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In this work, the formation of donors in n-type high resistivity magnetic Czochralski-grown silicon
wafers, directly exposed to a hydrogen plasma, is investigated by a combination of
capacitance-voltage �C-V� and deep level transient spectroscopy �DLTS� measurements. C-V
analysis demonstrates diffusionlike concentration profiles close to the surface, pointing to the
formation of hydrogen-related shallow donors in silicon during the hydrogenation. In addition,
oxygen thermal donors are created during a subsequent annealing �20 min� performed at
350–450 °C, as demonstrated by DLTS. It is shown that the hydrogen-related shallow donors are
the dominant donors in as-hydrogenated samples, while hydrogen acts as a catalyst during the
formation of oxygen thermal donors in the temperature range of 350–450 °C. It is finally shown
that the formation of both kinds of donors is Fermi-level dependent. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2227076�

It is well established that oxygen thermal donors �OTDs�
are created in oxygen-rich silicon upon annealing at
300–500 °C.1,2 The OTD formation is significantly en-
hanced if the annealing is done in a hydrogen plasma.3 Apart
from the OTD centers, the creation of shallow thermal do-
nors �STDs� in silicon due to plasma hydrogenation was also
reported.4–6 The diffusionlike spatial distribution of the ex-
cess free carriers suggests the involvement of hydrogen in
the core structure of the STDs. These hydrogen-related STDs
are hereafter labelled STDH.4–6 A combined theoretical and
experimental study has pointed out that the CiOiH
�interstitial-carbon–interstitial-oxygen–hydrogen� complex
could be the core of the STDH center.7 From an electron-
nuclear double resonance study, it was derived that the
STDH and OTD centers have a similar overall structure, ex-
cept that they are single and double donors, respectively.8

Therefore, it was also proposed that the formation of a
STDH center could be caused by the capture of one hydro-
gen atom �/ion� at an interstitial �I� atom in the core structure
of the OTD centers �Si–Oi– I–Oi–Si�.9

Currently, high resistivity �HR� ��1 k� cm� magnetic
Czochralski �MCz� silicon is of high interest for the devel-
opment of radio-frequency �rF� complementary metal-oxide-
semiconductor �CMOS� and bipolar CMOS �BICMOS� tech-
nologies, since this material significantly lowers the high-
frequency noise coupling through the substrate and other
system parasitics. For these applications, the HR of the ma-
terial must be preserved throughout device processing.
Hence, the formation of the OTD and STDH centers at typi-

cal back-end temperatures between 300 and 500 °C should
be suppressed.10 Therefore, the study of oxygen- and
hydrogen-containing MCz silicon wafers at 300–500 °C is
of relevant interest from both technological and scientific
points of view.

In this letter, we report the formation of OTD and STDH
centers in n-type HR MCz silicon during hydrogen plasma
exposure and subsequent annealing. The formation mecha-
nism as well as the thermal evolution of these centers are
discussed.

n-type HR ��500 � cm� MCz silicon wafers from Ok-
metic are used as the starting material. The concentration of
interstitial oxygen ��Oi�� is �2–5��1017 cm−3 as determined
by Fourier transform infrared absorption spectroscopy. Hy-
drogenations are carried out by exposing the silicon wafers
directly to hydrogen plasma at 270 °C for 2 h.4 After the
hydrogenation, isochronal annealing �20 min� is carried out
up to 450 °C. Ohmic contacts and Au Schottky barriers are
fabricated for the capacitance-voltage �C-V� measurements
and deep level transient spectroscopy �DLTS�,6 which is op-
erated with a 1 ms pulse from a reverse bias VR �−10 V� to
various pulse voltages VP and a sampling period of 51.2 ms.
Capacitance-temperature �C-T� curves are recorded at a VR

