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We have studied the ion-beam synthesis of GaSb nanocrystals

in Si by high-fluence implantation of Sb and Ga ions followed

by thermal annealing. RBS, TEM/TED, RS, and photo-

luminescence (PL) were employed to characterize the

implanted layers. It was found that the nanocrystals size

increases from 5 to 60 nm in the samples annealed at 900 8C up

to 20–90 nm in the samples annealed at 1100 8C. An existence

of significant mechanical stresses within implanted layers has

been detected. The stress values have been calculated from the

shift of the Si first order Raman band. For the samples annealed

at 900 8C a broad band in the spectral region of about

0.75–1.05 eV is detected in the PL spectra. The nature of this

PL band is discussed.

� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction GaSb is a direct band-gap A3B5

semiconductor with a narrow band-gap of about 0.75 eV.

The synthesis of GaSb quantum dots inside the crystalline Si

is of interest for applications in light emitting diodes and

photodetectors operating in the IR range. InAs clusters have

been formed on Si (001) by MBE-technique [1]. Such

clusters covered with a Si cap layer show intense

luminescence at 1.3mm at 7K. Light emitting diodes

containing GaSb-quantum dots embedded in Si and operat-

ing at room temperature have been reported also [2]. Samples

with GaSb-quantum dots were grown byMBE-technique on

p-type Si (001). Post-growth annealing of these structures

resulted in an appearance of a sharp line of luminescence

localized at 900-meV [2]. The other technique for fabricating

III–V quantum dots is ion-beam synthesis of nanocrystals by

means of ion implantation followed by thermal treatment. In

this technique, high-fluence ion implantation produces a

supersaturation of one ormore implanted species in the near-

surface of crystalline or amorphous matrix. The embedded

impurities then form precipitates within the host during

thermal processing at elevated temperatures. InAs nanoclus-

ters have been formed using thismethod in SiO2 and Si [3–5].

Unfortunately, thermal processing of implanted crystals

results not only in precipitation and radiation damage

recovery. Negative consequences of thermal processing

exist such as a broadening of depth concentration profiles of

embedded impurity and a net loss of implanted atoms

because of diffusion that is favored at elevated temperature.

Radiation defects are also taking part in the diffusion

redistribution of embedded foreign atoms. Thus, on the one

hand complex defect structures are formed during implan-

tation and annealing at elevated temperatures, which

significantly influence the formation, the size, and the depth

distribution of the precipitates. On the other hand, the

existence of the precipitates has also a strong effect on the

quality of the surrounding crystalline host after the post-

implantation annealing.

The purpose of this paper is to investigate the effect of

post-implantation thermal processing on the diffusion

redistribution of embedded foreign atoms and on the

structural and optical properties of Si implanted with high

fluence of both Sb and Ga ions.

2 Experimental The samples with the size of about

1� 1 cm2 were cut out of n-Si(001) wafer and subsequently

implanted with Sb (250 keV, 5� 1016 cm�2) and Ga ions
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(350 keV, 5� 1016 cm�2) at 500 8C. The samples were

implanted under an angle of 78 with respect to the surface

normal without rotation. Afterwards, the samples were

annealed using conventional furnace annealing and rapid

thermal annealing (RTA) in inert ambient.

In order to analyze a depth distribution of the implanted

atoms as well as to evaluate the damage of the implanted

material, we applied Rutherford backscattering spectrom-

etry in the combination with the channeling technique

(RBS/C). RBSmeasurements were performed with 1.3MeV

Heþ. The calculation of Sb and Ga concentrations in Si by

RBS spectra is complicated by the overlapping of Ga and Sb

peaks. To solve this problem, we measured RBS spectra at

two angles of the incidence of Heþ ions into the samples:

0 and 508 (in Kernel geometry).

The depth profiles of the implanted ions were obtained

by simulation of spectra until they coincided completelywith

the experimental spectra recorded at two angles (0 and 508).

Structural modifications after implantation and anneal-

ing were studied by means of transmission electron

microscopy (TEM) and diffraction (TED). The TEM

investigations in plan view (PV) geometry were performed

using a 200 keV-Hitachi H-800. In order to obtain infor-

mation from different depths the PV-TEM sample prep-

aration was combined with a precise etching technique

which allows stepwise clearing away defined thin layers.

The optical properties of samples were investigated by

Raman spectroscopy (RS) and photoluminescence (PL).

Micro-Raman scattering experiments were carried out

using a RAMANOR U-1000 dispersive spectrometer. The

samples were excited with a laser beam (l¼ 532 nm) and the

scattered light was detected in backscattering geometry.

