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Defects in single-crystal silicon induced by hydrogenation
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It is demonstrated that hydrogenation induces microdefects and electronic deep levels in single-
crystal silicon, which are unrelated to either plasma or radiation damage. After hydrogenation of
either n-type or p-type silicon, transmission electron microscopy reveals defects that can be de-
scribed as hydrogen-stabilized platelets or microcracks which appear within 0.1 um of the exposed
surface and are predominantly oriented along {111} crystallographic planes. These defects corre-
late with high concentrations of hydrogen or deuterium as measured by secondary-ion mass spec-
trometry and with the appearance of Si—H bonds as revealed by Raman spectroscopy. The con-
comitant introduction of electrically active gap states is demonstrated with both photolumines-
cence spectroscopy (PL) and deep-level transient spectroscopy (DLTS). In PL several H-induced
radiative transitions are observed, with the dominant peak at 0.98 eV, which had previously been
ascribed to plasma damage. In n-type Schottky diodes, DLTS detects two H-induced levels with
thermal activation energies for electron emission of approximately 0.06 and 0.51 eV. These de-
fects are detected at depths greater than the surface layer, are in low concentrations (< 10!

cm ~3), are acceptorlike, and anneal with an activation energy of ~0.3 eV.

Current interest in the properties of hydrogen in semi-
conductors is primarily stimulated by its ability to pas-
sivate both shallow-level dopants and deep-level defects at
moderate temperatures (e.g., < 300°C). Hydrogen is
most commonly introduced by exposure to a plasma
discharge, and passivation involves the removal of energy
levels from the band gap as a consequence of hydrogen
chemical bonding. Recent examples of this phenomenon
are passivation of shallow-level acceptor and donor
dopants in silicon!~® and gallium arsenide®> and passiva-
tion of oxygen-related thermal donor (deep-level) defects
in silicon.® Direct exposure to a plasma, such as occurs in
reactive-ion etching, also introduces damage due to
charge-particle bombardment.” Hydrogen can interact
with this damage to form H-related defects with levels in
the band gap.®® Defect complexes involving hydrogen also
appear in crystals grown in a hydrogen atmosphere, which
is inherently a high-temperature process (e.g., 938 °C for
Ge). !0 Silicon grown in a hydrogen atmosphere contains
optically active complexes; however, ionizing radiation is
required to produce H-related deep levels.!! In this paper
it is demonstrated that hydrogen, diffused into single-
crystal silicon at moderate temperatures, generates ex-
tended and electrically active defects that are unrelated to
either plasma or radiation damage. The results identify
the cause of the hydrogen-rich surface layer which has
been previously ascribed to the formation of molecular hy-
drogen. In addition, it is proposed that the defect lumines-
cence previously observed only in plasma-etched silicon is
H induced rather than due to damage or carbon contam-
ination from the plasma.

Hydrogenation was performed by exposing specimens of
silicon to monatomic hydrogen or deuterium from a gas
discharge. The microwave plasma was operated at 70 W
and at a pressure of 2 Torr, which consisted of 1.8 Torr of
H; or D; and 0.2 Torr of O,. The role of oxygen in a hy-
drogen plasma is described elsewhere.!? Specimens were
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mounted on a heater stage that was located downstream
from the plasma, with baffles for optical isolation. This ar-
rangement eliminates the damage which results from
direct immersion in the plasma. Sample location within
the heater chamber was also adjusted so that the sample
surface temperature during hydrogenation did not exceed
the heater stage temperature by more than 10°C (at
150°C). Specifications of the silicon wafers and process-
ing are described below in connection with the different
measurement techniques.

