zone axis,
Otherthan the ORs demonstrated in Fig 1(d) and (e), stillanothexs shown irig. 3(d)—(f). Only one set of diffraction spots, orig-
one (OR (IlN)) is observed in sample ENFig. 1(f)), with inating from the Si lattice is clearly observed in DQ¥. 3(d)),
[100]g//[100]si, (020)//(022)i, and (0013//(022)s;. By indicating the small amount of Fe—Si phase in the sample. Extra
comparing the measuredspacing in the diffraction pattern and diffraction spots that do not belong to Si are observed in DO2
the calculated ones from the standard lattice spacifgréSp, (the same sample as EN3)ig. 3(e)), which results have been
one can obtain the strain values corresponding to the specifaescribed inthe previous paragrapiy. 1(c)). As a comparison,
ORs. The only OR (I) observed in EN1 has strain of 0.56%jpolycrystalline ring patterns that can be indexed togHeeSp
along the [1 0 Q] direction, and 1.81% along the [0 Jgldirec-  phase are observed in DOJ. 3(f)), suggesting that no prefer-
tion. The additional OR (ll) identified in EN2 corresponds to ential OR occurs between tifieFeSp and the Si matrix. Strain
strain of —1.53% and-2.89% in the [58(Q] and the [58§] also exists in the Fegparticles in DO3, with a value 6£1.63%

Si [100] zone Si [100] zone Si [100] zone

Fig. 3. (a)—(c) are the planview TEM images taken from DO1, DO2, and DO3, respectively; (d)—(f) are the corresponding SADPs of the three sanmpiahéollow
same order.
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of dislocation formation and hence the D1 emission in these

samples is due to the low implantation temperature used in

t accordance with a previous study on the implantation temper-

% ature effecf14]. Subtle difference exists in the exact PL peak

] positions of the three samples. This may be attributed to the

it i H existence of FeSiphases at different strain states in the three
] : sampleg12-13]

The PL intensity is observed to increase from sample EN1
to EN3 as the ion implantation energy increaseg.(2). In
general, the PL intensity would be affected by several factors:

(1) The amount of the light emitting phase; (2) the existence of
- non-radiative recombination centers; and (3) the nature of the
a0 T10D N800 T8O TAFh 1E0E 18hG: ATHE 156 material band gap. Firstly, we found that the amour-¢fe Sp
is much less in EN1 than those in EN2 and EN3, as suggested
by the diffraction intensity of the FegSphase in the three sam-
Fig. 4. PL spectra of DO1, DO2 and DO3. ples Fig. la—c). This would contribute to the observed weak
PL emission in EN1 than those in EN2 and EN3. Secondly, the
along the [0 1 0 direction, 3.42% along the [58@[irection  orientation analysis of th@-FeSp phase and the Si matrix sug-
and 2.23% along the [5 8 @Hirection. gests that EN1 suffers from the worst lattice coherence between

The PL spectra taken from the ion dosage series samples aige two, which becomes better in EN2, and further improves
shown inFig. 4. While the lowest dose sample DOL1 gives thein EN3. Worse lattice coherence suggests more dangling bonds
weakest emission intensity, the intermediate dose sample DQ& the FeSi/Si interface, which usually serve as non-radiative
gives the strongest emission intensity with a broad peak centereadcombination centers and lead to loss of the luminescence inten-
at~1530 nm. The emission intensity of the largest dose samplsity. Thirdly, the different strain states associated with the three
DO3 however lies in-between those of DO1 and DO2 and gives @Rs may lead to changes in the band gap nature of the mate-
broad peak with the center position red-shiftee-tb60 nm. In  rial, i.e. direct—indirect band gap transition. In fact, Abram et
addition, there are two small spikes situated at 1550 and 1570 nai. have predicted in their theoretical calculation of fREeSp
ontop of the broad peak and an extra shoulder ranging from 1208lectronic structure that although the relageBeSp is an indi-
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to 1400 nm. rect band gap semiconductor, compressive strains along [0 1 0]
(—1.4%) and [00 14 (—1.8%) would change its band gap from

4. Discussions indirect to direc{12]. These calculated strain values are close to
our experimental strain values associated with OR (l11) observed

4.1. Ion energy series in the sample EN3. Obviously, the direct band gap material is

a much more efficient light emitter compared to the indirect

In the ion energy series, it is observed that additional OR®and gap one. This may also count for the highest PL intensity
between thg3-FeSp and the Si appear when the ion implanta- observed in EN3.
tion energy increasef&ig. 1). The only OR (1) observed in EN1
associates with the worst lattice coherence in-betweemBthe 4.2 jon dosage series
FeSp particles and the Si substrate, as none of their crystalline
directions (planes) are perfectly aligned. Slightly improved lat- Itisimpossible to analyze the OR between the E@&iticles
tice coherence is obtained in the OR (ll) at the expense of largeand the Siin DO1 due to the limited amount of the Rg#iase
strains in thg3-FeSp phase. Finally, the best lattice coherencein the sample, as can be seen from both the low magnification
is achieved in the OR (lll), as suggested by the strain analysis FEM image Fig. 3a) and the corresponding SADPig. 3d).
OR (Ill). The exact physics of how the increased ion implanta-Three specific ORs are identified in DO2 (the same sample as
tion energy promotes the lattice coherence betweeft#heSp  EN3), of which the lattice coherence in-between gi&eSp
and the Siis not clearly understood. Nevertheless, we speculaéad the Si has been discussed in the previous paragraph. The
that it is related to the increased strain energy needed to achiefact that random ORs between the Fe&id the Si existin DO3
better lattice coherence, which can be provided by the increasexliggests the deteriorated lattice coherence in-between the two. It
ion implantation energy. This is consistent with the experimenis reasonable that the degree of preferential orientation degrades
tal observation that such improved lattice coherence associatesen the ion dosage increases to a certain extent, as the resulted
with larger strain of the Fegphase. severe damage of the Si matrix would be no longer capable of

The broad PL peaks observed in EN1, EN2 and EN3 mayccommodating the FeSparticles with specific ORs.
originate from both th@-FeSp [16] and the Si dislocation (D1) The extremely weak PL signal of DO1, which results from
related emissiond 7]. Nevertheless, the facts that the line shapethe insufficient light-emitting phase (Fepin the sample, makes
of the D1 emission is very narrow, and we have not observeit difficult to locate the accurate peak position. The main broad
any obvious dislocations in the TEM analysis suggest that Speak observed inthe PL spectra of both DO2 and DO3 originates
dislocation (D1) related emission is not likely. The absencdrom thep-FeSp phase. The difference in the peak position of
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