Raman spectra were recorded within the wave number range

from 90 to 600 cm�1 at room temperature. PL spectra were

recorded in the spectral region of 0.7–2 eV using a 0.6m

grating monochromator and a cooled InGaAs detector.

During the measurements the samples were mounted in a

liquid He immersion cryostat, the 514.5 nm line of an argon

ion laser was used to excite PL.

3 Results and discussion Figure 1 shows the depth

profiles of Ga and Sb atoms in as-implanted and annealed

samples, which were calculated from the RBS spectra. For

comparison Fig. 1a depicts the ion distributions calculated

with the computer code SRIM’2003. From Fig. 1b one can

see that implantation at 500 8C already leads to strong

broadening and significant reduction of the impurity

concentration as compared to the SRIM calculation. This

effect is weaker for Ga than for Sb. The Sb depth profile

shows an asymmetric broadening toward the surface of the

sample.

The melting temperature of GaSb is 712 8C. In order to

achieve a recovery of Si structure as complete as possible

without GaSb melting, a first set of samples was annealed at

700 8C for 45min. PL spectra of the implanted samples are

presented in Fig. 2.One can see that a broad asymmetric band

with a maximum at 0.91 eV dominates in the PL spectrum of

the as-implanted sample (Fig. 2a). Annealing at 700 8C leads

to the disappearance of this band and to the appearance of an

intensive band of exciton emission in Si peaked at 1.09 eV

and less intensive bands at 1.03 and 1.14 eV. We did not

succeed to get channeled RBS spectra from the samples

annealed at 700 8C, what indicates an insufficient structural

recovery of the implanted layers. Therefore, the implanted

crystals were annealed at a temperature of 900 8C which

exceeds the melting point of GaSb. The resulting depth

profiles of the implanted species are presented in Fig. 1c and

d. One can see that RTA leads to a strong broadening of the

Sb profile toward the surface in comparison to the as-

implanted sample. An increase of the thermal processing

duration to 45min results in a bimodal distribution of Sb

atoms with maxima at 50 and 200 nm. A mechanism of such

Sb redistribution after an annealing is not clear. We suppose

that an evolution of defect structure during an annealing

causes such abnormal Sb diffusion to the surface. A similar

bimodal distribution of species in Si implanted at 550 8C

with high fluence of Znþ or Agþ ions and annealed at 700 8C

for 20 h was earlier reported by Meldrum et al. [6]. Authors

of Ref. [6] extracted depth concentration profiles of
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Figure 1 (online color at: www.pss-a.com) Distribution of

impurities along the sample depth of Si implanted with Sb

(350 keV, 5� 1016 cm�2) and Ga ions (250 keV, 5� 1016 cm�2)

at 500 8C: (a) calculated with SRIM 2003, (b–d) calculated from the

RBSspectradepthprofileswith (b)giving the result for as-implanted

sample, (c) after furnace annealing (900 8C, 45min), and (d) giving

the result for the sample after RTA (900 8C, 30 s).
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impurities from RBS spectra, too, and attributed such ‘‘two-

peak’’ structure of these distributions to diffusion of impurity

away from the peak of the implant concentration and toward

the peak damage region at a shallower depth.

Figures 3 and 4 shows TEM-images and precipitate size

distributions of Si implanted with Sb and Ga and annealed in

different modes. We have not observed an amorphization of

subsurface Si layer after ‘‘hot’’ implantation of Sb and Ga

ions. Though, an implanted layer is characterized by

essential damage. The annealing leads to substantial

structure recovery. The surface region of the samples

annealed at 900 8C for 45min is a damaged layer containing

microtwins and precipitates (Fig. 3a and c). The existence of

a great number of microtwins may be caused by subsurface

Sb atoms accumulation that is registered by RBS (Fig. 1b). It

should be noted a bimodal size distribution of precipitates

(a diffraction contrast from that ones did not disappear

during sample tilting – Fig. 3a and b) for the sample annealed

at 900 8C for 45min. The most of precipitates have a size

between 10 and 50 nm. Though, a part of ones has a size from

70 to 100 nm.One can see small extra reflexes beside basic Si

matrix reflexes at electron diffraction pattern (inset in

Fig. 3a). These extra reflexes location is similar to the

location of twin Si reflexes. Figure 3c shows a dark-field

image taken in h220i-reflex of Si along with such extra-

reflex. One can see an interesting effect – ‘‘lighting’’ of

nanocluster/Si interfaces (marked by arrows in Fig. 3c).
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Figure 2 (online color at: www.pss-a.com) PL spectra of Si sam-

ples implanted with Sb and Ga and annealed in different regimes.