of −10 V.
Concentration profiles of space charge are derived from

the C-V plots �1 MHz� measured at room temperature, as
described in Ref. 5. C-V measurements carried out at lower
frequencies lead to very similar results, inferring that the
series resistance effect is negligible. Figure 1 shows the pro-
files corresponding with HR MCz silicon samples, which
have received various treatments �hydrogenation and anneal-
ing�. The as-received sample shows a fairly flat profile witha�Electronic mail: y.huang@fz-juelich.de
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an average concentration of about 5�1012 cm−3. After hy-
drogenation, the free electron concentration of the subsurface
layer increases evidently, indicating the formation of shallow
donors. It can be seen that isochronal annealing at
300–450 °C leads to a further enhancement of the n-type
doping concentration. Obviously, annealing at a higher tem-
perature yields a higher concentration of the free carriers, at
the same depth from the surface. For samples annealed at
400 °C or higher, the free electron concentration in the sub-
surface layer decreases when coming closer to the surface.
This can be ascribed to an outdiffusion of hydrogen from the
subsurface layer during the annealing. On the other hand,
diffusionlike profiles are found up to the surface for the as-
hydrogenated sample and those annealed at lower tempera-
tures, i.e., 300 °C. The latter reflect, in fact, the indiffusion
of hydrogen,4–6 suggesting a close correlation between hy-
drogen and the created shallow donors. It has been suggested
in our previous work4–6 that the STDH and OTD centers are
created in silicon during hydrogenation and subsequent an-
nealing, respectively.

The OTD centers in n-type silicon can be detected by
means of DLTS. Figure 2 shows the DLT spectra for various
samples, recorded under a reverse bias �VR� of −10 V and a
pulse voltage �VP� of 0 V. For the as-hydrogenated sample,
four deep levels �labeled ME1–ME4� are detected with peak

temperatures �TP� around 45.7, 67.4, 77.6, and 89.6 K. A
detailed analysis on the electronic properties of these deep
levels �ME1–ME4� will be reported elsewhere. It is also
shown in Fig. 2 that OTD centers are created as the anneal-
ing is carried out at 350 °C or higher. For the sample an-
nealed at 350 °C, the single donor OTD0/+ and double donor
OTD+/++ levels of the OTD centers are represented by the
DLTS peaks at 30.1 and 64.4 K, respectively. It is found that
the DLTS peaks of the OTD centers shift clearly to lower
temperatures with increasing annealing temperature. For in-
stance, TP for the OTD+/++ levels are 64.4, 58.5, and 57.1 K
for the samples annealed at 350, 380, and 400 °C, respec-
tively. It is known that the OTD centers are cluster defects,
and their average activation energy decreases with increasing
cluster size.9 Hence, the shift of the DLTS peak to lower
temperatures shown in Fig. 2 indicates a growth of the OTD
clusters in size with increasing annealing temperature. Also,
the OTD+/++ peak for the samples annealed at 380 and
400 °C is much broader than that for the 350 °C anneal,
giving additional evidence for the growth of the OTD cen-
ters. Last but not the least, since the OTDs are deep attractive
centers in n-type silicon, a Poole-Frenkel shift of the DLTS
peak maximum to lower temperatures will occur, as de-
scribed, for example, in Ref. 5.

Furthermore, it is also observed that the contributions of
the STDH and OTD centers to the n-type doping vary with
the annealing temperature. Figure 3 shows the donor concen-
tration for the different shallow-level centers normalized to
the total concentration of excess carriers as a function of the
annealing temperature. Here, we assume that each donor
level contributes one electron to the excess electrons, i.e.,
STDH, OTD0/+, and OTD+/++ It can be seen in Fig. 3 that
more than 90% excess electrons are contributed by the
STDH centers at the annealing temperatures of 350 and
380 °C. In comparison, the contribution from the STDH
centers to the excess electrons is reduced to 50% and 31%
for the 400 and 450 °C anneals, respectively. These results
are in line with the information given by the C-T plots.

As shown in Fig. 4, only one huge carrier freeze-out step
is observed in the C-T curve of the as-hydrogenated sample,
which is ascribed to the ionization of the STDH centers and
phosphorus donors. A similar C-T curve is obtained for the
hydrogenated material annealed at 350 °C. In comparison,
two considerable steps around 50 and 100 K appear in the
C-T curve of the sample annealed at 450 °C, which are at-
tributed to the ionization of the OTD0/+ and OTD+/++ levels,
respectively. Indeed, the C-T result supports the fact shown
in Fig. 3, i.e., the OTD centers become important only at

FIG. 1. Free carrier concentration profiles for HR MCz silicon exposed to
various treatments �hydrogen plasma exposure and posthydrogenation an-
nealing� as well as for the as-received substrate.

FIG. 2. DLT spectra for the samples hydrogenated for 2 h and subsequently
annealed at various temperatures for 20 min. The reverse bias and the pulse
voltage are −10 and 0 V, respectively. A filling pulse of 1 ms and a sam-
pling period of 51.2 ms are applied. In some cases, the peak temperature TP

is given.

