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Self-atom mixing induced by 310 keV gallium (Ga) ion implantation in crystalline and
preamorphized germanium (Ge) at temperatures between 164 K and 623 K and a dose of
1 x 10" cm ™2 is investigated using isotopic multilayer structures of alternating '°Ge and "“Ge
layers grown by molecular beam epitaxy. The distribution of the implanted Ga atoms and the
ion-beam induced depth-dependent self-atom mixing was determined by means of secondary ion
mass spectrometry. Three different temperature regimes of self-atom mixing, i.e., low-,
intermediate-, and high-temperature regimes are observed. At temperatures up to 423 K,
the mixing is independent of the initial structure, whereas at 523K, the intermixing of the
preamorphized Ge structure is about twice as high as that of crystalline Ge. At 623K, the
intermixing of the initially amorphous Ge structure is strongly reduced and approaches the mixing
of the crystalline material. The temperature dependence of ion-beam mixing is described by
competitive amorphization and recrystallization processes. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4861174]

. INTRODUCTION

The availability of highly enriched stable isotopes of,
e.g., silicon (Si) and germanium (Ge) enables the preparation
of isotopically controlled semiconductors that are advanta-
geous for studying many fundamental material properties.
Such studies concern, e.g., the mechanisms of self- and dop-
ant diffusion,'™ the electronic properties and nature of deep
defect centers,* the impact of isotopic composition on heat
transport,”” and the ion-beam induced self-atom mixing.®'°
Although atomic mixing in solids caused by ion irradiation
is a known and widely discussed phenomenon,'™"” experi-
mental results on self-atom mixing in semiconductors such
as Si and Ge are rather limited. Present studies mainly con-
cern ion-beam induced self-atom mixing in Si and Ge at
room temperature.&m

In our previous work, we described ion-beam induced
self-atom mixing in crystalline and amorphous Ge isotope
multilayer structures. In this case, both structures were
grown by means of molecular beam epitaxy (MBE).'® A
stronger mixing in the crystalline MBE multilayer structure
compared to its amorphous counterpart was observed for
300 K. This behavior is at variance to molecular dynamics
(MD) simulations of, e.g., Nordlund et al.'® In order to test
our former results, we prepared an amorphous isotope multi-
layer from the MBE grown crystalline isotope structure by
Ge implantation. We used this preamorphized Ge structure
for comparison of ion-beam mixing in crystalline and amor-
phous Ge induced by Ga implantation at different tempera-
tures. We demonstrate, in this work, that, depending on the
temperature, the ion-beam mixing in preamorphized Ge is
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equal to or higher than the mixing in the initially crystalline
Ge. This mixing behavior supports the predictions of MD
calculations and contradicts our former results obtained by
using MBE grown amorphous isotope layers.'® The opposite
result of our former work published in Ref. 10 is likely
affected by contaminations of oxygen and carbon later
detected with secondary ion mass spectrometry (SIMS). Our
measurements reveal that oxygen and carbon are easily
incorporated in MBE grown amorphous Ge by handling in
air. It is therefore not representative for pure amorphous Ge.

Il. EXPERIMENTAL

Crystalline ("Ge/°Ge),, isotope multilayers were
grown by means of MBE. The thickness of each natural and
isotopically enriched layer is about 15nm. The crystalline
structure was deposited on a (100)-oriented n-type Ge wafer
with a specific resistivity of 40 Q cm. The preamorphized
multilayer structure was prepared by Ge ion implantation
into the crystalline isotope structure. The implantation was
performed at 77K with 310keV Ge ions, a dose of
7 x 10" cm ™2, and an ion current of 200nA. The amorphiza-
tion dose of Ge at 77K is about 6 x 10'® cm ™2, according to
Koffel et al.'® Cross-sectional transmission electron micro-
scope (XTEM) measurements of the preamorphized samples
reveal complete amorphization up to a depth of about
200 nm. Moreover, a 50 nm wide defective range is observed
beneath the amorphous Ge layer. Figure 1 illustrates "*Ge
concentration profiles of the as-grown crystalline (c-Ge: red)
and preamorphized (a-Ge: blue) isotope structures measured
with SIMS. The SIMS measurements were performed with a
TOF-SIMS 5 system in a dual beam mode. Oxygen ions with
1 keV energy were used for sputtering and 25keV bismuth
ions for analysis. The depth of the craters left from the SIMS

© 2014 AIP Publishing LLC
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FIG. 1. SIMS concentration profiles of "*Ge of the crystalline (red) and prea-
morphized (blue) (" Ge/”°Ge);o MBE multilayer structures.

