
Defect production in strained p-type Si1-xGex by Er implantation 

M. Mamora, b, B. Pipeleersa
, F. D. Auret c and A. Vantommea  

a) Instituut voor Kern- en Stralingsfysica and INPAC, Katholieke Universiteit Leuven, 

Celestijnenlaan 200D, B-3001 Leuven, Belgium 
b)Physics Department, Sultan Qaboos University , P.O Box 50 Muscat 123 , Sultanate of Oman 

c) Physics Department, University of Pretoria, Pretoria 0002, South Africa 

 Strained p-Si1-xGex (x = 5.3%, 10.2% and 15.4%) was irradiated at room temperature with 

160 keV 166Er2+ ions to a fluence of 1×1010 or 3×1013 Er/cm2. The defects induced by ion 

implantation were investigated experimentally using high-resolution X-ray diffraction, Rutherford 

backscattering and channeling spectroscopy and deep level transient spectroscopy. X-ray diffraction 

indicates that the damage induced by Er implantation produces a slight perpendicular expansion of 

the SiGe lattice. For all compositions, channeling measurements reveal that Er implantation in p-

Si1-xGex to a fluence of 3×1013 Er/cm2 induces an amorphous region below the Si1-xGex surface. 

Annealing at 850°C for 30 s, results in a reduction in damage density, a relaxation of the 

implantation-induced perpendicular expansion of the SiGe lattice in the implanted region, while a 

more pronounced relaxation of the compressive strain SiGe is observed for higher Ge content (x = 

0.10 and 0.15). On the other hand, for the annealed SiGe samples that were implanted with Er at the 

fluence of 1010 Er/cm2, the compressive strain in the SiGe layer is nearly completely retained. Deep 

level transient spectroscopy studies indicate that two prominent defects with discrete energy levels 

above the valence band are introduced during Er implantation. Their activation energy was found to 

decrease with increasing Ge-content. However, the large local strain induced by high fluence Er 

implantation reduces the activation energy by 40 meV with respect to the low fluence Er implanted 

p-Si1-xGex. This shift (40 meV) in the activation energy remains constant regardless of the Ge 

content, suggesting that the Si1-xGex layers remained fully strained after Er implantation. The 

observed defects are further compared to those introduced by alpha particle irradiation and electron 

beam metal deposition. The results indicate that defects introduced by Er implantation have similar 

electronic properties as those of defects detected after electron beam deposition and alpha particle 

irradiation. Therefore, it is concluded that these defects are due to the Er implantation-induced 

damage and not to the Er species specifically. 
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I. Introduction 

Erbium doped semiconductor materials exhibits stable luminescence in the near infrared 

(IR) region, at a wavelength of about 1.54 μm, which is nearly independent of the semiconductor 

host [1]. This specific wavelength corresponds to the minimum absorption window of optical fibers 

and is thus of great interest for optical communication technology. Previously, Si:Er visible light 

emitting diodes (LEDs) have been demonstrated [2]. Consequently, the optical activity of Er in Si 

has attracted special interest in association with potential applications of optical interconnects in Si 

chip technology [3-6]. One of the principal problems in the development of Er doped Si has been 

the strong quenching behavior of both the photo- and electroluminescence (EL) when in the range 

77 K to room temperature [3, 5]. It has been observed that over this temperature range, the 

photoluminescence (PL) intensity decreases by over three orders of magnitude. However, 

significant effort has been devoted to the quest for Si based materials compatible with Si 

technology and able to act as light emitters. For instance, quantum confinement in Si quantum dots 

has been used as an efficient sensitizer for Er. Doing so, an increase of the effective absorption 

cross section of Er (10-14-10-16 cm2 ) by several orders of magnitude to that of Si (~ 10-21 cm2) as 

well as an enhancement of the room temperature photoluminescence (PL) have been observed [7]. 

Recently, an enhancement of room temperature photololuminescence from Er-Ge co-doped SiO2 

has been also demonstrated [8]. Incorporation of Er in SiGe heterostructures and Si/SiGe quantum 

wells, either by implantation or during the growth of SiGe by molecular beam epitaxy, also allows 

an improvement of Er optical activity, due to the carrier confinement and optical confinement [9]. 

Moreover, the emission of Er doped SiGe was shown to be much more intense compared to Er 

doped silicon [9-11]. The enhancement of the Er luminescence depends strongly on the degree of 

strain in the SiGe host. The strain may modify the local environment around Er atoms and 

effectively improved the luminescent properties of Er [12, 13]. Room temperature 1.54 μm 

electroluminescence from Er doped Si1-xGex light emitting diodes with germanium concentrations 

of 13% and 25% [14] and Er doped Si/Si1-xGex waveguides with Ge concentrations x of 0%, 12%, 
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and 30% have been reported as well [15-16]. In this context, an important advantage of SiGe is that 

it can be easily integrated in the existing Si processing technology.  

As is usually the case for semiconductor, ion implantation is the standard technique for 

selective doping device structures. The advantages of doping by means of ion implantation are the 

control of the concentration and the depth distribution of the dopants. However, a drawback of this 

technique is that the nuclear collisions occurring during ion implantation result in significant 

damage to the crystal lattice. Hence, for application in semiconductor devices, it is therefore 

important to study the lattice damage generated during the implantation process and its 

consequences on the electrical and structural properties of the material. The fundamental 

parameters determining the generation and recovery of defects during channeled and random 

implantation of high fluence Er implanted Si have been reported in detail [17-19]. Recently, 

progress has been made in the composition dependence and the effect of co-doped impurities on the 

thermal and structural properties of unstrained Si1-xGex (x = 0.1 – 0.8) alloys implanted with Er+ to 

a fluence of the order of 1015 cm-2 [20]. Touboltsev and Jalkanen [20] reported that post 

implantation annealing at different temperatures up to 600°C induces solid phase epitaxial regrowth 

leading to the recrystallization of the damaged SiGe matrix. However, although a few investigations 

on the electrical properties of deep level states in Er doped Si and on the structural properties of 

defects in Er doped unstrained Si1-xGex have been published in the literature [4, 5], to our 

knowledge, there has been no report on electrically active deep levels in Er doped SiGe or on 

structural properties of defects in Er doped strained Si1-xGex. 

