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INTRODUCTION 

Thermal desorption spectroscopy (TDS) 
sometimes called a thermal programmed desorp-
tion (TPD) is widely used technique for studies 
of adsorbate (like gases) release from the surface 
depending on its temperature providing impor-
tant information about the species present and 
their reactions on a surface [1]. This method 
could be easily extended to the release of the 
implanted species from the subsurface layers of 
solids (semiconductors, metals, thin layers etc.). 
Such experiments may give some insight on the 
lattice defects (like vacancies and their clusters) 
as well as their kinetics. It could be also help-
ful in determination of diffusion coefficients [2]. 
TDS combined with ion implantation could be a 
direct way to gain knowledge on disorder intro-
duced to lattice by ion impact [3,4]. A very hot 
topic is the retention of gaseous impurities in 
materials used both in fission reactors and those 
planned for future fusion power plants, includ-
ing Be [5], graphite [6], W [7], zirconium hydride 
[8], steels [9] and Zr based alloys [10,11]. TDS 

spectroscopy also helps to gain information on 
kinetics of chemical reactions on metal surfaces 
supporting studies on metal corrosion [12].

In its canonical form the TDS spectroscopy 
measurement involve usually the lightest and 
most mobile gases like hydrogen, deuterium or 
helium, but it is not a rule, as the heavy inert gases 
could also be used. Intense ion implantation with 
ions of gases may induce lattice disorder and 
consequently lead to formation of gas-filled cav-
ities and bubbles. Such processes are observed 
both in metals and in semiconductors. It should 
be mentioned here that formation of layers con-
taining numerous pressurized gas-filled voids is 
a crucial step in the ‘’ion cut’’ or ‘’smart-cut’’ 
thin layer transfer process developed for silicon 
based electronics by Bruel [13]. A release of He 
implanted(energy typically 20–50 keV, fluence 
of the order 1016 cm-2) into silicon both from gas-
filled cavities and from vacancies was studied 
also taking the effects of implantation tempera-
tures [14,15]. Evolution of defects in Si was also 
under investigation via TDS measurements [16]. 
Both 4He and 3He release was studied after high 
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fluence implantation with energy in MeV ranges 
using different annealing regimes [17,18]. Influ-
ence of self-ion implantation induced disorder 
on He release was also reported [19]. It should 
be mentioned here that release of heavier inert 
gases, like Ar implanted in low (e.g. 0.1 keV) 
[20,21] and high energy (50–100 keV) [22,23] 
into Si, Xe implanted in amorphous or amor-
phised [24,25] and crystalline Si [26] and even 
Kr [27] was also under investigation. A general 
conclusion was achieved that desorption activa-
tion energies gets higher as projectile/gas atomic 
radius and mass increases.

Germanium, which was historically one of 
the first applied semiconductors attracts again 
much attention among scientists and engi-
neers due to its higher (compared to Si) carrier 
mobilities (~3900 cm2 V-1 s-1 for electrons and 
~1900 cm2 V-1 s-1 for holes) which opens new 
ways for significant performance enhancement 
of microelectronic and optoelectronic devices, 
as the miniaturization limit in CMOS technol-
ogy is about to be reached. SiGe alloys are used 
in the semiconductor industry to boost the per-
formance of Si-based nanoelectronic devices. 
As a continuation this alloying approach of 
group-IV semiconductors, adding Sn was the 
next step, leading to additional possibilities for 
tailoring electronic properties [28,29]. Adding 
Sn enables effective strain and bandgap engi-
neering and can enhance the carrier mobilities, 
making SiGeSn alloys promising candidates for 
future opto- and nanoelectronics applications. 

