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Thermal desorption spectrometry measurements of Kr implanted with energies 100 keV and 150 keV
(fluence 2 × 1016 cm−2) into the Ge sample are considered. A sudden release of Kr is observed in
the temperature range of 800–840 K. The very narrow peaks in the thermal desorption spectrometry
spectra (width of several K) come most probably from the release of gas trapped in pressurized bubbles.
Analysis of peak shifts with increasing heating rate enabled the estimation of the adsorption activation
energy values of 2.5 eV and 2.3 eV for the implantation energies 100 keV and 150 keV, respectively. These
values are comparable to those obtained for Ar implanted into the Ge samples and for Kr implanted
into the Si samples.
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1. Introduction

Thermal desorption spectroscopy (TDS), some-
times also known as thermal programming desorp-
tion (TPD), is a very common method to study
adsorption, desorption, as well as the reaction of
adsorbed particles on surfaces. The cornerstone of
the method is measuring the desorption rate of
released gases from the surfaces as a function of
the surface temperature. Keeping in mind that ad-
sorbates with a higher energetic barrier undergo
desorption at a higher temperature, and the fact
that adsorbates release depends on heating speed,
one can determine, e.g., desorption activation en-
ergies of adsorbates [1]. A detailed analysis of the
TDS spectra of gases introduced (e.g., by ion im-
plantation) into the solid target provides infor-
mation concerning the interactions of the dopant
with the lattice and defects within it, as well as
about the diffusion process [2]. Thermal desorption
spectroscopy is often used not only to study dis-
order in crystalline targets due to the ion bom-
bardment but also to investigate the retention of
impurities in the materials typically used in both
a “classical” (fission) and future fusion nuclear
reactors, i.e., tungsten [3, 4], graphite [5, 6] or
beryllium [7, 8] and other plasma-facing materials.
It should be mentioned that TDS is often combined
with positron annihilation techniques in order to
get a deeper insight into the structure of defected
layers [3, 9–11]. The gas-charged layer can either be

a natural one (e.g., oxide layer) or prepared by ion
implantation or magnetic sputtering in a specific
atmosphere [12].

One should keep in mind that not only reactor
materials containing gas-filled cavities or bubbles
are studied with TDS, but also other metals [13, 14]
thin layers [15, 16] and semiconductors, including
the most important material for the microelectronic
industry — silicon, because the bubble formation
can be essential for the Smart-cut processing [17]
as well as for gettering of impurities [18, 19]. The
fabrication of helium bubbles in Si by ion implan-
tation (mainly characterised by large fluence, i.e.,
of the order 1016 cm−2) has attracted the atten-
tion of several scientific groups [20–25], altering the
implantation energy in the range from 10 keV to
several MeV, as well as other parameters like flu-
ence, implantation, and annealing temperatures etc.
Also, the release of other inert gases (including
Ar [26–29], Xe [30–32], and Kr [33]) implanted in
a wide spectrum of energy was investigated over
the years, showing that desorption activation ener-
gies are usually higher for gases with larger atomic
radii.

Germanium is characterized by much higher car-
rier mobility (' 3900 cm2/(V s) for electrons and
' 1900 cm2/(V s) for holes) than Si, so nowadays
it attracts the attention of scientists and engineers
as a candidate for a material, which enables sig-
nificant improvement of the performance of micro-
electronic and optoelectronic devices. Moreover, the
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close similarity of Si and Ge [34] could make eas-
ier the integration of that material with contem-
porary CMOS technology. It was recently demon-
strated that pure germanium (a material character-
ized by an indirect bandgap) could be transformed
into a semiconductor with a direct bandgap using
Sn doping and P hyperdoping followed by millisec-
ond annealing, which also resulted in an even fur-
ther enhancement of carrier mobility [35–38].