In this paper, 160 keV erbium implanted in epitaxially grown p-Si1-xGex samples has been 

investigated, both after implantation and after anneals designed to restore the sample crystallinity. 

In order to investigate the physical nature of the defects introduced by Er implantation, we have 

compared their electrical properties to those introduced during 5.4 MeV alpha particle irradiation, 

electron beam metal deposition and plasma etching. We also provided experimental evidence for 

the effect of the implantation-induced strain in p-Si1-xGex on the electronic properties of implant-



 4

related defects. In addition we report on the photoluminescence of Si1-xGex: Er prepared by ion 

implantation. 

The paper is organized as follow: In Sec. II we present the growth process, the thickness and 

composition of our Si1-xGex samples. The experimental conditions and the procedure that were used 

to implant the erbium as well as the different techniques used for the characterization of Er 

implanted Si1-xGex samples are also presented in Sec II. Section III describes the results obtained 

from structural, electrical and optical characterization of the Er implanted Si1-xGex films, and 

comprises a discussion. A comparison between the structural, electrical and optical properties will 

be also discussed in Sec III. In Sec IV, we summarize our paper.  

II. Experimental  

 The Si1-xGex layers studied here were grown by chemical vapor deposition (CVD). 

The deposition temperature was between 600 and 625 °C. A lightly boron doped (4–6×1016 cm-3) Si 

buffer layer was first grown on the (100) p+ silicon substrates. The epilayers of constant 

composition (0 < x < 0.15) are pseudomorphically strained: the thickness of the layers with a 

nominal Ge content of 5%, 10% and 15% is 380, 386 and 280 nm respectively, which is below the 

experimentally [21] and theoretically [22] calculated critical layer thickness (hc). From high 

resolution X-ray diffraction (HRXRD) measurements, it was confirmed that there is no lattice 

relaxation in the as-grown p-Si1-xGex epilayers. The structural properties and crystalline quality of 

the Si1-xGex samples were investigated by HRXRD and Rutherford backscattering and channeling 

spectrometry (RBS/C). The RBS/C results yield a precise value for the actual Ge content in the 

layer as well as for the layer thickness. The experimental values of the Ge content in the respective 

Si1-xGex layers are 5.3%, 10.2% and 15.4%, with a thickness of 380, 386 and 280 nm respectively. 

We conservatively estimated the error in Ge content to be 0.005. Channeling measurements indicate 

that all samples exhibit an excellent crystalline quality with a <100> channeling minimum yield of 

3-4%.  

 Erbium-doped p-Si1-xGex samples were obtained by implanting 166Er at 300 K. The 

samples were tilted 10o away from the <001> axis to minimize channeling effects. The 

implantations were performed at 160 keV with a fluence of either 1 × 1010 or 3 × 1013 Er/cm2, 
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referred to as low fluence (LF) and high fluence (HF), respectively.  From the modeling tool 

Stopping and Range of Ions in Matter (SRIM) calculations the 160 keV Er ions are expected to 

have a projected range in the Si0.898Ge0.102 of Rp = 60 nm and a straggling σ = 41 nm, i.e. well-

confined to the Si0.898Ge0.102 layer. Moreover, the above implantation energy was chosen so that the 

implanted regions of the Si1-xGex samples were encompassed within the depletion regions occurring 

at the metal-Si1-xGex Schottky contacts. A value of Rp (60 nm) and σ (41 nm) were found, more or 

less similar regardless of the investigated Ge content in the Si1-xGex epilayers. 

The strain present in the Si1-xGex films was measured using HRXRD in θ-2θ geometry, using Cu-

Kα1 radiation (λ = 1.54056 Å). One should consider two contributions to the strain, i.e., the strain in 

the pseudomorphic Si1-xGex films due to the lattice mismatch between Si1-xGex and Si (initial strain) 

and the additional elastic strain induced by the Er implantation (additional strain). The depth profile 

of the implantation-induced lattice damage was studied with RBS/C using a 1.57 MeV He+ beam. 

The scattering angle of the detected particles was 105 degree. After implantation, a set of samples 

was annealed for 30 s at a temperature of 850°C in a rapid thermal annealing (RTA) set-up under a 

nitrogen flux. 

For the electrical properties measurements, circular Ti contacts, 0.77 mm in diameter and 

200 nm thick, were deposited onto the Si1-xGex through a metal contact mask by electron beam 

evaporation (EB) with shielding the Si1-xGex during the metal deposition from stray electrons. 

Subsequently the free-carrier concentration induced by boron doping of the epitaxial SiGe layers, as 

determined by capacitance voltage (C–V) measurements, was 8×1016–1×1017 cm-3.  

The electrical properties of the erbium implantation-induced defects in the Si1-xGex epilayers 

were studied by deep-level transient spectroscopy (DLTS) [23] using a lock-in amplifier (LIA) 

based system. The apparent activation energy (Et) in the band gap and the apparent capture cross 

section (σa) of the defects were determined from Arrhenius plots of ln (T2/e) versus 1/T where e is 

the emission rate at a temperature T. The DLTS measurements were recorded at a LIA frequency of 

46 Hz, a quiescent reverse bias (Vr) of 1V and a filling pulse (Vp) of 1.6 V. We estimate error bars 

of ±10 meV for the absolute apparent activation measurements.  