It should be also mentioned here that pro-
duction of subsurface layers containing gas bub-
bles in germanium or Ge based materials (like 
eg. SOI wafers) may help to develop a kind of 
“Smart-cut”-like technique for future Ge elec-
tronics. It was demonstrated that 60 keV He+ ion 
irradiation with the fluencies of 2×1016 cm-2 leads 
to formation of such a layer containing bubbles 
of ~1 nm in diameter [30]. Moreover, intense 
H+ ion beam processing (fluence of the order 
1017 cm-2) followed by annealing at 200–350 °C 
resulted in blistering of Ge surface or even led 
to formation of craters as the implantation flu-
ence was increased [31]. Similar effects were 
observed also for different regimes (e.g. higher 
implantation energies) of He and H ion irradia-
tions [32,33]. We presented results of thermal 
desorption measurements of He [34], Ar [35] 
and Kr [36] implanted into the crystalline Ge 
samples with energies 80 keV and 100 keV (He) 

or 100 and 150 keV (other gases). The fluences 
were 1×1016 cm-2 for the lightest projectile and 
2×1016 cm-2 for Ar+ and Kr+. We found no signs 
of surface blistering in all considered cases. The 
measured helium desorption activation energies 
were close to 0.75 eV (for the lower temperature 
peak) while much higher (~3.2 eV and 2.5 eV) 
for 100 keV Ar+ and Kr+, respectively. Desorp-
tion activation energies for higher implantation 
energies were slightly lower (~2.3 eV) for heavi-
er gases. The registered TDS spectra for helium 
were very broad (with FWHM of 200 K) and 
consisted of two peaks with centers in the range 
700–900 K, shifted by ~100 K. The Ar and Kr 
releases were of different nature - a single nar-
row peaks (in the range 790–840 K for Ar, and 
800–850 K for Kr) suggest that one deals with 
sudden release from pressurized and cracking 
gas-filled bubbles.

The current paper is devoted to investiga-
tions of thermal desorption of very heavy noble 
gas – xenon. One of the aims is to check the 
release mechanism for such heavy gas – it is 
expected to be similar to that expected for Kr 
implanted into Ge or Xe into Si, i.e. a narrow 
peak suggesting a pressure driven release form 
gas bubbles. The other issue that should be test-
ed is the value of activation energy for heavy 
gas release – in the case of implanted Si the 
activation energies for Ar, Kr and Xe increased 
with atomic mass of implanted species, while 
for Ge target activation energies for Kr [36] are 
lower than for Ar [35]. Moreover, it should be 
investigated whether in the case of Ge matrix 
release temperatures for heaviest noble gases 
increase as in the case of Si, or stay in 750–850 
K range as suggested by Ar and Kr measure-
ments. The most abundant isotope (132Xe) was 
implanted into the germanium target with the 
energies 100 keV and 150 keV and the same 
fluencies as for lighter gases (i.e. 2×1016 cm-2). 
The TDS spectra were registered for the linear 
heating profiles with the ramp rates in the range 
0.3 K/s up to 1.5 K/s. The spectra were anal-
ysed in order to derive the values of desorp-
tion activation energy and the sample surface 
was checked out to find possible changes of 
its morphology due to abrupt gas release like 
exfoliations or crates. The results obtained for 
Xe are dealt with in the paper and compared 
to those obtained for other noble gases. A brief 
description of the experimental apparatus is 
also included for the sake of completeness.
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MATERIAL AND METHODS

Germanium samples (2 inch in diameter, 
orientation 110) were implanted with Xe+ ions 
(A=132) with energies 150 keV and 100 keV. 
The implantation fluencies 2×1016 cm-2 were 
chosen as in the cases of Ar and Kr [35,36]. 
The irradiations were conducted at room tem-
perature and current density was kept below 
1 mA/cm2 in order to prevent sample heating. 
The equipment (i.e. thermal desorption spec-
trometer, shown in Figure 1) used for collect-
ing spectra was described in several previous 
papers [19,36]. Nevertheless, a short description 
is given for completeness sake. The main part of 
the apparatus is the stainless steel vacuum cham-
ber of ~30 cm in diameter with several flang-
es and ports attached to it. The chamber con-
tains a sample holder based on the Boralectric 
HTR1002 (Momentive, Strongsville OH, USA) 
ceramic-covered heater. The heater module is 
surrounded by steel and molybdenum screens 
that prevent the chamber walls from excessive 
heating as well as help to limit vapour precipi-
tation on internal surfaces of the chamber. The 
heater is connected to the programmable power 
supply EA-PS 8080T (EA-Electro-Automatik 
GmbH, Viersen, Germany), enabling fast and 
reliable heating up to approximately 1600 K. 
It is worth mentioning that this limit is mainly 
due to the usage of the K-type thermocouple for 
sample temperature measurements. The power 