analysis was determined with an optical profilometer. The
sputter time is converted to penetration depths taking into
account the crater depth and assuming a constant sputter rate
during SIMS profiling. With the well-known abundance of
the Ge isotopes in natural Ge, the detected Ge ion counts are
transformed to concentrations. The obtained concentration
profiles of "*Ge are analytically described by the following
equation:

20 '
Cae(x) = Cy +MZ(—1)i+1erfc(x_x’>, (1)

2 I Ti

where x is the depth, C; and C, are the minimum and maxi-
mum  concentrations of the *Ge isotope, and
erfc(x)=1-erf(x) is the complementary error function. The
error function erf(x) is defined as erf(—oc) = —1 and erf(oco)
= +1. x; represents the depth of the ith isotope interface and
r; 1s a measure of the steepness in the Ge concentration at the
ith interface between natural and isotopically enriched Ge
layers.

Ion implantation of 310keV Ga with a dose of
1 x 10" cm ™2 and an ion current of 200nA was performed
at six different temperatures (164K, 219K, 300K, 423K,
523K, and 623 K). The samples are held at these tempera-
tures in the implantation chamber for about 30 min. After im-
plantation, the temperature was rapidly reduced by liquid
nitrogen cooling to suppress any post-implantation induced
self-atom mixing that could be caused by the dissolution of
defect clusters formed during implantation. Due to the con-
struction of the target chamber, all implantations were per-
formed at nearly normal incidence to the (100) sample
surface. At 164 K and 219 K, Ga implantation was only per-
formed into the crystalline Ge isotope structure, whereas
both crystalline and preamorphized samples were implanted
simultaneously for T > 300 K.

lll. RESULTS AND DISCUSSION

Figure 2 shows concentration profiles of "*Ge and *“Ga
measured with SIMS after Ga ion implantation in the ini-
tially crystalline (red: c-Ge) and preamorphized (blue: a-Ge)
Ge isotope structures. The implantations illustrated in this
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FIG. 2. Concentration profiles of 74Ge (solid lines) and Ga (dashed lines) in
initially crystalline (red) and preamorphized (blue) ("“‘Ge/mGe)lO multilayer
structures measured by SIMS after implantation with 310keV Ga at a dose
of 1 x 10" cm™2 and temperatures of (a) 300K and (b) 523 K. The black
dashed line and solid black line (histograms) show the Ga implantation pro-
file predicted by Crystal-TRIM. The depth profile of the nuclear energy dep-
osition per target atom calculated by Crystal-TRIM is illustrated in (c).

figure were performed at 300 K and 523 K. Figure 2(a) dem-
onstrates that the Ga profile at 300K in c-Ge (red dashed--
line) is very similar to the Ga profile in a-Ge (blue
dashed-line). Both concentration profiles are reproduced by
Crystal-TRIM calculations (e.g., Ref. 20) (black dashed-line)
assuming an amorphous target, whose thickness exceeds the
amorphous layer of the preamorphized sample. This is in
accord with XTEM results showing an amorphous layer of
320nm thickness for the Ga implantation at 300K. The
small difference between the Ga profile in c- and a-Ge is due
to channeling during Ga implantation in c-Ge until the struc-
ture turns amorphous. At 523 K (see Fig. 2(b)), the Ga profile
of c-Ge strongly deviates from the Ga profile of a-Ge, but is
accurately reproduced by Crystal-TRIM calculations assum-
ing a crystalline structure during the whole Ga implantation
process. The Ga profile of a-Ge follows the Crystal-TRIM
prediction (see black dashed line in Fig. 2(b)) when a
200 nm thick amorphous layer on top of a crystalline struc-
ture is assumed. This thickness equals the width of the dam-
aged layer in the preamorphized Ge. Overall this indicates
that Ga implantation at 523 K in c- and a-Ge does not induce
any significant structural changes, i.e., both the structure of
c- and a-Ge samples remains unchanged.

The self-atom mixing at 300K in c-Ge, indicated by the
"¥Ge concentration profiles in Fig. 2(a), is very similar to the
mixing in a-Ge. In contrast, the self-atom profiles obtained
after Ga implantation at 523 K differ strongly across the
whole isotope structure as illustrated by Fig. 2(b). A
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comparison between 300K and 523K reveals that for
x <200 nm, the self-atom mixing in c-Ge at 300K is stron-
ger than at 523 K. For x > 200 nm, it is reverse, i.e., the
self-atom mixing in c-Ge at 300K is weaker than at 523 K.
On the other hand, the amorphous Ge structure is clearly
stronger mixed at 523K than at 300K for x <200 nm,
whereas for x > 200 nm, the self-atom mixing of a-Ge at
300K and 523 K is very similar.