 Photoluminescence measurements were performed at room temperature. The excitation of 

the samples is achieved by a Nd:Yttritium-aluminium-garnet laser operating at 532 nm via a 200 
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μm core optical fiber with a power density of ~5 Wcm-2. The luminescence, collected by six 

surrounding fibers, is analyzed in a 0.25 m spectrometer with a liquid-nitrogen cooled InGaAs 

detector. 

III. Results and discussion 

A Structural characterization 

Figure 1 shows the RBS/C spectra obtained from (a) the p- Si0.898Ge0.102 virgin sample, (b) 

the same sample after Er ions implantation with 160 keV to a fluence of 1010 cm-2 and  (c) the same 

sample as in (b) subsequently annealed at 850°C for 30 s. It is clear that the aligned spectra of the as 

implanted and the annealed p- Si0.898Ge0.102 sample are only marginally higher than that obtained for 

the virgin sample.  

The RBS/C spectra obtained from the virgin p- Si0.898Ge0.102 sample, after implantation to a 

fluence of 3 × 1013 Er/cm2 and after annealing are shown in Fig. 2. The Er implantation produces a 

high damage peak below the surface where the channeling yield equals the random yield, indicating 

amorphization. Underneath this amorphous layer, end of range defects are observed in the aligned 

spectrum (energy range 0.7-0.9 MeV). Similar results were observed for the other Ge 

concentrations investigated in this study. After RTA, the defect density decreases,  although not all 

damage could be removed from the SiGe layer, as indicated by the elevated channeling yield 

compared to the virgin sample. Further, we point out that post implantation annealing of the 

implanted Si1-xGex (x ≠ 0) alloy led to segregation of Er ions near the surface, as illustrated in Fig. 

3. However, as can be seen from this figure, no channeling was observed for erbium, indicating that 

under these circumstances the Er ions do not occupy substitutional sites in the SiGe lattice.   

Figure 4 shows the high-resolution (004) diffraction for the high fluence (~3 ×1013 cm-2) as 

implanted Si1-xGex samples for x = 0%, x = 5.3%, x = 10.2% and x = 15.4%. The diffraction 

pattern of Er implanted Si reveals the presence of irradiation-induced perpendicular strain as 

indicated by the low Bragg angle tail of the Si diffraction peak (see inset of Fig. 4). The defects 

introduced by Er implantation will generate a tensile perpendicular elastic strain in the implanted 

region, i.e. an increase of the perpendicular lattice parameter. To illustrate the latter behavior, Fig. 5 
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shows the HRXRD pattern from as grown (virgin), as implanted and post-implantation annealed 

SiGe (10.2% Ge) samples, both with HF (3×1013 cm-2) and LF (1×1010 cm-2). The relatively thick 

Si1-xGex layers ~280 nm yield narrow XRD peaks, resulting in an estimated uncertainty in the 

perpendicular lattice constant of ± 0.001 Å.  

A satellite peak arises at the low angle side of the Si0898Ge0.102 (004) reflection due to the local 

expansion of the Si0898Ge0.102 lattice in the implanted area, caused by the implantation induced 

defects. Similar to the case of ion implantation into other semiconductors, the lattice strain and 

damage in the Si0898Ge0.102 crystal are expected to exhibit the same depth distribution [14-16]. A 

more pronounced tail appears for high fluence as compared to the low Er fluence. With increasing 

fluence, i.e., increasing defect concentration, the lattice expansion increases accordingly, hence the 

tail of satellite peak shifts towards lower angles and at the same time its intensity decreases and 

gradual amorphisation of the Si1-xGex lattice at higher fluence (3 × 1013 cm-2). This tail actually is a 

distribution of a strain profile which is correlated to the defect distribution – both profiles exhibit 

the same shape. Since the strain is caused by the defect distribution, the maximum induced strain 

(corresponding to the extreme minimum Bragg angle of this tail) is taken as a measure to quantify 

the implantation-induced elastic strain. Because of the highly disorder layer for HF Er implantation 

as confirmed from RBS/C, the minimum angle from the HRXRD spectra was determined at a fixed 

intensity level above the background and accordingly, the maximum perpendicular strain (∆b⊥/b⊥) 

for HF was deduced as 3.4 × 10-3, where b⊥ is the perpendicular lattice parameter and ∆b⊥ is 

difference in b⊥  between HF and LF. The HRXRD spectrum obtained from a high Er fluence 

implanted sample followed by RTA annealing at 850°C for 30  indicates that due to the post-

implantation annealing, strain relaxation is observed compared to the virgin Si0.898Ge0.102 sample. 