supply is controlled by the PC microcomputer 
with the dedicated custom-made software based 
on the proportional–integral–derivative (PID) 
algorithm gaining information from the thermo-
couple. Both the thermocouple and the power 
supply communicate with the code via Hewlett-
Packard 34970A data acquisition switch. The 
software enables various heating profiles, how-
ever, during all presented measurements there 
was deployed the linear profile. 

The TDS signal (i.e. the partial pressure of 
the implanted element/isotope) is registered (1 
record per second) by the quadruple mass spec-
trometer QMG 220 M (Pfeiffer Vacuum, Asslar, 
Germany) controlled by the QuaderaTM software 
package enabling viewing, analyzing the saving 
the collected spectra. The mass spectrometer is 
equipped with the secondary electron multiplier 
detector in order to enhance the detection thresh-
old compared to the early version of the setup, 
enabling usage of smaller samples (surface typi-
cally of the 0.25 cm2 for faster heating, larger 
samples for lower ramp rates).

RESULTS

Depth profiles of Xe implanted into Ge and 
vacancies produced in the target are shown in Fig-
ure 2. The profiles were calculated using SRIM 
simulation software [37] using the quick damage 
option. The projected implantation ranges were 

Figure 1. Schematic drawing of the experimental setup: 1 – sample heater, 2 – sample,
3 – K–type thermocouple, 4 – electrical feedthrough (for power supply), 5 – programmable power supply,

6 – data acquisition switch, 7 – optional pyrometer, 8 – PC–class microcomputer,
9 – quadruple mass spectrometer, 10, 12– gatevalves, 11, 13– turbomolecular pumps
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32 nm (100 keV) and 45 nm (150 keV) with the 
stragglings 20 nm and 14 nm, respectively. As one 
may expect, the implantation ranges are shorter 
than in the case of Kr implanted into Ge [36]. 
Consequently, the maximum dopant and vacancy 
concentrations are higher by ~50%.

The defected Ge subsurface layer thickness is 
~ 20 nm. Unlike in the case of Ar or He [34,35] 
one does not deal with a thin unmodified layer 
covering the defected one, the thin both defected 
and implanted layer lies very near to the surface.

The registered thermal desorption spectra are 
shown in Figures 3 and 4. As in the case of Ar 
and Kr one deals with single, rather narrow peak 
that suggest the release of Xe form bubbles. The 
fluences of Xe implantations were twice as high 
as for He, and the projected ranges are shorter 
nearly 15 times. Consequently, much larger Xe 
concentration combined with much more intense 
production of defects, leads to creation of gas-
filled cavities. These cavities are formed due to 
the coalescence of vacancies or their small clus-
ters, sometimes containing trapped Xe atoms. As 

in the case of Ar and Kr [35,36], an abrupt emis-
sion of Xe is registered as the critical pressure in 
the bubble is achieved due to the rising tempera-
ture. The similar effect was also seen for or heavy 
noble gases implanted into Si [26,27]. 

During all presented measurements the linear 
profile was deployed:
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where:	To is the initial (i.e. room) temperature and 
β is the heating ramp rate. The release of 
Xe from the germanium samples is detect-
ed in the temperature range 800–840 K 
for both implantation energies, which is 
more or less the same as in the case of Ar 
or Kr measurements, yet lower than in the 
case of He implanted with E = 100 keV. 