Production of layers containing numerous gas
bubbles in Ge or in thin layers of Ge on the in-
sulator could be a crucial step toward developing
a Smart-cut analogue for this material class. It was
shown that bubbles with a diameter of ' 1 nm
were formed due to a 60 keV He irradiation with
the fluence of 2 × 1016 cm−2 [39]. It is also known
that intense (of the order 1017 cm−2) irradiation
with H+ ions followed by annealing at 200–350◦C
leads to blistering of the Ge surface [40], as well
as the blister transformation into the craters for
higher irradiation fluence. In our previous papers,
we studied the thermal desorption of He [41] and
Ar [42] implanted into Ge samples with the fluence
1× 1016 cm−2 and 2× 1016 cm−2, respectively. No
signs of surface blistering or crater formation was
observed in these cases. Desorption activation ener-
gies were close to 0.75 eV in the case of He (100 keV),
while much higher value (' 3.2 eV) was found for Ar
implanted with the same energy. It should be men-
tioned here that the spectra of He were very broad
(' 200 K full width at half maximum (FWHM),
much broader than in the case of the release from
Si [25]) in the range of 600–900 K, while the Ar re-
lease was rather sudden, in the form of single sharp
peaks (in the range 790–840 K). A sudden release
may be the result of an increase of gas pressure in-
side the cavities formed by the coalescence of va-
cancies above some critical value.

The paper presents the investigations of thermal
desorption of heavier inert gas, which is krypton im-
planted into a Ge target with the energies 100 keV
and 150 keV, in order to determine changes of the
desorption activation energy with the gas projec-
tile mass (and atomic radius), as well as to exam-
ine possible changes of Ge surface morphology af-
ter releasing the gas. The implantation fluence was
kept the same as in the previous case of Ar (i.e.,
2 × 1016 cm−2). Thermal desorption spectra were
collected for linear heating profiles with the ramp
rates ranging from 0.35 up to 2 K/s. Analysis of the
sudden Kr release peak with the ramp rate was per-
formed to estimate the desorption activation energy.
The results are discussed and compared to those ob-
tained for lighter gases. A short description of the
experimental setup is added for completeness.

2. Experimental setup

Ge samples (orientation 110) were irradiated with
Kr+ ions with energies 150 keV and 100 keV. The
implantation fluence was set to 2 × 1016 cm−2 as

in the previously considered case of Ar [42]. Im-
plantation was performed at room temperature.
The implantation current density was kept below
1 µA/cm2 in order to prevent excessive sample heat-
ing and sputtering.

The thermal desorption spectrometer used for
the measurements was described in detail in pre-
vious papers [25, 29, 32, 33]. The brief descrip-
tion is given for completeness and also due to the
fact that the setup is constantly being developed
in search for better performance. The main body
of the equipment is a stainless steel vacuum cham-
ber equipped with numerous flanges and ports.
It contains a sample holder connected to the Bo-
ralectric HTR1002 (Momentive, Strongsville OH,
USA) heater. The holder–heater block is shielded
by steel and molybdenum sheets in order to pre-
vent excessive heating of the chassis and to limit
the precipitation of vapours coming out of the sam-
ple on its internal surfaces. The heater is pow-
ered by a programmable power supply EA-PS
8080T (EA-Electro-Automatik GmbH, Viersen,
Germany), more powerful than the previously used
unit, which enables fast and reliable heating with
different profiles and rates up to ' 1600 K (this up-
per limit is determined mainly by the fact that the
temperature is measured using a K-type thermo-
couple). The thermocouple and power supply are
connected (via Hewlett-Packard 34970A data ac-
quisition switch) to the personal computer (PC)
controlling the experimental setup. The power sup-
ply is controlled by custom-made software based
on the proportional–integral–derivative (PID) al-
gorithm. During all presented measurements, there
was deployed the linear profile of the sample heat-
ing

T (t) = To + βt, (1)
where To is the initial (room) temperature and
β is the heating ramp rate (usually in the range
0.35–2 K/s).

The partial pressure of the selected (implanted)
isotope(s) is measured by a quadruple mass spec-
trometer QMG 220 M (Pfeiffer Vacuum, Asslar,
Germany) with a secondary electron multiplier de-
tector in order to enhance the detection threshold
compared to the early version of the setup. The
spectrometer is controlled by the Quadera™software
package, which also enables saving and analyzing
the spectra.