Similar results with a small variation of the lattice expansion were observed in the HRXRD spectra 

of implanted/annealed sample with low Er fluence (LF) (~1 × 1010 cm-2) and indicates that as 

expected, the lattice expansion increases with increasing the fluence (1 × 1010 – 3 × 1013 cm-2), 
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since a higher fluence induces more damage and consequently a larger perpendicular strain. At low 

Er fluence, we have observed only a marginally higher aligned RBS spectra as compared to that 

observed for the virgin sample (see Fig. 1). As a result, we could not observe a pronounced tail as in 

the case of HF. Furthermore Fig. 5 shows also that Er implantation-induced perpendicular strain in 

the Si0898Ge0.102 exhibits a small shift of the main Si0.898Ge0.102 XRD diffraction peak to lower 

Bragg angle with increasing Er fluence. The Si substrate diffraction peak is not affected by the 

implantation, as expected since the defect profile is confined to the Si1-xGex epi-layer. We believe 

that the small shift of the main Si0.898Ge0.102 XRD peak is due to the total average strain because of 

relatively thin Si1-xGex. This total average strain corresponds to the average of the induced and the 

pseudomorphic strain due to Ge content. Similar results have been found in our Si1-xGex samples for 

all Ge contents. The above results indicate that the implantation-induced strain is the same for the 

different Si1-xGex films having different initial values of strain due to different Ge content. This 

additional strain is not affected by the initial value of strain in the unimplanted pseudomorphic Si1-

xGex films. This fact strongly suggests that the Er ions implantation with a given fluence produces 

the same additional strain regardless the concentration of Ge. This result is consistent with that 

reported earlier in Ref [24] which state that the initially uniform strain of the Si1-xGex films does not 

affect the implantation-induced strain generated by Si irradiation.  

 In Fig. 6, we have plotted the theoretical perpendicular lattice parameter according to 

Vegard’s law for both fully strained and fully relaxed Si1-xGex alloy (solid lines). The Poisson ratio 

used to extract the theoretical perpendicular lattice constants for Si1-xGex films is calculated by 

using a linear dependence on Ge-content, where the Poisson ratio at 300 K for Si and Ge are 0.28 

and 0.26, respectively [25]. In addition, the experimentally measured perpendicular Si1-xGex lattice 

parameter (0 ≤ ×≤ 0.15) is also shown for the as implanted samples at two different fluences 

(1×1010 and 3×1013 cm-2) and for post-annealed samples. This figure indicates that after annealing, 

no strain relaxation occurs in the Si1−xGex samples for the low fluence (1 × 1010 cm-2) Er-

implantation, except for the highest Ge concentration (x = 0.154), where within the experimental 
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error, only a minute relaxation of the SiGe epilayer is observed, while for high fluence (3×1013 cm-

2) Er-implantation, RTA induces a significant strain relaxation for higher Ge content (10.2 and 15.4 

% Ge). The reason for this behavior is that the high fluence implant induces a larger defect 

concentration in the Si1−xGex layer, the subsequent annealing causes diffusion and segregation of the 

defects at the interface causing the compressive strain relaxation. The fact that the elastic strain is 

retained after low fluence implantation in Si1−xGex (0 < x < 0.15) and subsequent RTA is an 

important issue when implementing low fluence Er implantation in strained SiGe based device 

processing. Moreover, it is also clear from Fig. 6 that for a given Ge content, low fluence Er 

implantation results in a small change in perpendicular lattice constant with respect to high fluence 

Er implantation, as revealed by the smaller shift of the main diffraction peak (see Fig. 5). This small 

shift observed in Fig. 5 between the main peak of high and low Er fluence implanted Si0.898Ge0.102 

induces a difference in average strain of about 1.7 × 10-3.  

Through the comparison of the compositional dependence, the effect of the fluence and the 

post-implantation annealing, the following conclusions can be drawn. For a given Ge content, 

HRXRD results indicate that the lattice expansion increases with increasing fluence (1 ×1010 – 3 × 

1013 cm-2) since higher fluence Er implantation induces more damage and consequently a larger 

perpendicular strain.  A variation of the total average strain of 0.6 × 10-4 between the low and high 

Er fluence is estimated from the shift of the main SiGe peak. On the other hand, the maximum 

elastic strain in the HF Er implanted region extracted from the minimum angle in the HRXRD 

spectra was determined to be 3.4 × 10-3. RTA at 850 °C for 30 s results in a decrease of the induced 

damage, since the defects become mobile in the crystal and can recombine, resulting in a reduction 

of the perpendicular strain. Note that a drastic relaxation of the compressive strain of about 80% is 

observed for Si1-xGex with  higher Ge content (10.2 and 15.4 % Ge) after post-implantation 

annealing of HF Er implantation.  The full width at half maximum of Si1-xGex (10.2 and 15.4 %Ge) 

diffraction peak after RTA is broadened, which can either correspond to an increase of threading 

dislocation density or to a gradual strain profile after post-implantation annealing. 
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An attempt will be made to correlate the structural properties of defects and strain as 

determined by RBC/C and HRXRD to the electrical properties determined by the DLTS 

measurement in the following section. 

B Electrical characterization 

 Figure 7 depicts the DLTS spectra obtained from 160 keV Er implanted p-type Si1-xGex to a 

fluence of 1 × 1010 ions/cm2. The DLTS spectrum from the unimplanted samples (not shown here) 

indicated that no defects with peaks between 40K and 300K are present in detectable 

concentrations. For all investigated compositions, erbium implantation into p-Si1-xGex introduces  

two prominent defects (HEr2 and HEr3) in the band gap of p-Si1-xGex. The defect labeling in this 

study is according to the following convention: for example HEr2, (H) indicates a hole defect, Er 

implies that it was introduced during erbium implantation  and (2) indicates the second defect 

starting from the high temperature side of the DLTS scan. Furthermore, the DLTS spectra in Fig. 7 

show that the peak temperatures of the HEr2 and HEr3 defects shift towards lower temperature with 

increasing Ge content, which is associated with a decrease in the semiconductor band gap with 

increasing Ge-content. A comparison of the variation of the activation energies to the change in the 

band gap indicates the trend shown in Table I. Within the experimental uncertainty, the 

composition-related change in the activation energies of the two defects is virtually the same as the 

corresponding variation in the band gap for a change in x from 0.053 to 0.154 (i.e. from 1.07 eV to 

0.987 eV). Taking into account that the band gap variation in Si1-xGex/Si heterojunction is 

contained mainly in the valence band [26], the HEr2 and HEr3 defects detected in SiGe with 5.3% 

Ge are the same as those detected in SiGe with 10.2% and 15.4% Ge and are pinned to the 

conduction band. The energy level of HEr1 observed only in materials with high Ge content (x = 

10.2 and 15.4%) shows a much smaller variation with Ge content compared to the HEr2 and HEr3 

defects. Since HEr1 is only observed in Si1-xGex samples with higher Ge content, it could be a Ge-

related defect introduced by Er implantation.   

