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Abstract—The behavior of silicon particle detectors irradiated with 2.5-MeV electrons during subsequent
annealing is studied. Annealing at 100-250°C was found to result in the formation of two types of traps with
thelevelsE;.—0.32 eV and E,, + 0.29 eV. Increasing the annealing temperature to 300°C makes both traps dis-
appear. On the basis of data obtained, it was concluded that these traps are rel ated to hydrogen-containing com-
plexes. The presence of hydrogen in a crystal results in a decrease in the annealing temperature for vacancy—
oxygen (VO) complexes and complexes consisting of carbon and oxygen interstitials (C,0;). The reason for this
phenomenon is the passivation of these complexes by hydrogen, which resultsin the formation of electrically
active VOH centers {with the level E; — 0.32 eV} in an intermediate stage of this process. It is assumed that
hydrogen penetrates the structures under investigation in one of the stages of their fabrication. © 2003 MAIK

“ Nauka/lInterperiodica” .

1. INTRODUCTION

Nowadays, in order to perform experimentsin high-
energy physics, one needs silicon particle detectorsthat
retain their working capacity even if the content of
compensating radiation defects (RDs) exceeds the con-
tent of shallow-level impuritiesin the base region of the
detector by more than afactor of 100. The need for such
detectors stimulated multiple investigations of the radi-
ation damage in detector-grade silicon (see report [1]
and references therein).

One of the principal purposes of these studieswasto
investigate the possibility of applying the defect-engi-
neering technique for improving the radiation resis-
tance of detectors. This method consists of the purpose-
ful addition of impurities that affect the processes of
formation of electrically active defects during irradia-
tion and, thus, make it possible to control the macro-
scopic parameters of the detector structures.

Some models of defect formation, which served asa
basis for using various processing procedures to
improve the resistance of detectors with respect to a
number of parameters, have been developed [1, 2]. In
these models, oxygen and carbon were assumed to be
those impurities that completely determine the forma-
tion of electrically active complexes in irradiated sili-
con. However, the available models cannot adequately
describe the properties of real structures. Thus, the pro-
cesses of interaction of RDs both with each other and
with impurities are now being studied in more detail.

As recent investigations [3-6] show, hydrogen can
penetrate silicon crystals even at room temperature. In
thiscase, conventional processing operationsin thefab-
rication of detector structures may be responsible for
the appearance of hydrogen in them. For example,
hydrogen penetrates Si structures during wet chemical
etching [3-6]. These data make it possible to assume
that hydrogen may also be present in silicon detectors.
The purpose of this study isto verify the above hypoth-
esiS.

2. EXPERIMENTAL

In this study, we investigated detectors fabricated
from silicon with aresistivity of 4 kQ cm and aphospho-
rus concentration of ~10'2 cm2 (Wacker Chemitronics,
Germany). In fabricating the detector structures, we
used conventional stages of planar technology: ion
implantation, thermal oxidation, etching, and deposi-
tion of metals. In order to introduce radiation defects,
we used irradiation with gamma-ray photons from a
80Co source and with fast electrons with an energy of
E = 2.5 MeV. After irradiation, isochronous annealing
(30 min) was performed in air in the temperature range
of 100-300°C to determine the thermal stability of RDs
and study their interaction with the hydrogen impurity.

The defect content was determined by deep-level
transient spectroscopy (DLTS). The measurements
were carried out in the temperature range of 79-300 K.
The bridge operating frequency amounted to 1 MHz.

1063-7826/03/3705-0611$24.00 © 2003 MAIK “Nauka/ Interperiodica’



612

AC, fF
E1l
1208 m As-irradiated
e 150°C
100+ A 200°C
v 250°C
80+
60+
40F E4
20
E3
0 1 1
80 120 160 200 240 280
T, K

Fig. 1. Energy levels of the traps for majority charge carriers
inthe DLTS spectraof detectors, as-irradiated (with 2.5-MeV
electrons) and isochronously annealed (for 30 min) after
irradiation at temperatures T, indicated in the figure.

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1. Detection of Hydrogen Centers

The temperature necessary for annealing RDs
depends on the presence of hydrogen impurity. One
might expect that, during annealing, passivation of
vacancy-type defects should occur first [3, 7]. In order
to study this effect, we performed isochronous anneal-
ing of detector structures irradiated with fast electrons.
Figure 1 shows DLTS spectra measured immediately
after irradiation and after isochronous annealing at var-
ious temperatures for 30 min. Immediately after irradi-
ation, four trapping levels are observed: E1 at ~E, —
0.17eV,E2a ~E.—0.25 eV, E3 a ~E.—0.37 eV, and
E4 at ~E.—0.42 V. Theannealing at 150°C leadsto an
increase in the amplitude of the signal related to the E1
trap and to the appearance of anew trapping level E5 at
(Ec —0.32 eV). If the annealing temperature increases,
the content of E5 centersincreases, whereas the content
of the E1 centers decreases. According to [3-6], the E5
trap may be related to a vacancy—oxygen—hydrogen
complex (VOH).