The difference in self-atom mixing of c-Ge and a-Ge
can be evaluated more quantitatively by modeling the
implantation-induced atomic displacements with a convolu-
tion integral®

CHer(r) = j () o(r— ) -dY, ()

where CXr(x) and Cr(x) represent the Ge distribution
before and after Ga implantation, respectively. g denotes a
Gaussian function of the form

1 x?
g(X) = \/27'5—O'exp(_ ﬁ) (3)

The quantity ¢ determines the width of the Gaussian function
and is assumed to be depth dependent

o(x)=k- exp(— Ll)z) . “)

2m?

With Egs. (2) to (4), the depth dependent ion-beam induced
self-atom mixing of the Ge multilayer is described by means
of a depth dependent displacement function o(x). The pa-
rameters &, [, and m are the amplitude, position, and width of
the o(x) function. These parameters were optimized to accu-
rately describe the "*Ge concentration profiles. Figure 3
shows best fits to the experimental "*Ge profiles obtained af-
ter Ga implantation into c- and a-Ge at 300K and 523 K. The
corresponding o(x) profiles referred to the right ordinate are
also displayed. The similarity of the o(x) profiles at 300 K
(see Fig. 3(a)) expresses the almost identical self-atom mix-
ing in c- and a-Ge at this temperature (see Fig. 2(a)). On the
other hand, the disparity of the o(x) profiles at 523K (see
Fig. 3(b)) indicates the difference in self-atom mixing in c-
and a-Ge shown in Fig. 2(b). The stronger mixing of a-Ge
compared to c-Ge for x < 200 nm leads to a higher Ge dis-
placement as shown in Fig. 3(b). The higher Ge displace-
ment of c-Ge compared to a-Ge for x > 200 nm reflects the
stronger mixing of c-Ge than of a-Ge. As expected, the Ge
displacement ¢ of c- and a-Ge is in qualitative agreement
with the depth profile of the nuclear energy deposition E4 per
target atom (see Fig. 2(c)).

The parameters describing the Ge displacement ¢ (x) of
all Ga implanted c- and a-Ge samples investigated in this
work are listed in Table I. The amplitude of mixing %, i.e.,
maximum Ge displacement, is shown in Fig. 4 as a function
of the sample temperature during ion implantation. The tem-
perature dependence of ion-beam mixing in c- and a-Ge is
divided in three temperature regions. In region I, ion-beam
mixing in initially crystalline and preamorphized Ge is
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FIG. 3. Best fits (black dashed lines) based on Egs. (2)—(4) to the
Ga-implantation induced self-atom mixing profiles (solid lines) in initially
crystalline (red) and preamorphized (blue) Ge at (a) 300K and (b) 523 K.
The "*Ge concentration profiles of c- and a-Ge are differently scaled for
clarity. The lower solid lines in (a) and (b) show the corresponding Ge dis-
placement ¢(x) determined from the analysis of ion-beam induced self-atom
mixing at 300K and 523 K, respectively. Note, the Ge displacement ¢ is
referred to the right axis. The parameters of the ¢(x) function of all samples
investigated, in this work, are listed in Table I.

nearly equal. Within this region, the Ge displacement
increases with temperature. The k values for c- and a-Ge at
300K and 423K are equal within the experimental accuracy
indicating that the corresponding Ge profiles are very similar
(see Fig. 2(a) for 300K). The similar atomic mixing of the
initially crystalline and preamorphized sample is a

TABLE 1. Fit parameters k (amplitude), / (position), and m (width) of the
depth dependent ¢(x) function deduced from the analysis of self-atom mix-
ing in crystalline and preamorphized Ge isotope multilayers. The mixing of
the isotope structure was induced by 310keV Ga implantation at a dose of
1 %10 cm™2 and temperatures ranging from 164 K to 623 K.

sample T(K) k (nm) [ (nm) m (nm)
c-Ge 164 6.0£0.3 100 =5 95*5

c-Ge 219 8.1+0.3 110=5 120+5
c-Ge 300 8.7+0.3 75*5 110+5
a-Ge 300 8.7+0.3 85+5 85+5

c-Ge 423 9.7+0.3 80*+5 115*5
a-Ge 423 10.1 0.3 85+5 105+5
c-Ge 523 5.5+0.3 110+5 1355
a-Ge 523 122*0.3 85+5 85+5

c-Ge 623 6.6 £0.3 120+5 110+5
a-Ge 623 7.5+0.3 90=*5 118+5
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FIG. 4. Temperature dependence of the amplitude k£ of mixing (maximum
Ge displacement), cf. Table I. The mixing of the initially crystalline samples
is marked in red, the results for the preamorphized samples are marked in
blue. Three temperature regimes (I, II, and IIT) with different mixing charac-
teristics are identified.