In order to elucidate the origin of the defect levels, the DLTS spectra of the Er implanted  

Si1-xGex were compared to those obtained for other irradiation conditions. Figure 8 compares the 

defects created in Si0.947Ge0.053 (a) by Er implantation, (b) after electron beam deposition (EBD) of 

Scandium (no shielding of secondary electrons) [27], and (c) by 5.4 MeV alpha particle irradiation 
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[27].  The electron fluence on the Si1-xGex sample was estimated by measuring the current through 

the sample holder during EBD. It is quite obvious that the two major defects HEr2 and HEr3 

detected after Er implantation are similar to He2 and He3 detected after EBD and Hal2 and Hal3 

detected after alpha particle irradiation, respectively.  In Fig. 9, we show the variation of the defect 

activation energy as a function of the Ge content for Er implanted p-Si1-xGex, along with the 

measured activation energy of the main defects in EBD and alpha particle-irradiated p-Si0.947Ge0.053. 

This comparative study of ET variation clearly demonstrate a good similarity between the three 

different processes. This comparison demonstrates that these defects are not Er-related but solely 

related to implantation-induced damage and primary defects.   

 To explain why EBD creates similar defects compared to 5.4 MeV alpha particles and Er 

implantation, the mass and energy of these ions have to be considered. Unlike MeV He ions, the e-

beam evaporators utilize electrons with energies of between 2 and 20 keV to melt the metal. It is 

generally believed that defects introduced during EBD of metal Schottky contacts are due to ionized 

residual vacuum gases generated by collision between the gas particles and the electron beam in the 

EBD chamber. The defects can also be caused by heavier positive ion of the metal, because of the 

negative accumulated charges at the surface of the substrate  [28]. It has also shown that when the 

electrons strike the molten metal, X rays of various energies and intensities are produced. During 

evaporation, these X rays will irradiate the substrate on which the metal is deposited [28]. These X 

rays are intense enough to induce defects in the p-Si1-xGex films. Apart from the X rays, stray 

electrons from the filament (the primary source of high energy electrons), as well as electrons 

backscattered from the molten metal target and elsewhere in the vacuum chamber, will also reach 

the p-Si1-xGex substrate [28]. Following the above arguments, it is worthwhile noting that EBD 

produced similar defects as those introduced by Er implantation and alpha particle irradiation. The 

physical structure of the defects is independent of implanted species and strongly depends on the 

mass and amount of energy deposited through elastic recoils. 

To further confirm that the defects introduced by Er implantation are not Er-related defects, 

DLTS depth profiling was performed by recording spectra at fixed Vr but incrementing Vp in small 
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steps from one scan to the next. The approach of Zhota et al. [29] was used to obtain the defect 

concentration as a function of depth below the surface. Figure 10 illustrates the depth profiles of the 

major defect (HEr2) detected in p-Si0.947Ge0.053 after Er implantation and defect He2 observed after 

e-beam deposition which is believed to be the same defect as HEr2. Both depth profiles have a 

similar shape but different concentrations. The defect HEr2 has a maximum concentration of 7.8 × 

1014 cm-3 at a depth of 66 nm and is observed to extend 150 nm below the surface, while He2 has a 

maximum concentration of 7 × 1015 cm-3 at 50 nm below the surface. Because 160 keV Er 

penetrates the Si1-xGex to 60 nm below the surface, it is believed that interstitials and vacancies 

created in this damaged “near surface” region diffuse into the material forming pairs and 

complexes. However, the defects introduced after Er implantation have a lower defect 

concentration, which is due to the lower implantation fluence (1 × 1010 Er/cm2). Moreover, both 

depth profiles of HEr2 and He2 are in good agreement with the SRIM simulated vacancy profile 

(Fig. 10). This comparison further supports that the defects introduced by Er implantation are not 

related to Er but only to implantation-induced damage.  

In previous work [30] we have showed that increasing the Ge content led to a decrease in 

the activation energy of the defect He2 and this decrease followed the same trend as the band-gap 

variation, suggesting that this defect detected in p-Si1-xGex is the same as that observed in p-Si. 

Taking the band gap change into account and assuming that the majority of the band gap change is 

taken up in the valence band [26], it was speculated that the defects HEr2 and HEr3 detected in 

material with 5.3%, 10.2% and 15.4% should be the same as those detected in p-Si. By considering 

the composition related change in the activation energy of the deep levels to be similar in size to the 

change of strained band gap Si1-xGex, the defect Her2 and Her3 should be detected in p-type Si at 

0.54±0.01 eV and 0.36 ±0.01 eV above the valence band, respectively. We have considered for 

example the band gap in pseudomorphic Si1-xGex is changed by ~0.045 eV from 1.12 eV for x = 0 

to 1.075 eV for x = 0.05 [31].  Recently, several groups reported on a deep level center with a level 

Ev + 0.53 eV in irradiated boron silicon [32, 33]. The center labeled H3 (0.535) and H (052) were 
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shown to be Bi–Bs–H formed by the capture of Bi at a hydrogen passivated Bs site. The extracted 

activation energy of HEr3 in p-type Si (Ev+0.36 eV) is the same as a defect detected in Czochralski-

grown p-Si after plasma etching and the level has been assigned to be Ci-Oi (34). Following the 

above arguments, the defects HEr2 and HEr3 detected in Er implanted p-type Si1-xGex are 

tentatively attributed to be Bi–Bs–H and Ci-Oi centers, respectively.  

