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Lattice damage in ion-implanted silicon-germanium alloys

T. E. Haynes and O. W. Holland

Oak Ridge National Laboratory, Oak Ridge, TN 37831 USA

ABSTRACT

The damage produced in Si^Ge* alloys (0<x<l) by implantation of 70 —100 keV

30Si+ has been measured as a function of temperature and fluence by ion channeling. For

all compositions, the damage efficiency decreased sharply as the implant temperature was

increased between room temperature and 150°C. Furthermore, the damage efficiency in

alloys of intermediate compositions (0.35<x<0.5) exceeds that in Ge, especially at elevated

temperatures, despite the larger cascade energy density in Ge. It is shown that this behavior

can be described based on a model in which the point-defect mobility is the dominant factor

controlling damage retention, rather than the cascade energy density. This approach

provides a framework for understanding other temperature-dependent phenomena related

to damage growth in Si-Ge alloys including dose-rate effects and damage saturation in MeV

implantation.



Introduction

From the point of view of understanding fundamental ion-solid interactions,

especially those related to mechanisms of damage formation, there are a number of

interesting differences between the behavior of silicon and germanium. Figure 1 highlights

one of these differences. During self-implantation of Si at room temperature (RT), the

amount of damage in the lattice increases as the rate of implantation is increased. 1 This

behavior may be referred to as a positive dose-rate dependence, to distinguish it from the

opposite possibility which may occur at even higher dose rates, when the damage decreases

as the dose-rate is increased due to an increasing sample temperature. The mere appearance

of a positive dose-raie dependence implies some mechanism whereby the defects produced

by successive ion impacts are able to interact. It is possible, for instance, to derive this type

of dose-rate dependence from simple models of damage production involving nucleation of

stable defect clusters from reactions between migrating point-defects.[1,2] A positive dose-

rate dependence is demonstrated in Fig. 1 for self-implanted Si and also Tor Ge implanted

with Si. This figure clearly shows that the positive dose-rate dependence is much larger in Si

than in Ge. In other words, interactions between separate cascades are less important for

the production of damage in Ge during implantation at RT. Also, note that the fluence

required to produce a comparable amount of damage in Si is one order of magnitude larger

than in Ge. This points to the fact that each ion produces on average a factor of 10 fewer

stable defects in Si than in Ge. In other words, the damage efficiency, which may be defined

as the propensity of the substrate to retain ion damage, is much greater in Ge than in Si.[3]

These and other differences in the damage response of Si and Ge have been

rationalized using the concept of cascade energy density.[4] This approach assumes that the

response of the lattice following a collision cascade is determined by the volume density of

energy transferred to the lattice atoms from the incident ion. Such treatments predict the

appearance of nonlinear damage growth and enhanced damage efficiencies when the

cascade energy density exceeds some critical value, typically a few tenths of an eV per atom,



as a result of, e.g, a phase transformation or other correlated interactions (see for instance,

[5]). The cascade energy density increases with the atomic number (Z) and mass of the

substrate. Hence, this concept can explain the larger damage efficiency in Ge. In addition,

the dependence on dose rate is expected to be less for high Z substrates, as is observed in

Fig. 1. This is because most of the damage is presumed to form during quenching of high-

energy-density cascades, which occurs on such short time scales (< 10"1 !s) that the

probability is negligible for two or more cascades to interact except at much larger (10sx)

current densities than in Fig. 1.

Silicon and germanium have infinite mutual solubilities and very little chemical

interaction.[6] Therefore, silicon-germanium alloys of arbitrary composition can be grown

in the diamond crystal structure with very little tendency for chemical ordering.

Measurements of the lattice damage as a function of composition in such substrates

provides new opportunities for testing the concept of cascade energy density and its

applicability for describing implant damage formation in these semiconductors. The energy

density can be quite simply increased monotonically by increasing the Ge content of the

Sij.xGex substrate. This paper reports such measurements over the range 0<x<l and shows

that the concept of cascade energy density alone cannot account for all observations.