Figure 3 Bright-field (a, d, and e) and dark-field (c) TEM-images

from Si after ‘‘hot’’ implantation of Sb (350 keV, 5� 1016 cm�2)

and Ga (250 keV, 5� 1016 cm�2) and heat treatment (900 8C,

45min) and precipitate size distributions (b and f). The

sample after the removal of surface layer of 190 nm thickness

(d–f).

Figure 4 Bright-field (a–c and f) and dark-field (e) TEM-images

fromSiafter ‘‘hot’’ implantationofSb(350 keV,5� 1016 cm�2) and

Ga (250 keV, 5� 1016 cm�2) and heat treatment at 900 8C, 30 s

(a) and 1100 8C, 60min (b, c, e, and f), and precipitate size

distribution (d). The sample after the removal of 190 nm layer

(a) and the sample without the removal of surface layer (b–f).

� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-a.com



According to the RBS data a maximum of embedded

atoms is located at the depth of about 200 nm. In order to

investigate the structure of the implanted layer at this depth

in detail, we have removed nearly 190 nm from the surface of

selected samples by chemical etching. In the sample which

was annealed at 900 8C for 45min, small precipitates and

dislocation-like defects (dislocations and dislocation loops)

can be distinguished after the 190 nm-layer removing

(Fig. 3d). In order to investigate precipitates in detail we

have varied a samples tilt and got images without a

diffraction contrast from dislocations. Figure 3e shows

TEM-image of thinned sample taken at such conditions. In

accordance with the size distribution (Fig. 3f), the range of

precipitates sizes are remarkably reduced in deeper regions

of the sample, with the size being equal to 5–30 nm.

Figure 4a depicts TEM-image of the sample annealed at

900 8C for 30 s applying RTA after the 190 nm layer

removing. One can see that it is very difficult to distinguish

precipitates and microtwins in this case. Hence, the total

damage level in the sample after RTA is substantially higher

in comparison with the sample subjected to the longer

furnace annealing at the same temperature (900 8C). Though,

PL spectra of the both samples are the same and

characterized with a narrow band of exciton emission in Si

at 1.09 eV and a broad band at 0.75–1.05 eV (Fig. 2b). A

similar band was observed earlier in the PL spectra of InAs

nanocrysals grown on Si wafers by MBE [1] or synthesized

by high-fluence ion implantation of In and As into Si [4, 5].

That band was ascribed to InAs nanocrystals. In the

experiments under consideration here, the similar band is

registered in PL spectra of Si implanted with Sb and Ga ions.

Thus, the question about the nature of that band arises. Let us

assume that a basic contribution to the luminescence in this

energy region arises from charge carrier recombination in

GaSb nanocrystals. Then, the luminescence intensity should

be higher in the sample with the more perfect crystalline

structure which is the one being annealed to the longer time.

However, this is obviously not the case. Therefore it is more

probable to assume that the discussed band is related to

radiative recombination at the nanocrystal/Si interfaces. In

such interpretation it may be expected that the frequency of

the nanocrystal-related band in the PL spectrum is practically

independent of the composition of the nanocrystals and of

the method of synthesis (MBE or implantation) and is

defined by the nanocrystal/Si interface properties, and

quantum confinement in PL is a secondary effect only. It

should be noted that in some papers [7–9], the surface states

at the nanocrystal Si/SiO2 interface region were considered

to have a great influence on the PL properties and the shift of

the PL peak was associated with the change of the interface

region. A phononless line of 0.79 eV is observed in both

spectra. In our opinion, it is related to the recombination of

bound excitons on ion-induced defects [interstitial carbon –

interstitial oxygen (Ci–Oi pairs) [10]].

A part of samples was additionally annealed (1100 8C,

1 h) to achieve a better recovery of structure. Figure 4b–f

depicts TEM-images of these samples. In this case the crystal

precipitates are also observed. It is proved by the presence of

Moiré contrast (Fig. 4f). The size of the most of precipitates

is in the range of 20–90 nm. Though, there are precipitates

with the size up to 120 nm (Fig. 4d). One can see dislocation

lines connecting the largest precipitates (marked by arrows at

Fig. 4c and e). It should be noted ‘‘lighting’’ of nanocrystal/Si

interfaces at dark-field image (Fig. 4e). The same effect was

observed for the samples annealed at 900 8C for 45min

(Fig. 3c). A clearance of observed effect’s nature is a subject

of further investigations. After the annealing at 1100 8C the

band at 0.75–1.05 eV disappears from the PL spectrum

(Fig. 2b).As for the samples annealed at 700 8C, the intensive

band of exciton emission in Si at 1.09 eV and less intensive

bands at 1.03 and 1.14 eV are registered in a PL spectrum of

the samples processed at 1100 8C.