The vacuum system in its present form is com-
pound of two independent turbomolecular and ro-
tary vane vacuum pumps — one providing vacuum
condition in the main vessel, the other in the mass
spectrometer compartment. These two parts of the
TDS spectrometer can be separated using the gate
valve system when necessary, e.g., during heater
annealing. The two pump sets allow achieving the
pressure of 10−8 mbar during the idle run of the
TDS spectrometer. Closing the gate valve no. 10 in
the measurement phase directs the gases emitted
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Fig. 1. Schematic drawing of the experimental setup: 1 — sample heater; 2 — sample; 3 — K-type ther-
mocouple; 4 — electrical feedthrough; 5 — programmable power supply; 6 — data acquisition switch; 7 —
pyrometer (optional); 8 — PC-class microcomputer; 9 — quadruple mass spectrometer; 10, 12 — gate valves;
11, 13 — turbomolecular pumps; 14, 16 — rotary vane forevacuum pumps; 15, 17 — forevacuum gate valves.

from the sample through the gate valve no. 12
toward the mass spectrometer (see Fig. 1), which
enables the application of very small samples of
a surface of 0.25 cm2.

3. Results

The distributions of the implanted Kr in the sam-
ple and the produced damage (vacancy density)
were calculated using the SRIM package. The re-
sults are presented in Fig. 2. The Kr+ projected
range was Rp = 60 nm with a straggling of 27 nm
in the case of E = 150 keV, while for the lower en-
ergy E = 100 keV these magnitudes were 40 nm
and 20 nm, respectively.

The projected ranges are almost an order of mag-
nitude shorter than in the case of He implantation
into Ge [41] and approximately two times shorter
than in the previously considered case of Ar irradi-
ations [42]. It should be noted that the concentra-
tions of produced vacancies are also much higher,
more than twice higher than the concentrations of
Ar implanted into Ge. Moreover, the distribution of
the vacancies differs much from that produced, e.g.,
by He implantations. In the case of He irradiation,
one observes a disordered layer covered by a rather
thick, rather unmodified layer, while in the case of
the Kr bombardment, the vacancy distribution is
rather shallow and reaches the sample surface.

These differences have some impact on the char-
acter of the He and Kr spectra. As it was already
mentioned — the He spectra contained multi-
ple, very broad peaks (their combined width was
' 200 K). The spectra registered for Kr are pre-
sented in Figs. 3 and 4. They contain very narrow

Fig. 2. Implanted He concentration (a) and vacan-
cies distributions (b) in Ge calculated using SRIM
code.

peaks (width of several K). The release of Kr from
Ge samples is observed in the temperature range of
800–850 K, more or less the same as in the case of
Ar measurements, and slightly lower compared to
the He release in the case of 100 keV irradiation. As
in the previous case of Ar implantation to Ge, mea-
surements of the background spectra (i.e., measured
without the implanted sample) were also performed.
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Fig. 3. TDS spectra collected for the 100 keV Kr+

implanted samples.

An example is shown in Fig. 5. One has to keep
in mind that the magnitude of the signal presented
in Fig. 5 is enlarged by more than 2 orders of magni-
tude (compared to Figs. 3 and 4). The very weak Kr
release, which starts just above 500 K (and is also
observed in the TDS spectra of implanted samples),
most probably comes from gas adsorbed on the in-
ternal surfaces of the sample holder, shield and the
main chamber.

In the case of He implanted into Ge with the flu-
ence 1016 cm−2, it was assumed that the slow re-
lease of Ge is related to the diffusion of He atoms in
interstitials, vacancies, as well as to those trapped
in the HenVm clusters [21, 43]. Emission from the
small gas-filled vacancy cluster could not be ex-
cluded, but the relatively low fluence seemed to be
too low to lead to the creation of large pressurized
bubbles. It should be reminded here that fluences
above 3 × 1016 cm−2 were required in the case of
H irradiation in order to create blisters. In the con-
sidered case, the fluences were higher than for He,
and the projected ranges were shorter by an order
of magnitude. This, combined with the higher con-
centration of produced vacancies, probably leads to
easier formation of gas-filled bubbles. A sudden re-
lease of Kr is observed when the critical pressure
is exceeded due to the increasing temperature of
the sample, as it was in the case of Ar implanted
into Ge [42] or heavy inert gases implanted into sil-
icon [32, 33].