Experimental Description

The starting materials for these experiments were 6 —8 urn thick, heteroepitaxial

Sii.xGex alloy layers grown by CVD onto either Si(100) for x<0.5 or Ge(100) for x>0.5.

The misfit strain is relaxed in these thick layers. The quality of the as-grown layers was

checked by <100>-axial ion channeling, which gave minimum yields of 3 —4%. Sii_xGex

layers with compositions x = 0.15, 0.35, 0.50, and 0.80 were used, and the compositions

verified by both Rutherford backscattering and electron microprobe analysis. Elemental Si

(x = 0) and Ge (x = 1) substrates were also used for comparison. 30Si+ was implanted into

these alloy layers at energies selected to give a projected ion range of 100 nm (E = 70 keV

for Si; 80 keV for x = 0.15 and 0.35; 90 keV for x = 0.5 and 0.8; and 100 keV in Ge). For



implantation, samples were mounted on a nickel target holder using silver paint to

maximize the thermal conduction to the holder. The temperature was measured by a

thermocouple embedded in the nickel block. At the relatively low temperatures used here,

radiative cooling is not significant so the reported temperatures are believed to be quite

accurate. For purposes of measuring the temperature-dependence of the implant damage,

the dose rate was kept constant at 0.05 uA/cm2 for all fluences. Damage in the as-

implanted alloys was measured at RT by <100>-axial ion channeling, using a 2 MeV He+

beam and a scattering angle of 160°.

Results and Discussion

Figure 2 shows the temperature dependence of the damage for implantation of Si into

Sio.65Geo.35 compared to that in Si and Ge substrates. In all three substrate materials, the

damage is a sensitive function of temperature within the range shown. At the lower fluence

of 1 x 1014/cm2 (filled symbols), the peak damage fraction in the alloy is intermediate

between those of Si and Ge. Similar data for x = 0.15, 0.5, and 0.8 has recently been

published elsewhere,[7] and the present results for x = 0.35 follow those same trends, i.e., the

damage in Sio.65Geo.35 at a given temperature is greater than in Sio gsGeo j 5 but less than in

Sio.5Geo 5. Also shown in Fig. 2 is data for a fluence of 6 x 1014/cm2 implanted into both

Sio.6sGe0 35 and Ge (open symbols). For this higher fluence, the damage fraction in the

alloy is nearly identical to that in Ge as a function of temperature. This is a significant

observation because each ion certainly produces a larger number of initial displacements in

Ge than in the alloy. For example, according to TRIM simulations,[8] the number of

displacements is 80% greater in Ge than in Sio.^Geo 35. Therefore, the damage efficiency

(i.e., the fraction of the initial displacements retained as stable damage) must be even

greater in. the alloy than in elemental Ge. This observation implies that the cascade energy

density is not the most significant factor controlling the amount of retained damage,

because the effect of energy density would be to enhance the damage efficiency for more

Ge-rich alloys and thus exaggerate the difference in the number of initial displacsmer ts.[9]



The temperature dependence shown in Fig. 2, and similar temperature dependence

observed for other alloy compositions,[7] implies that in this temperature range significant

dynamic annealing occurs during implantation. This in turn suggests an alternative factor

is controlling the damage efficiency, namely the short-range mobility of the defects, which is

necessary for their annealing. Clearly, the effectiveness of dynamic annealing is greater at

lower temperatures (i.e., around 0°C) in Si than in Ge or in the alloys, implying that the

defect mobilities are greatest in elemental Si at those temperatures. Furthermore, note that

in both Si<) 65Ge0 35 and in Ge, the damage approaches zero at a temperature near 150°C,

and that this temperature (To= 150°C) is relatively insensitive to the implant fluence. These

observations suggest that the damage growth can be described by a well-known, simple

model previously proposed to describe damage production in elemental Si and Ge.[10] This

model is based on the assumption that each ion creates a damage zone which shrinks via the

thermally-activated outdiffusion of mobile, simple defects. This model leads to the