The depth profile of hydrogen in silicon can be deter-
mined by secondary-ion mass spectrometry (SIMS). For
this purpose deuterium is used as a readily identifiable iso-
tope of low natural abundance which duplicates the chem-
istry of hydrogen and is detectable with high sensitivity by
SIMS. 213 The depth profile has been shown to depend on
electrical-conductivity type and dopant concentration, as
well as on deuteration conditions.?*!? The dependence on
conductivity type is illustrated in Fig. 1 with depth profiles
of deuterium for specimens of silicon that were deuterated
at 150°C for 60 min. The starting material was doped in
the melt with either phosphorus or boron to a uniform con-
centration of approximately 1x10!7 ¢cm 73, Of primary
interest in the present study is the first 0.1 um of the depth
profiles. In both samples the D density decreases precipi-
tously with depth within this region, with the extrapolated
surface density largest in the n-type specimen where it ap-
proaches 1x102° cm ~3. Previous studies have offered the
plausible suggestion that this surface peak arises from
recombination of fast-diffusing monatomic hydrogen to
form interstitial molecular hydrogen which is essentially
immobile at moderate temperatures. !4

Transmission electron microscopy (TEM) reveals the
appearance after hydrogenation of planar microdefects
within 0.1 um of the silicon surface. This is demonstrated
in Fig. 2 with cross-sectional TEM micrographs, viewed in
the (110 projection, of defects in the near-surface region
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FIG. 1. Depth profiles of deuterium in n-type (phosphorus-
doped) and p-type (boron-doped) silicon after deuteration
(150°C, 60 min).

after deuteration of n-type silicon. The starting material
and deuteration conditions were the same as those that
produced the D depth profile in the n-type sample in Fig.
1. The bright-field image in Fig. 2(a) reveals an average
density of ~7x10'® microdefects per cm? within ~70 nm
of the surface. No defects were detectable in unhydro-
genated specimens. At high magnification [Fig. 2(b)] it
can be discerned that the platelets are oriented in {111}
crystallographic planes; in some samples (e.g., hydro-
genated n* silicon) {100} platelets have also been ob-
served. The high-resolution lattice image of a {111} plate-
let shown in Fig. 2(c) reveals that the platelets are not due
to dislocations since a Burgers circuit indicates no net dis-
placement in the lattice. Similarly, there is no evidence
that the platelets consist of either interstitial or vacancy
loops, since contrast typical of stacking faults!> was not
observed. The platelets appear to be microcracks in which
the separation between two adjacent planes of silicon
atoms over a finite area (nominal diameter of 3 to 12 nm)
is increased due to the slight displacement of silicon atoms
from their substitutional lattice sites. From the effect of
dopant type and concentration, it was observed that the
density of platelets is proportional to the near-surface con-
centration of D. For example, in the samples examined in
Fig. 1 the platelet density was of the order of a factor of
100 less in the p-type as compared to the n-type specimens.
In addition, partial removal of D by a vacuum anneal
(350°C, 60 min) was accompanied by a decrease in the
platelet density. These observations strongly suggest that
the platelets are not only induced by hydrogenation but are
also stabilized by the direct involvement of hydrogen in the
defect structure.

Direct support for the idea that the platelets are hydro-
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FIG. 2. Cross-sectional TEM micrographs, viewed in a (110)
projection of defects in the near-surface region of (100)-oriented
silicon after deuteration (150°C, 60 min): A, bright-field image
showing large density of microdefects in proximity of surface; B,
high magnification of surface region; and C, high-resolution lat-
tice image.

gen stabilized is provided by Raman spectroscopy. Spec-
tra are shown in Fig. 3 for specimens of n-type Si
(IP1=1x%10'" ¢cm ~3) that were hydrogenated at 156°C
for 30 min. The spectra have been expanded several times
to display the weak features. All the features appearing at
less than 1500 cm ~! are due to Si lattice vibrations; for
example, the peaks at ~520, 980, and 1470 cm ~!are the
zone-center optical phonon, the two-phonon overtone of
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FIG. 3. The Raman spectrum for (100)-oriented silicon after
hydrogenation (156°C, 30 min). The spectra are expanded
several times to display the spectral features of the weak H-
induced modes at ~1960 and 2100 cm ~!,
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the optical phonon branch, and the three-phonon overtone,
respectively. The spectral features centered at 1960 and
2100 cm ~! are attributed to H incorporated in the Si lat-
tice. Indeed, the 2100-cm ~! mode is characteristic of
Si— H bonding and displayed the expected isotopic fre-
quency shift in deuterated samples.'® An extended scan to
5000 cm ~! showed no evidence of hydrogen molecules in
the lattice; however, the Raman cross section of Hj in Si
has not been established. The intensities of the two H-
induced modes are approximately a factor of 7000 weaker
than those for the Si lattice modes. This implies an aver-
age H concentration of the order of 7x10'® cm 73 in the
near-surface layer, which is consistent with SIMS results
(e.g., see Fig. 1). If the platelets are a consequence of the
coordinated formation of Si— H bonds, perhaps driven by
strain, then for an average diameter of 7 nm each platelet
would contain roughly 400 Si—H bonds. The platelet
density then yields a total estimated H concentration that
is consistent with the proposal that a large proportion of
the Raman-detected H is incorporated in the near-surface
platelets.