Another center which, according to [8], may aso be
indicative of the presence of hydrogen is the trapping
level at E, + 0.28 £ 0.01 eV. In order to detect this cen-
ter, we studied the DLTS spectrarelated to the traps for
minority charge carriers (Fig. 2). As can be seen Fig. 2,
in the spectrum recorded immediately after irradiation,
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Fig. 2. Energy levels of the traps for minority charge carriers
inthe DLTS spectraof detectors, as-irradiated (with 2.5-MeV
electrons) and isochronously annealed (for 30 min) after
irradiation at temperatures T, indicated in the figure.

two traps are observed: H1 at E, + 0.30 eV and H2 at
E, + 0.36 eV. After annealing at 150°C, the H1 trap dis-
appears, while the content of H2 centers increases sub-
stantially. At higher temperatures, a new trap H3 (at
E, + 0.29 eV) appears. The content of these traps
increases with an increase in the annealing temperature
up to 250°C. The amplitudes of the peaks related to the
traps under observation are shown in Fig. 3 asfunctions
of the annealing temperature.

The datawe observed may beinterpreted asfollows.
The energy position and the temperature stability of the
H1 trap indicate that it may be related to the carbon
interstitial (C) [9]. At T = 50-100°C, this atom
becomes mobile and migrates through the crystal until
it is captured either by an oxygen interstitial (O;) or by
a substitutional carbon atom (Cy) [9, 10]. In this case,
either a complex consisting of a carbon interstitial and
an oxygen interstitial (C—O,) with adonor level at ~E, +
0.35 eV or acomplex consisting of a carbon interdtitial
and asubstitutional carbon atom (C—C,) with an accep-
tor level at ~E.—0.17 eV areformed [9, 10]. Inthecrys-
tals under investigation, most defects C, areinvolved in
formation of C;—O, complexes, which isindicative of a
relatively high content of oxygen impurity.

The centers with energy levelsat E. —0.32 eV (E5)
andE, +0.29 eV (H3) arerelated to the compl exes con-
taining hydrogen [3-6, 8]. In study [8], it was suggested
that these two levels represent the acceptor and donor
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levels of the complex consisting of an oxygen vacancy
and a hydrogen atom (VOH). This suggestion is con-
firmed by our data. The E5 and H3 centers have similar
contents, and both of these centers vanish simulta-
neously after annealing at 300°C (Fig. 3). Thus, the set
of data we obtained makes it possible to conclude that
the detector structures under study contain hydrogen
impurity.

Presumably, hydrogen penetrated the structures dur-
ing a certain processing stage. As our experiments
showed, the relative content of the VO and VOH com-
plexesisvirtually invariable at distances in the range of
30-90 pm from the p—n junction. Hence, we can con-
clude that either hydrogen penetrated the structure dur-
ing a high-temperature stage (for example, oxidation)
or the structure was subjected to thermal treatment after
hydrogen penetrated it.

Previoudly, the presence of hydrogen in detector
structures was reported in [11]. It was observed in that
study that a trapping level at E, — 0.32 eV appeared
after yirradiation at 350°C. However, it is well known
from the datain the literature [12, 13] that thistrap is
annealed at 300°C in the same way as in the structures
we studied. Therefore, it is worth noting that the data
from [11] cannot be unambiguously interpreted and,
thus, cannot verify the presence of hydrogen in the sil-
icon detectors.

3.2. Behavior of Divacancies in Detector Structures
with Hydrogen

One of the major defects determining the degrada-
tion of detectorsused in projectsin high-energy physics
is the divacancy [1, 2]. Therefore, it is of interest, first
of al, to investigate the possibility of passivating this
defect. Asfollows from the datareported in [3], adiva-
cancy may be efficiently passivated when doping sur-
facelayerswith hydrogen during wet etching of silicon.
However, in the structures we studied, total passivation
of divacancies was not observed. Although our data
cannot be interpreted as unambiguously as the data on
the formation of the VOH complex, nevertheless, it may
be concluded that the hydrogen atom and the divacancy
interact with each other.