In order to identify nanocrystals RS was used. Figure 5

depicts RS spectra of as-implanted and annealed samples.

The Raman spectrum of an as-implanted sample

(curve 1) reveals a narrow peak at 512 cm�1 corresponding

to zone-center phonons scattering of crystalline silicon. The

presence of this peak confirms the crystalline state of the

silicon matrix after the high-fluence implantation of heavy

Sb and Ga ions at elevated temperature. It should be noted

that a significant shift toward low frequencies occurs in

comparison with the peak’s position at 521 cm�1 for

undamaged Si [11]. We suggest that this shift indicates an

existence of significant mechanical strains within the

implanted layer. Perhaps, that stress is caused by the

accumulation of impurity atoms (for the most part, Sb) in

the sub-surface layer. Annealing leads to a shift to high

frequencies (up to 518 cm�1 after processing at 1100 8C) and

to an increase of the intensity of the discussed peak. Though,

the annealing regimes used in our experiment do not

completely eliminate the stress in the implanted layer. We

have detected the RS spectrum of the sample annealed at

900 8C for 45min after the etching of a 190 nm-layer from its
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Figure 5 (online color at: www.pss-a.com) RS spectra of Si

samples implantedwith Sb andGa and annealed in different modes.
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surface and registered the position of discussed peak at

521 cm�1 as for un-damaged Si (not shown). Hence, the

thickness of the stressed layer is lower than 190 nm.

This stress can be taken into account by assuming a

model in which the residual stress is uniformly distributed in

the scattering volume [12–14]. In such a case, the stress does

not affect the shape of the Raman spectra [15], and the only

effect of stress is a shift of the spectra. According to this

treatment, the wave number of the first order Raman band in

the stressed layer,wp is shifted in relation to thewave number

of the first order Raman band in the absence of stress effects,

w0. This latter parameter corresponds to the position of the

Raman line from stress free crystalline silicon (521 cm�1).

Then the stress induced shift is given by [12]:

Dws ¼ w0 � wp: (1)

On the basis of an in-plane stress model, we can estimate

themagnitude of such stress, s to be proportional to the stress

induced wave number shift Dws [15, 16]:

sðMPaÞ ¼ 250Dwsðcm
�1Þ: (2)

According to this formula, the tensile stress amounts

to 2.25GPa for as-implanted samples and to 750MPa for

samples annealed at 1100 8C. A compressive stress should

induce a shift to high frequency.

The annealing results in the appearance of additional

bands in the frequency region of 110–235 cm�1 in RS

spectra. The peak at 233 cm�1 is attributed to LO-phonon

scattering of crystallineGaSb [11]. Its intensity changes with

annealing temperature and duration and its largest value

occurs for the sample processed at 1100 8C for 3min.

Additional peaks at 112 and 149 cm�1 are registered in RS

spectra of annealed sampleswhich are the characteristic lines

for Sb. We attribute them to LO- and TO-phonon scattering

of crystalline Sb. For bulk Sb the frequencies of LO- and TO-

phonons are 113 and 152 cm�1 [17], respectively. Probably,

the thermal processing of the samples with high Sb and Ga

concentrations leads to the formation of both GaSb and Sb

precipitates within the Si matrix. A similar situation was

reported by other authors for Si implanted at 500 8C with

high fluence of As and In ions [4]. After annealing both InAs

and crystalline In precipitates were detected by X-ray

diffraction.

4 Conclusions We have demonstrated a possibility to

produce GaSb nanocrystals in Si by means of high-fluence

implantation of Sb and Ga ions and thermal processing.

Implantation at 500 8C with Sb (250 keV, 5� 1016 cm�2)

andGa ions (350 keV, 5� 1016 cm�2) followed by annealing

(900 8C, 45min) resulted in the formation of GaSb-phase

precipitates with sizes from 5 to 60 nm. Thermal treatment at

1100 8C leads to the growth of precipitate sizes to 20–90 nm.

The tensile stresses in implanted layers were calculated from

RS data. These stresses are attributed to accumulation of Sb

atoms in the sub-surface layer and amounts to 2.25GPa in as-

implanted samples and to 750MPa for samples annealed at

1100 8C. It was found that the low-temperature PL spectrum

of Si with nanocrystals depends on thermal processing. For

samples after annealing at 900 8C a broad band in the region

of 0.75–1.05 eV is registered. For samples processed at 700

or 1100 8C the narrow band of exciton emission in Si at

1.09 eV and bands at 1.03 and 1.14 eV are observed.
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