The most plausible release mechanism in the 
considered case is the release from pressurized gas-
filled bubbles, suggested by a single narrow peak 
in the measured curves. This is consistent with 

Figure 2. Depth profiles of Xe (a) implanted into germanium with energies 100 keV and 150 keV
and produced vacancies (b)
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previous results for other heavy noble gases, but it 
must be clearly stated that it is not yet confirmed 
by any additional e.g. microstructural studies such 
as electron microscopy, providing information on 
bubble size or its distribution. One should have in 
mind that the width of these peaks is noticeably 
larger than in the case of Ar and Kr. The FWHM 
values reach even ~25 K especially for higher heat-
ing ramp rates. This is especially well visible in 
Figure 4 – one can see that peak width for β = 0.3 
K/s is below 10 K and increases for faster heating 
rates. The width of the release peak could be a sign 

of larger spread in bubble size distribution. Larger 
width for faster heating, especially well visible for 
deeper implantation may point at larger spread of 
bubble size distribution, which could be also relat-
ed for stronger temperature gradient on the sample 
during the faster heating. Another reason for regis-
tering of wider peaks in the case of faster heating is 
purely equipment related. One should keep in mind 
that temperature axis in Figures 3 and 4 is also a 
scaled measurement time axis. Assuming constant 
pumping speed during all measurements one deals 
with a widening of peaks according to Equation 1. 

Figure 3. TDS spectra for Xe implanted into Ge with energy E=100 keV
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Analyzing the spectra in Figures 3 and 4 and 
having in mind the data shown in Table 1. one 
can observe that the peak positions for Xe release 
peaks are shifted towards higher T as the heating 
ramp rate β increases, which is a typical behaviour. 

These shifts are comparable to that measured 
for Kr and Ar implanted into Ge [35,36], and 
approximately two times smaller than for He in 
germanium target - in that case the shift by ~70 
K when ramp rate β was increased from 0.45 K/s 
up to 1.5 K/s ). 

The peak position differences for E=150 
keV and E=100 keV are larger than for Kr or 
Ar, reaching values up to 20 K. Nevertheless, 

these shifts are still much smaller than those of 
He (~70 K) in the considered ramp rate range. It 
should be kept in mind that peak shifts for the 
mentioned irradiation energies for Xe implated 
into silicon reached values of several hundreds 
of kelvins. 

Estimation of the desorption activation ener-
gies could be done applying peak shift analysis 
proposed by Redhead [38]. The desorption pro-
cess kinetics could be described by Polanyi-
Wigner equation:
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Figure 4. TDS spectra for Xe implanted into Ge with energy E=150 keV



165

Advances in Science and Technology Research Journal 2026, 20(6), 159–168

In the formula above n is the surface density 
of the desorbing particles, m is the kinetic order 
of the process, k is the Boltzmann constant, Q is 
the desorption activation energy and γ is some 
pre-exponential factor. The Redhead approach 
is applicable for the first order (m=1) processes 
and under assumption and both the pre-exponen-
tial factor γ and the desorption energy Q do not 
depend on n. In such case the Polanyi-Wigner is 
simplified to the form: 
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Keeping in mind that dn/dt is proportional to 
the measured TDS signal, which achieves its peak 
value (denoted as Tp) when d2n/dt2 =0 is fulfilled 
and taking in to account that one deals with linear 
heating profile (1) one may get the relation: 
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As can bee easily seen in from the above 
equation, the diffusion activation energy Q could 
be obtained by deriving the slope of the 1/Tp vs. 
ln (Tp

2/β) plot. The Redhead approach is widely 
applied scheme for interpretation of various TDS 
spectra, it should be kept in mind that the sudden 
release from pressurized gas bubbles (the most 
probable release mechanism in the considered 

case) differs much from diffusion driven first 
order desorption like observed for He as broad 
peaks. On the other hand, the processes that result 
in bubble formation, i.e. vacancy coalescence, 
gas particle diffusion etc. may be assumed to be 
described by first order kinetics. Hence, the acti-
vation energy values should be treated cum grano 
salis as effective parameters describing the whole 
release process rather than desorption barriers. 