consequence of the amorphization of c-Ge during Ga im-
plantation. The amorphization threshold of Ge at 300K is
reached at a Ga ion dose of about 6x 10"”cm 2"
Considering the total ion dose of 1 x 10'° cm ™, the initially
crystalline sample is amorphous during more than 90% of
the ion implantation time. This explains the very similar Ge
mixing in the initially crystalline and preamorphized Ge in
region I. The slightly stronger Ge mixing in c-Ge compared
to a-Ge at 300K for x > 200 nm (see Fig. 2(a)) is due to
channeling effects before the crystalline host structure turns
amorphous. The non-crystalline state after implantation at
300K is confirmed by channeling Rutherford backscattering
spectrometry (RBS/C).21 For RBS/C measurements, a colli-
mated 1.7 MeV helium (He®") beam was used. The sample
was mounted on a three-axis, high precision (*=0.01°) goni-
ometer in a vacuum chamber. The increasing self-atom mix-
ing with increasing temperature observed within region I is
in accord with the thermal spike model (see, e.g., Ref. 15).
This model predicts that self-atom mixing mainly takes place
during the relaxation stage following the collision cascade.
The incident Ga ion transfers its kinetic energy through colli-
sions to the Ge host atoms resulting in locally melted
regions. With increasing temperature of the sample, the vol-
ume of these areas and the time, the temperature exceeds the
melting point increases. Thus, atomic mixing within these
regions increases with temperature. It should be mentioned
that the thermal spike model must be used for the explana-
tion since a pure ballistic interpretation of the observed
self-atom mixing is only possible if unphysically low values
for the displacement energy of Ge atoms are assumed.'®
RBS/C measurements of the c-Ge sample implanted at
523 K reveal that it is crystalline. On the other hand, RBS/C
analysis shows that the a-Ge sample remains non-crystalline.
Therefore, one can assume that in region II, the initial struc-
ture of both samples is not severely modified by the implan-
tation. Within the framework of the thermal spike model, the
higher mixing of the amorphous structure compared to its
crystalline counterpart can be explained by the lower heat
transport capacity and the reduced melting point of a-Ge
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(965 K) compared to c-Ge (1210 K). This interpretation is in
agreement with MD calculations of, e.g., Nordlund et al.'®
The MD simulations reveal that the magnitude of mixing in
a-Ge is about a factor of 2 higher than in c-Ge.

The c-Ge structure shows a more pronounced intermix-
ing for x > 200 nm at both 300K and 523 K than the a-Ge
structure. Since Ga implantation was performed at nearly 0°
incidence and c-Ge remains crystalline at 523 K, channeling
effects lead to higher penetration depths of Ga and stronger
Ge mixing in c- than in a-Ge for x > 200 nm. Figure 2(c)
illustrates this by the comparison to the depth profile of the
nuclear energy deposition. This quantity is a measure of the
intensity of atomic collisions and therefore of the self-atom
mixing. It is obvious that at x > 200 nm, the nuclear energy
deposition E4 is higher in c-Ge than in a-Ge. The a-Ge sam-
ples implanted at 300K and 523 K reveal a similar atomic
mixing for x > 200 nm. This indicates similar structures of
the samples, most of the time during implantation.

Finally, region III indicated in Fig. 4 is characterized by
a self-atom mixing of the preamorphized sample that drops
to the level of the crystalline structure. The Ge displacement
at 623K of a-Ge (c-Ge) is strongly reduced (slightly
enhanced) compared to the value at 523K. As found by
RBS/C, the preamorphized sample turns crystalline during
implantation at 623 K. It is very likely that the recrystalliza-
tion of a-Ge proceeds by solid phase epitaxy (SPE). This can
be concluded from the experimental results on the recrystal-
lization velocity in dependence on temperature.*” From these
data, it follows that at 623 K, the SPE regrowth (SPER) pro-
cess is sufficiently fast to recrystallize the entire amorphous
isotope structure, whereas at 523 K, the recrystallization ve-
locity is still too low. The difference observed in atomic mix-
ing of a- and c-Ge at 623 K can be explained with the higher
mixing efficiency of a-Ge compared to c-Ge until SPE of a-
Ge is completed. However, a SPE induced self-atom mixing
could also explain the difference.

IV. CONCLUSION

Ga implantation induced mixing in initially crystalline
and preamorphized Ge isotope multilayer structures were
investigated by means of SIMS in combination with RBS/C.
A convolution integral method was applied for the quantita-
tive analysis of the self-atom mixing. Three temperature
regions were identified in the range of 164 K to 623 K, which
show different mixing characteristics. All observed charac-
teristics of self-atom mixing and of the corresponding Ga
profiles are consistently explained in the framework of the
thermal-spike model, channeling effects, amorphization and
recrystallization processes, and differences in the heat trans-
port capacity and melting point of the crystalline and prea-
morphized Ge.
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