The divacancy is known to have two acceptor levels
aE=E.—024¢eVand E=E.,—-0.42¢V [14] inthe
upper half of the band gap of silicon. In the detectors
we studied, these levels correspond to the E2 and E4
traps. However, the contents of these traps are not
equal. The largest value of the signal related to the
deeper E4 trap exceeds that for the E2 trap. This fact
enables us to conclude that the E4 peak is related to at
least two centers. Asarule, it is assumed that, in addi-
tion to the divacancy, the phosphorus—vacancy complex
(E center) also contributes to the amplitude of the E4
peak. In order to verify this assumption, we irradiated
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Fig. 3. Variations in the amplitudes of DLTS peaks related
to the radiation defects VO + C;Cg (E1), VOH (E5, H3?),
WV (E2, E4), C; (H1), and C;C; (H2) as aresult of isochro-
nous annealing (for 30 min) and as functions of the anneal-
ing temperature Ty,
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Fig. 4. Energy levels of thetrapsfor majority charge carriers
in the DLTS spectra of detectors, as-irradiated (with
gammea-ray photons from a%co source) and isochronously
annealed (for 30 min) after irradiation, at temperatures T,
indicated in the figure.
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another detector structure from the same set with y rays
from a %°Co source. The DLTS spectrum of this struc-
ture is shown in Fig. 4. It follows from this spectrum
that virtually no E centers are formed in the structures
under investigation dueto theyirradiation. Thisfact indi-
cates that the oxygen concentration exceeds 10'° cm2in
the crystals we studied, and [O]/[P] > 103. Thus, the
nature of the center that additionally contributes to the
amplitude of the E4 peak immediately after the electron
irradiation is unclear.

The processes of annealing of the E2 and E4 traps
are also somewhat different (Fig. 3). The content of E2
centers decreases steadily as the annealing temperature
increases and becomes virtually zero at 250°C. The
thermal stability of the E4 trapsis higher. Such abehav-
ior of the traps during annealing can also be explained
by the presence of hydrogen in the crystals under inves-
tigation. The partial disappearance of divacancies at
T < 250°C, which manifestsitself in adecreaseinthe
content of E2 traps, can be explained by the interaction
of divacancies with hydrogen, with the formation of
divacancy—hydrogen complexes. According to [13],
such a complex has an acceptor level at ~E,—0.43 eV,
which is close to the level of the divacancy E(0/-).
Therefore, the peaksin the DLTS spectrarelated to the
levels of the divacancy E(0/-) and the divacancy—
hydrogen complex are virtually indistinguishable.

Consequently, we may suggest that it isthe interac-
tion between the divacancy and hydrogen atom (V, +
H — V,H) that is responsible for the virtual con-
stancy of the height of the E2 peak after annealing at
T=200°C. The content of divacancies decreases,
which results in a decrease in the amplitude of the E2
peak. However, the content of V,H complexesincreases,
and the total content [V,] + [V,H] remainsinvariable in
this case (the amplitude of the E4 peak remains virtually
constant). According to [13], the V,H complex, as well
as the divacancy, is stable up to 250°C, which agrees
with our data. Thus, the interaction between hydrogen
atoms and divacancies results in the formation of elec-
trically active divacancy—hydrogen complexes in the
structures under investigation. It isthe E4 trap, whichis
as stable in our structures as in the crystals containing
no hydrogen, that is related to this complex.

For practical purposes, it isimportant to estimate the
influence of the observed transformations of the defect
complexes on the detector characteristics. Evidently,
the total passivation of the VO and C,O; complexes
should result in adecrease in the full-depletion voltage
(Vep) in the irradiated detectors. When the passivation
isincompl ete, the characteristics may degrade dueto an
increasein Vgp. According to [15], the closer the defect
level to the midgap, the stronger its influence on the
value of Vg in heavily irradiated detectors. Conse-
guently, if most A centers (with alevel at E.—0.17 eV)
are incompletely passivated and convert to VOH com-
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plexes (with a deeper acceptor level at E, — 0.32 V),
this may lead to increasing Vip. If the interaction of
hydrogen with divacanciesresults only in the formation
of V,H complexes, hydrogen also does not positively
affect the detector characteristics, in particular, the
value of Vgp.

No hydrogen was deliberately introduced into the
structures investigated in this study. For this reason, its
content appearsto be not very high and only partial pas-
sivation of radiation defects was observed. One might
expect that alarger fraction of radiation defects will be
passivated if the hydrogen content isincreased, and this
will occur at lower temperatures than that at which it
was observed in this study. However, additional inves-
tigations are necessary to find out whether hydrogen
can improve the radiation resistance of radiation detec-
tors operating at temperatures close to room tempera-
ture.

4. CONCLUSION

Thus, the results we have obtained indicate that
hydrogen is present in silicon detectors and that it
actively interacts with primary radiation defects. The
presence of hydrogen in the crystal results in the
decreasing of the annealing temperature for the VO and
C,O; complexes, which are stable under conventional
conditions up to 300°C. The decrease in the annealing
temperature is explained by the interaction of these
centers with hydrogen and by the formation of electri-
cally active VOH centersin an intermediate stage of this
process. The interaction between the radiation defects
and hydrogen must be taken into account when devel-
oping an optimal technology for the fabrication of radi-
ation-resistant silicon radiation detectors.
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