In order to investigate the electronic properties of the defects introduced into p-Si1-xGex by 

high fluence Er implantation and to acquire information on the influence of the induced strain on 

the induced defects, DLTS measurements were also conducted on Si1-xGexsamples irradiated with 

high Er fluence, both after implantation and after annealing at 850 °C for 30 s. Figure 11 shows the 

DLTS spectra taken from p-Si1-xGex, with x = 0.053, 0.102, and 0.154, implanted at 160 keV Er 

ions to a fluence of 3 × 1013 cm-2
. The Er implanted p-Si1-xGex introduces a prominent hole trap, 

HEr2a, HEr2b and HEr2c, detected in p-Si1-xGex with x = 0.053, 0.102 and 0.154, respectively. 

Since the samples have been grown under the same conditions with the same doping concentration 

and also have been irradiated under the same conditions, defects HEr2a, HEr2b and HEr2c, are 

expected to be related to the same defect, which we label as HEr in the discussion below.  The 

temperature peak of the HEr defect shifts towards lower temperature with increasing Ge content, 

most likely because of the decrease of the Si1-xGex band gap with increasing Ge content. Here 

again, as in the case of low fluence Er implanted p-Si1-xGex, the energy position changes of HEr are 

closely related to the band gap changes in strained Si1-xGex epilayers [31, 35].  For comparative 

purpose, the inset of Fig. 11 shows examples of DLTS spectra taken from p-Si0.898Ge0.102 samples 

implanted with high (3 × 1013 cm-2) and low Er fluence (1 × 1010 cm-2) as well as the high fluence 

post-annealed sample. From this comparison, it is clear that the DLTS peak HEr introduced after 

high fluence Er implantation is shifted to lower temperature compared to the defect HEr2 detected 

after low Er fluence implantation with an increase in the peak intensity under identical DLTS 

conditions.  After RTA the DLTS peak shifts to higher temperature compared to the as implanted 

sample with the same Er fluence. This trend again follows the same increase (decrease) of the band 

gap of Si1-xGex with increasing (decreasing) induced strain. Similar results were observed all Ge 

contents investigated in this work. After annealing, a broadening of HEr1 is observed, due to the 

strain relaxation, which is consistent with our HRXRD results. 
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 Using low electric field conditions [Vr=0.5V, Vp=0.5V], we determined the activation energy 

and apparent capture cross section of HEr1. Figure 12 shows the Arrhenius plots of the main 

defects detected in the low fluence and high fluence Er implanted p-Si1-xGex, samples with various 

Ge contents. The signatures of the defects are summarized in Table I. From Fig. 12 and Table I, 

where we compare the DLTS signature of defects introduced after high and low fluence 

implantation as well as after annealing, one can summarize and interpret the above results as 

follow: 

- First: for high Er fluence implantation (3 × 1013 cm-2) the composition related change in the 

activation energies of HEr is virtually the same as the corresponding change in the band gap of the 

strained Si1-xGex and indicates that such level is pinned with respect to the conduction band.  

- Second, for a given Ge content, it seems that the induced strain results in a red shift of the 

activation energy. From SRIM, the calculated ion profiles show a Gaussian Er distribution with a 

projected range of 60 nm. Since the additional strain is caused by the defect distribution, the 

maximum defect concentration and consequently the maximum strain is localized close to the 

surface, i.e. embedded in the depletion layer and hence within the region probed by DLTS.  

As already mentioned before, the maximum value of implantation-induced strain in the SiGe 

samples implanted with higher Er fluence is higher than that of low fluence and this additional 

value of strain is the same for all Ge content. This different strain value results in a reduction of the 

band gap of the epitaxial SiGe material [35]. For instance, the defect HEr (0.45 ± 0.01 eV) and 

HEr2 (0.49 ± 0.01 eV) observed in high and low fluence Er implanted p-Si0.947Ge0.053 respectively, 

are the same. However, we have observed the same shift (by ∼35 ± 10 meV) for all compositions 

investigated in this study. One can conclude from the constant (as a function of Ge content) 

difference of activation energy between the defect introduced in low fluence and high fluence Er 

implantation, that (i) the p-Si1-xGex is still fully strained and that (ii) the induced strain by Er 

implantation does not modify the pseudomorphic strain in the epilayer materials. This finding is 

consistent with the above HR-XRD results where we demonstrated that either using low or high Er+ 

implantation the p-Si1-xGex remains fully strained. An important issue is to determine the difference 
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in the total induced strain responsible for the shift in the activation energy between the low fluence 

and high fluence Er implanted Si1-xGex. However, if the Si1-xGex is biaxially compressed, the band 

gap of Si1-xGex is reduced by ~117 meV per percent biaxial compressive strain [26, 36]. The lattice 

constant of Si0.898Ge0.102 is about 0.42% larger than that of Si, thus fully strained Si0.9Ge0.1 has a 

band gap of ~ 50 meV smaller than that of fully relaxed Si0.892Ge0.102 [31]. According to the 

decrease of the band gap of pseudomorphic Si1-xGex with increasing strain by increasing Ge content 

[31, 35], and the fact that the shift is almost independent of the Ge content, the shift for a given Ge 

content of about ∼35 meV corresponds to a change in biaxial strain in the Si1-xGex film of 2.94 ×10-