following equation for the damage fraction, F(T):[7]

where <P is the implant fluence, <t>0 is the minimum fluence necessary to amorphize the layer

at low temperatures, and LQ (units of length) and Q (energy) are two fitting parameters

characterizing the thermally-activated diffusion. Note thai there exists a fluence-

independent temperature, TQ, for which the bracketed ienn in (1) vanishes, and hence the

damage fraction is zero at all fluences, just as observed in Fig. 2. Equation (1) has been

used to fit the data shown in Fig. 2 for each substrate material, using at. least two different

fluences for each substrate. The results of the best fits for Si, Ge, and Sio 6sGe0 35 are

shown as the curves overlaid on the data in Fig. 2. This model is able to describe the

temperature dependence quite adequately for these substrates and for other alloy



compositions as well.[7] For Si0 55<Je0 35, the best fit is obtained with Lo = 1.4 x 10'5 cm

ana Q = 0.40 eV It should be noted lhat these parameters refer to the diffusion, in the

vicinity of the collision cascade, of defects generated directly by atomic collisions and are

not expected to apply to intrinsic defects. With these parameters, eqn. (1) gives

approximately the same curve for both Si0 65Ge0 35 and Ge at a fiuence of 6 x 1014/cm2, as

dictated by the experimental data. The diffusion parameters for other compositions have

been reported eise\"here.[7] ln general, the "activation energy" Q obtained by such fitting

compares favorably with values extracted from ion mixing experiments.fi 1]

As remarked earlier, these measurements have shown that the damage efficiency in

Sî j oiGey 35 is larger than in elemental Ge. The present model now permits a calculation of

the damage efficiency, E, as a function of composition based on the fitting parameters for

each alloy. In this model, s is defined as the ratio of the damage fraction F(T) at a given

temperature, to the damage fraction at zero temperature, F(T = OK), or:

._. r, r—. -Q /2k R T\ 2 ...
e(T; ={i-A/7icpnLne v B } , (2)

Using the values for Q and Lo obtained here and in [7], the damage efficiency was calculated

for alloy compositions x = 0, 0.15,0.35, 0.50, and 1 at temperatures of-30°, 20°, 70°, and

120°C. The results of these calculations are shown in Fig. 3. In this figure, the retrograde

behavior of the damage efficiency for x > 0.35 is readily apparent. This effect becomes

more pronounced at higher temperatures when the estimated mobilities become larger.

This is a direct manifestation of the experimental observation that the peak damage

fraction in Sio ̂ Geg 35 more nearly approaches that in Ge at temperatures above 100°C

than at lower temperatures (see Fig. 2). The model also defines a characteristic diffusion

length, L - £<£xp (-QI kgT), which is a measure of the short-range defect mobility. L is

shown as a function of composition in Fig. 3 for RT = 20°C (dashed curve) in order to



emphasize the reciprocal relationship between damage efficiency and defect mobility. Note

that both e and L are most sensitive to composition for Si-rich alloys with x < 0.4.

Thus, this simple model, based entirely on the concept of thermally-activated defect

mobility, allows a systematic, coherent description of the damage in Sii.xGex alloys.

According to the mobility parameters extracted from fitting the experimental data in Fig. 2,

the defect mobilities are lowest in alloys with compositions near x = 0.4, accounting for the

experimental observation that the damage efficiency reaches a maximum in this

composition range. As has been already indicated, this observation cannot be reconciled

with models based solely on the concept of cascade energy density. This suggests that the

major factor controlling the damage efficiency is the point-defect mobility rather than the

cascade energy density

One consequence of the defect-mobility-based treatment is to divide implant damage

mechanisms logically into two regimes as a function of temperature. For temperatures

greater than TQ, the mobilities are sufficiently large that the damage zone produced by each

ion shrinks to zero volume so that there is no damage produced through "direct impact"

mechanisms. Thus, at these temperatures damage may be produced only through

interactions of mobile defects. In contrast, at lower temperatures, where the defects are

effectively frozen-in due to their low mobilities, the formation of stable damage is

dominated by direct-impact processes within the collision cascades. Thus, positive dose-

rate effects emerge in Sii_xGex alloys[7] (and also in Ge and GaAs[12]) only when the

temperature approaches TQ, such that point-defect interactions become the dominant mode

of damage formation.