Looking at the spectra in Figs. 3 and 4, as well
as at the data gathered in Table I, one can ob-
serve that the positions of the Kr release peaks are

Fig. 4. TDS spectra collected for the 150 keV Kr+

implanted samples.

shifted towards higher temperatures as the heating
ramp rate β increases. The shifts are comparable
to those measured for Ar implanted into Ge, and
much smaller than those observed for He (change of
' 70 K when β increased from 0.45 up to 1.5 K/s).
As in the case of Ar release, the peaks obtained
for the samples implanted with E = 150 keV and
E = 100 keV are shifted by only several K, while in
the case of implanted Si targets, these shifts even
reached values of several hundreds of kelvins.

TABLE I

Temperatures of Kr release (corresponding to TDS
spectra peaks) and desorption activation energies for
two implantation energies.

E [keV] β [K/s] Tp [K] Q [eV]

150

0.35 796

2.50± 0.15

0.5 804
0.7 813
1 820
1.5 837
2 839
2.5 841

100

0.5 797

2.30± 0.15

0.7 805
1 816
1.5 823
2 828
2.5 832
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Fig. 5. Example of background TDS signal (with-
out any sample).

The analysis of the peak shifts according to the
Redhead’s approach [44] enables estimation of the
desorption activation energies. In the case of the
first order process, the Polanyi–Wigner equation de-
scribing the desorption rate per unit surface has the
form

dn

dt
= −γ n exp

(
− Q

kBT

)
, (2)

where n is the surface density of the desorbing
substance, kB is the Boltzmann constant, Q is
the desorption activation energy and γ is a pre-
exponential factor. Assuming that one deals with
a linear heating profile described by (1) and denot-
ing the temperature corresponding to the maximal
release (peak of the TDS spectrum) as Tp, one ob-
tains from the condition d2n/dt2 = 0 that

1

Tp
=
kB
Q

ln

(
T 2
p

β

)
+
kB
Q

ln

(
γ
kB
Q

)
. (3)

Consequently, the diffusion activation energy Q can
be obtained by calculating the slope of the 1/Tp vs
ln(T 2

p /β) plot. Such plots are presented in Fig. 6.
One can see that the slopes of the straight lines
fitted to the experimental points obtained for the
two implantation energies are similar. Estimations
of the desorption activation energy are presented
also in Table I. The value of Q for E = 100 keV is
approximately 2.5 eV and slightly lower (2.3 eV) for
E = 150 keV. The estimation uncertainties are be-
low 10% in both cases. The obtained values of Q are
higher than those obtained for He implanted into Ge
and comparable to that obtained in the case of Kr
implantation to Si [31].

The fact that the desorption activation energy
for Kr (E = 100 keV) is by 1 eV lower than the
corresponding value for Ar is rather surprising in
light of our previous results — an increase of Q
with the atomic number (and atomic radius) of in-
ert gases in the case of implantation to Si was ob-
served [25, 29, 31, 32]. The lowering of the des-
orption activation energy may be due to the high

Fig. 6. Redhead’s plots (1/Tp vs ln(T 2
p /β)) for Ge

samples implanted with 100 keV and 150 keV Kr+

ions.

amount of disorder introduced by more shallow (and
higher fluence) implantations to Ge by heavier inert
gases. It should be stressed that the release tem-
peratures are not as close to the melting point as
observed for the Si matrix. It remains an open ques-
tion of whether similar behaviour is observed even
for the heavier inert gas, namely Xe, or rather the
release of such a heavy dopant requires larger tem-
peratures, as it was observed for the implanted sil-
icon.

4. Conclusions

The paper presents studies of thermal desorp-
tion of Kr implanted with energies of 100 keV and
150 keV into germanium. Thermal desorption spec-
tra were collected during the sample heating with
different ramp rates ranging from 0.5 up to 2.5 K/s.
The release of the implanted Kr in the form of
a single sharp peak was observed in the temper-
ature range ' 800–840 K, slightly lower than in
the case of He implanted into Ge. This abrupt Kr
emission (similar to that observed in the case of Ar
implantation) is most probably the effect of a pres-
sure increase above a critical threshold in the gas
bubbles formed in the cavities formed due to the
coalescence of vacancies and its clusters in the Ge
matrix. A shift of the release peaks towards higher
temperatures was observed with increasing heating
ramp rate. Redhead analysis of the shift enabled
estimation of the desorption activation energy val-
ues, i.e., 2.5 eV and 2.3 eV for implantation energies
100 keV and 150 keV, respectively. These values are
comparable to those obtained for Ar implanted into
the Ge and Si samples.
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