3. This result indicates that Er+ implantation-induced perpendicular elastic strain in the 

pseudomorphic Si1-xGex lattice and leads to ∆Ea/∆ε ≈ -11.9 eV/unit strain, where ∆Ea and ∆ε are the 

difference in the activation energy  and the change of strain, respectively. Interestingly, this strain 

value of about 2.94 × 10-3 agrees with the above mentioned difference of the maximum strain value 

(3.4 × 10-3) between HF and LF Er implanted Si1-xGex as determined from HRXRD. This is slightly 

larger than the value of 1.6×10-3 determined from the shift of the main XRD peak between HF and 

LF Er implanted Si1-xGex for a given Ge content. It must be noted that the strain value of the 

epitaxial layer varies as we go from the surface into the bulk of  Si1-xGex (i.e. the local implantation-

induced strain is biggest near the maximum distribution of defect and smallest outside. The value 

(0.5-0.6) × 10-4 which is the strain difference between the low and high Er fluence is therefore an 

average value, and the strain in the depth region studied by DLTS could be very different from this 

average value. 

We now investigate the influence of RTA of Er implanted p-Si1-xGex.  Curve (c) of the inset 

of Fig. 11 taken from high fluence Er implanted p-Si0.898Ge0.102 clearly illustrates a broadening of 

the DLTS peak and an asymmetric DLTS peak shape. From HR-XRD, we have shown that after 

RTA of the high fluence Er implanted p-Si1-xGex (x =0.102 and 0.154), the epilayers are partly 

relaxed. It can be expected that relaxation is accompanied by the generation of threading 

dislocations within the SiGe layer [37] and clusters and extended defects can be created [38]. Since 
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these defects overlap in the DLTS spectra, it is difficult to resolve the positions of these peaks 

accurately.  

C. Optical characterization 

 Figure 13 shows the photoluminescence spectra measured at 300 K for all Si1−xGex samples 

(0≤×≤0.154) implanted with 3 × 1013 Er/cm-2 followed by RTA at 850 °C for 30 s. The spectra 

consist of a dominant sharp line at 1.542 μm accompanied by some high-energy features. It is 

generally assumed that the dominant sharp line at about 1.54 μm is the transition from the lowest 

4I13/2 state to the lowest ground state of 4I15/2. Neither the Ge content nor the strain influences the 

peak position and the emission intensity of these samples.  

IV. Summary  

Erbium implantation-induced defects in strained, epitaxial p-type Si1-xGex layers have been 

investigated by HRXRD, RBS/C and DLTS. From HRXRD measurements, we have demonstrated 

that the implantation-induced defects generate a slight expansion of the SiGe lattice in the 

implanted region and the induced strain is the same for the different Si1-xGex films having different 

initial strain values due to their different Ge content. (x= 5.3%, 10.2% and 15.4%). Annealing of 

the samples implanted to a fluence of 1010 Er/cm2 for 30 s at 850°C, leads to a relaxation of the 

implantation-induced strain, retaining the initial pseudomorphic strain. In contrast, annealing of the 

SiGe samples implanted with Er to a fluence of 3 × 1013 Er/cm2 leads to a relaxation of the 

pseudomorphic strain, a relaxation which is more pronounced for higher Ge content (x =0.102 and 

0.154).   

RBC/C measurements revealed that high defect concentrations are created below the surface 

by implantation of 3 x 1013 Er/cm2 and show the formation of an amorphous layer regardless the Ge 

content under investigation. Annealing of the samples for 30 s at 850°C, leads to reduction of the 

implantation-induced damage in SiGe epi-layers.  

DLTS measurements confirmed that that erbium-implanted p-Si1-xGex epilayers introduced 

two prominent defects with discrete energy levels for all x values. The two major defects HEr2 and 

HEr3 have an activation energy which changes with increasing Ge content according to the band 
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gap variation of the SiGe, indicating that the defects HEr2 and HEr3 are pinned to the conduction 

band, while the HEr1 defect is pinned to the valence band.  

From a comparison of the DLTS “signatures” of Er implanted samples to those of e-beam 

deposition, argon plasma etching and alpha particle irradiation of the same material, it is shown that 

the defects introduced by Er implantation are similar to those introduced by alpha particle 

irradiation and electron beam metal deposition. This result indicates that the defects introduced by 

Er implantation are related primarily to implantation-induced damage and Frenkel pairs which are 

mobile at room temperature to form stable defects such as point defects (i.e. vacancies and 

interstitials). 

From a comparison of the electronic properties of defects introduced after high and low 

fluence Er implanted p-Si1-xGex and after annealing, it was demonstrated that the strain induced by 

Er implantation reduces the activation energy in the as-implanted  p-Si1-xGex. The shift in the 

activation energy remains constant regardless of the Ge content, suggesting that the Si1-xGex  layers 

were fully strained before and after implantation. After annealing of the samples for 30 s, a 

broadening of HEr1 DLTS peak is observed and its position is shifted to higher temperature 

compared to the as- implanted p-Si1-xGex. This is possibly due to an increase of the activation 

energy with increasing strain relaxation.  

The photoluminescence properties of the implanted Er into Si1−xGex demonstrate that the 

spectra consist of a dominant sharp line at 1.542 μm and some high-energy features. Neither the 

intensity of the Er emission from the samples nor the emission peak position were influenced by the 

Ge content or the strain in the epilayers.  
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TABLE I. Electronic properties of the prominent HEr2 (a-c), the minor hole traps  
HEr3 (a-c) and HEr (1-3) detected by DLTS in 160 keV Erbium implanted epitaxially 

grown p-Si1-xGex/Si at low Er fluence (1 × 1010Er/cm2) and high fluence  
Er (3 × 1013Er/cm2), respectively. 