The Redhead plots for the considered case 
are presented in Figure 5. The slopes of the 
straight lines that were fitted to experimental 
data obtained for the two irradiation energies dif-
fer a little: the slope for E=150 keV is larger. The 
obtained estimated values of the desorption acti-
vation energy are shown in Table 1. The desorp-
tion activation energy for E=100 keV is 3.15 eV 
± 0.25 eV and 2.1 eV ± 0.3 eV for that for E=150 
keV. It could be shown that desorption and gas 
diffusion is strongly affected by the amount of 
disorder introduced into the matrix. Higher 
degree of disorders results in higher concentra-
tion of traps and scattering centers that hinder 
that process, resulting in broadening of release 
peaks and sometimes increase of effective acti-
vation energy, depending on defect-gas atom 
binding energy. Such effect as was observed for 
He in defected Si [19] and for Ar implanted into 
Ge [35]. Effective activation energy lower by ~1 
eV for 150 keV implanted Xe compared to the 
100 keV case could be interpreted looking at the 
damage distribution profiles in Figure 2. Vacancy 
concentration at Xe peak position for E=100 keV 
is by ~30 % higher than that for E=150 keV. It 
should be also mentioned here that for the previ-
ously considered case of Kr implanted into Ge 
the corresponding concentrations were very sim-
ilar and so was effective activation energy val-
ues, taking into account estimation errors. 

These Q values are comparable to that 
obtained for Ar implanted into Ge [35]. For Kr 
(E =100 keV) released form the same matrix 
the desorption activation energy was by ~1 eV 
higher than both for Ar and Xe, which is rather 
surprising. This could be an effect of superposi-
tion of two opposed trends. The first of them is 
an increase of activation energy with the size of 
diffusing atom from Ar (calculated atomic radius 
~71 pm) through Kr (~ 88 pm) up to Xe (~108 
pm). The second aspect is increasing concentra-
tion of the implanted gas due to reduction of the 
projected range with the projectile mass. Higher 

Table 1. Peak positions (Tp) for different heating ramp 
rates _beta_ and the values of desorption activation 
energies Q calculated according to Redhead approach

E [ keV ] β [ K/s ] Tp [ K ] Q [ eV ]

100

0.3 801

3.15 ± 0.25

0.4 804

0.5 811

0.6 812

1 818

1.2 825

1.5 830

150

0.3 800

2.1 ± 0.3

0.4 816

0.5 824

0.6 825

0.8 826

1 838

1.2 840
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concentration may result in easier formation of 
gas bubbles at the pre-release stage.

 To summarize up, in the case of Ge desorp-
tion activation energies are much higher for Ar 
than for He, but any further essential growth of 
Q is observed with the mass of heavier noble 
gases. It should be reminded that for Si one deals 
with constant increase of activation energies and 
release temperatures with mass of the noble gas 
projectile and (what could be even more impor-
tant) its atomic radius. 

CONCLUSIONS

In the paper the investigation of thermal 
desorption of Xe implanted into germanium sam-
ples with energies 100 keV and 150 keV is pre-
sented. The implantation energies are the same as 
for previously considered lighter noble gases. One 
has to keep in mind that for the heavy projectile 
the implantation ranges are by factor 2–3 shorter 
than for Ar implanted into germanium, which 
leads to larger concentration of the implanted par-
ticles. The thermal desorption spectra were col-
lected for linear heating profiles with ramp rates  
changing form 0.3 up to 1.5 K/s. During each 
measurement a single, rather narrow Xe emission 
peak was registered with a center in temperature 
ranging from 800 K up to 840 K (the same range 
as for Ar and Kr in Ge). The sudden Xe emission 
is most probably the effect of the release of the 
gas trapped into pressurized bubbles, created as a 
result of vacancy clusters coalescence. It must be, 
however clearly stated that this explanation, based 
on similarity of desorption spectra in other cases, 
is not directly proven by any additional studies, 

e.g. microstructural ones. The peak shift analysis 
according to Redhead approach allowed estima-
tion of desorption activation energy. It should be 
also kept in mind that using Redhead provides 
values of activation energy only in the case of 
first order processes. For other orders, as for sud-
den release from gas bubbles, these estimations 
should be taken with caution, as effective param-
eters describing the whole gas migration/bubble 
formation/release process. Having due regard for 
this, the effective activation energy values were 
approximately 2.1 eV ± 0.3 eV for E=150 keV 
and 3.15 eV ± 0.25 eV for E=100 keV, values 
similar to those determined for Ar implanted into 
Ge samples. 
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