FIG. 3. Relative concentrations of excess electrons contributed by various
donor levels plotted as a function of temperature of the isochronal anneal-
ing. All concentrations have been normalized to the total concentration of
the excess electrons. The STDH centers are considered as single donors.
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annealing temperatures �400 °C due to the onset of
hydrogen-catalyzed OTD formation, while the formation of
the STDH centers is the dominant reaction for the short-term
annealing �20 min� at temperatures �400 °C.

It has been reported in our previous work that a p-n
junction is created at a depth of 12.4 �m in p-type Cz silicon
after a hydrogen plasma exposure �270 °C, 2 h�.11 This p-n
junction formation requires the introduction of excess elec-
trons with a dose higher than the initial doping level, 1.2
�1015 cm−3, in the surface-near region. By comparison, in
n-type MCz silicon and at the same depth, the excess elec-
tron density is 3�1012 cm−3 after the same hydrogenation,
as seen in Fig. 1. This means that the introduction rate of free
electrons in n-type MCz silicon is about three decades lower
than that in p-type Cz silicon. This trend, i.e., a Fermi-level
dependence, is in line with the very different introduction
rates of excess electrons observed in p-type Cz silicon before
and after the conversion of silicon from p to n type at a given
depth.12 For instance, at a depth of 12.4 �m, the effective
introduction rate of free electrons reduces from 6.0
�1014 to 8.0�1012 cm−3/h after the conversion of the con-
ductivity type. Since no OTD centers are detected in as-
hydrogenated MCz silicon by DLTS, the high introduction
rate of excess electrons in p-type silicon is ascribed to a high
formation rate of the STDH centers.

It has been tentatively proposed that the CiOiH com-
plexes correspond with the STDH centers and that the for-
mation of one CiOiH complex is based on the capture of one
hydrogen atom/ion by a CiOi complex.4 A higher STDH for-
mation rate means a higher possibility for a hydrogen atom
�/ion� to be trapped by a CiOi complex. The CiOi complex
can take different charge states. On the other hand, hydrogen
is stable in its positive charge state in p-type silicon and in a
neutral or negative charge state in n-type silicon.13 Since the
STDH formation rate in p-type silicon is found to be higher
than in n-type silicon, it is reasonable to speculate that the
CiOi complex prefers to take the negative charge state. More-
over, a possible role of the introduction rate of hydrogen
during the plasma exposure in the STDH formation rate can-
not be ruled out. Given the higher diffusivity for the posi-
tively charged hydrogen compared with H0,13 a higher dose
of hydrogen at a given depth can be reached in p-type Cz
silicon than in n-type HR MCz silicon after the same hydro-
genation. In turn, significantly different STDH concentra-
tions are observed in as-plasma-treated p- and n-type silicon.

Similar to the STDH centers, our results reveal that the
formation of the OTD centers is also Fermi-level dependent.

As shown in Fig. 3, the concentration of the OTD centers is
very low compared to that of the STDH centers for the hy-
drogenated n-type MCz sample annealed at temperatures
lower than 400 °C. In comparison, photothermal ionization
spectroscopy12 reveals the formation of a considerable
amount of OTD centers in as-hydrogenated p-type Cz sili-
con. This observation can be well explained by a recent first-
principles calculation.14 According to this calculation, the
creation of the OTD centers found in our as-hydrogenated
p-type silicon can be attributed to a H-catalyzed transforma-
tion from an electrically inactive staggered oxygen chain to
an active oxygen ring �OTD configuration� with a negligible
barrier. In n-type silicon, negative hydrogen �H−� is trapped
at a small oxygen cluster with a binding energy of 0.45 eV
rather than transforming chains directly into rings. An elec-
tron can be emitted after the binding of H− to the oxygen
cluster, transforming the complex to the neutral state, which
in turn transforms the cluster to an active ring. The activation
energy for this process is 1.4 eV in n-type silicon; therefore,
the OTD formation in n-type silicon is only active for an-
nealing temperatures in the range of 350–450 °C, cf. Fig. 2.

In summary, STDH centers are created in n-type HR
MCz silicon via a low temperature hydrogen plasma.
hydrogen-catalyzed OTD formation is activated in hydrogen-
ated silicon at 350–450 °C. In the hydrogenated samples
annealed at a temperature lower than 400 °C, the STDH cen-
ters are the dominant shallow donors. The concentration of
the OTD centers becomes comparable to that of the STDH
centers as the annealing is carried out at 400–450 °C. Both
the STDH formation and the hydrogen-catalyzed OTD for-
mation are Fermi-level dependent. The evident changes in
the doping level due to the formation of the STDH and OTD
centers suggest that serious care should be taken when using
HR MCz substrates for the applications mentioned above.
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