 

Defect label Ge 
content  

Et        
(eV) 

σa       (cm2) Tpeak

(a)    (K) 

Low fluence (1×1010Er/cm2)     

Her1  

HEr2 0.053 0.49 1.7 × 10-13 221 

HEr3 0.053 0.31 1.2 × 10-15 177 

HEr2 0.102 0.41 3.5 × 10-14 199 

HEr3 0.102 0.24 9.3 × 10-17 160 

HEr2 0.154 0.35 2.2 × 10-14 182 

HEr3 0.154 0.20 2.7 × 10-17 145 

High fluence (3×1013Er/cm2)     

HEr2a 0.053 0.45 1.8 × 10-13 195 

HEr2b 0.102 0.37 3.4 × 10-14 180 

HEr2c 0.154 0.32 2.1 × 10-14 162   

 (a)  Peak temperature at a lock-in amplifier frequency of 46 Hz, i.e. a decay time constant of 9.23 ms. 
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FIGURE CAPTIONS  

FIG. 1. (Color online) Random and <001> aligned RBS spectra for 1 × 1010 cm-2 Er (160 keV) 

as-implanted Si0.90Ge 0.10 samples and after RTA (850 ºC, 30 s).  The spectrum of the virgin 

Si0.898Ge0.102sample in channeling mode is also depicted.   

 

FIG. 2. (Color online) Random and <001> aligned spectra for 3 × 1013 cm-2 Er (160 keV) as-

implanted Si0.90Ge 0.10 samples and after RTA (850 ºC, 30 s).  The spectrum of the virgin Si0.9Ge 

0.1sample in channeling mode is also depicted.   

 

FIG. 3. (Color online) The Er part of the RBS spectra after RTA (850 ºC, 30 s) of Er implanted 

Si0.898Ge0.102at 160 keV to a fluence of 3×1013 cm-2.  The RBS spectra after RTA of Er implanted 

silicon at 160 keV to a fluence of 3×1013 cm-2 is also shown for comparison.   

 
FIG. 4. (Color online) High-resolution X-ray θ-2θ (004) diffraction of p-Si1-xGex (a) after 160 keV 

Er implantation with 3 × 1013 Er/cm2, and (b) the same sample after RTA of 850 ºC for 30 s. For 

comparison, the HRXRD diffraction from virgin Si, as implanted and after post implantation 

annealing is shown in the inset.  

 

FIG5. (Color online) High-resolution X-ray θ-2θ (004) diffraction of the p-Si0.898Ge0.102 from a 

virgin sample, as implanted to a fluence of 1 × 1010 cm-2 or 3 × 1013 cm-2 as well as after post-

implantation annealing. 

 

FIG. 6. Perpendicular lattice parameter extracted from HRXRD measurements for Si1-xGex: Er as-

implanted and after RTA (850 ºC, 30 s). The solid lines indicate the theoretical perpendicular lattice 

parameter for both fully strained and fully relaxed Si1-xGex epilayers. 

 
FiG. 7. DLTS spectra of 1×1010 cm-2 160 keV Er implanted  p-SiGe with different Ge-content. The 
spectra were recorded at a LIA frequency of 46 Hz. 
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FIG. 8. DLTS spectra of  p-Si0.947Ge0.053 after 160 keV Er implantation (fluence = 1×1010 cm-2) (a), 

after e-beam deposition with no shielding (b) and after 5.4 MeV alpha particle irradiation (c). 

 

FIG. 9. Variation of the defect activation energy ET(x) of Er implantation at 160 keV to a fluence of 

1 × 1010 cm-2, HEr (squares), alpha particle irradiation, Hal (circles) and EBD, He (triangles). 

 

FIG. 10. Depth profiles of the major defect detected in p- Si0.947Ge0.053 after Er implantation, and e-

beam deposition (no shielding the secondary electrons). The depth distribution of the vacancies and 

the Er ions (both derived from SRIM simulations) are also shown for comparison.  

 

FIG. 11. (Color online) DLTS spectra for 3 × 1013 cm-2 160 keV Er implanted Si1-xGex (x = 0.053, 

0.102 and 0.154). The spectra were recorded at a LIA frequency of 46 Hz. The inset depicts the 

DLTS spectra after 160 keV Er implanted Si0.898Ge0.102. Curves (a)-(c): DLTS spectrum of as-

implanted Si0.90Ge0.10: Er (fluence =  3×1013 cm-2), as implanted Si0.898Ge0.102: Er (fluence =  1×1010 

cm-2), after rapid thermal annealing at 850 ºC for 30 s of Si0.898Ge0.102: Er (fluence =  3×1013 cm-2), 

respectively. DLTS spectra were recorded under identical DLTS conditions (reverse bias Vr = 1V, 

filling pulse Vp=1.6 V and a lock-in-amplifier frequency of 46 Hz). 
 
 

Fig. 12. DLTS Arrhenius plot of defects in 160 keV Er implanted Si1-xGex (x = 0.053, 0.102 and 

0.154). Open circle and filled squares are for the defects detected after low fluence  

(LF:1×1010 cm-2) and high fluence (HF: 3×1013 cm-2) Er implantation, respectively. 

 

FIG. 13. Photoluminescence spectra at room temperature of Er-implanted and annealed Si1-xGex: Er 

(0 < x < 0.15) (160 keV to a fluence of 3×1013 Er/cm2). The samples were annealed in a rapid 

thermal processor at 850 ºC for 30 s. 
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