In addition to dose-rate effects, other phenomena have been attributed to damage

growth processes dominated by point-defect interactions. For instance, in. Si substrates

self-implanted at RT and MeV energies, the damage in the shallow portion of the profile,

away from the end-of-range, saturates at a very low level as a function of implant fluence

over a large range of fluences.[13] This saturation has been shown to be a signature of



point-defect-controlled damage growth and to be possible only in the absence of

heterogeneous sinks for point defects, such as are associated with direct impact damage

mechanisms.[13] Accordingly, the defect-mobility concept dictates that saturation is

prohibited at temperatures well-below TQ due to the presence of sinks, but becomes possible

near and above TQ. In order to test this prediction, Sio gsGeo 15 and Sio ̂ Geo 35 samples

were implanted with J .5 MeV Si ions at selected temperatures both below and near T0.[14]

Ion channeling spectra from some of these samples are shown in Fig. 4. These results do

indeed confirm that damage saturation does not occur at temperatures below TQ. In this

way, the results of MeV implantation can be interpreted through the defect-mobility

approach based on parameters extracted in a different energy regime (100 keV). These data

support the unified approach presented in this paper, and in addition, demonstrate its

applicability over an extended range of ion energy, even into a different regime of

partitioning between nuclear and electronic energy loss.

Conclusions.

It has been shown that the damage growth in Si-Ge alloys can be systematically

described over the entire composition range and over a wide range of ion energies using a

simple model based on the concept of thermally-activated defect mobility to describe the

dynamic annealing which is observed. This approach is preferred over interpretations

based solely on cascade density which predict that the damage efficiency in Si^.xGex alloys

must increase monotonically with Ge fraction, x. This approach is consistent with the

observed temperature- and composition-dependence of positive dose-rate effects in these

alloys and offers an explanation for the retrograde behavior of damage efficiency as a

function of composition based on a composition-dependent defect mobility which is lowest

for alloys near x = 0.4. Furthermore, it also predicts the temperature- and composition-

dependence of damage saturation during MeV implantation of Sii_xGex alloys.
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Figure Captions

Figure 1. Comparison of the dose-rate dependence of the depth-integrated damage in Si

and Ge substrates implanted with 100 keV 30Si+. The damage was determined by

integration of the direct-scattering peak in the ion-channeling spectrum. (Adapted from

[15].)

Figure 2. Temperature-dependence of the fractional damage (DPA) measured at the peak

of the direct-scattering profile in the ion channeling spectrum in Si (squares), Ge (triangles),

and Sio 65Ge0 35 (circles). Implant fluences were 1 x 10'4/cm- (filled symbols) or

6 x 1014/cm2 (open). Solid and dashed curves are the best fits of Eqn (1).

Figure 3. The damage efficiency at selected temperatures is shown as a function of alloy

composition, E was calculated from Eqn. (2) for the compositions x = 0, 0.15, 0.35, 0.5, and

1.0, using the parameters given here and in [7]. The solid curves are cubic-spline

interpolations between these discrete points, which are indicated by the symbols. The

dashed curve is the characteristic diffusion length, L, obtained from the model for

T = 20°C.

Figure 4. Ion channeling spectra for S\Q jGeo 5 implanted with the indicated fluences of 1.5

MeV Si+ at To= 155°C and (inset) below To (at 100°C). At To (spectra 1-4), the scattering

yield in the window at 2.0 —2.2 MeV is approximately constant, showing that the damage

level is saturated for at least a 20-fold change in fluence. In contrast, below To (spectra 5

and 6) the yield in this window increases with fluence. (The spectrum labeled "virgin" is that

of an unimplanted sample.)
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