The generation of platelets during hydrogenation is ac-
companied by the introduction of electronic deep levels in
the silicon band gap. This is demonstrated in Fig. 4 with
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FIG. 4. Luminescence spectra for n-type (8-Q-cm) silicon
before (control) and after hydrogenation (150°C, 30 min). The
spectra are offset vertically to ease inspection.
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luminescence spectra, recorded at different temperatures,
for n-type silicon before (control) and after hydrogenation
(150°C, 30 min). In the control sample the spectrum is
dominated by the commonly observed luminescence peaks
arising from annihilation of donor-bound excitons.!” After
hydrogenation the spectrum contains several new transi-
tions with the most prominant peaks at approximately
0.95, 0.98, and 1.03 eV. From the temperature depen-
dence of the luminescence intensities it appears that the
1.03 and 0.98 eV peaks are related as the zero-phonon line
and a TO-phonon replica, respectively, for radiative re-
combination at a specific defect, while the peak or shoulder
at 0.95 eV is due to a different recombination site.

The H-induced luminescence may be related to platelet
formation. The magnitude of the luminescence intensities
is more consistent with the platelet density than with the
deep-level densities detected by DLTS and discussed
below. In addition, the luminescence intensity was found
to be greatly attenuated in p-type as compared to n-type
samples of comparable doping concentration and identical
hydrogenation conditions. On the other hand, the absence
of a clearly-identifiable isotopic effect suggests that the ra-
diative recombination site may not directly incorporate hy-
drogen. A comparison of the annealing kinetics of the H-
induced luminescence and the platelets is currently in pro-
gress. Finally, defect luminescence spectra similar to
those shown in Fig. 4 have been reported and ascribed to
carbon contamination and damage during plasma etching
of silicon.'® The present study establishes that the defect
luminescence characteristic of plasma-etched silicon need
not arise from either displacement damage or impurities
other than hydrogen from the plasma.

Hydrogen-induced gap states were also detected by
deep-level transient spectroscopy (DLTS); the DLTS
technique is reviewed in Ref. 19. These defects cannot be
directly associated with the H-induced platelets since the
spatial observation window for deep-level detection did not
overlap with the surface layer. Schottky-barrier diodes
were fabricated on n-type ([P1=7x 10" cm ~3) silicon by
vacuum-depositing Pt electrodes on the polished silicon
surface after hydrogenation; the wafers had previously re-
ceived Ohmic back contacts. A DLTS spectrum for a
diode that was hydrogenated at 150°C for 50 min is
shown in Fig. 5. From an Arrhenius analysis of the emis-
sion rates for the two peaks, the activation energies for
thermal emission of electrons were found to be 55 = 5 meV
and 0.51 £0.01 eV. In unhydrogenated diodes no peaks
appeared at the same DLTS sensitivity. From the diode
parameters and DLTS measurement conditions, the two
deep levels were found to have essentially the same aver-
age density of 7.5x10'2 ¢cm ~3 with spatial observation
windows of 0.45— 1.13 um for the 0.06-eV level and
0.11—0.84 um for the 0.51-eV level. Neither level
displayed a significant dependence on applied electric field.
The absence of a Poole-Frenkel effect?® suggests that both
defects are acceptorlike. Finally, it was observed that the
density of both levels significantly decreased over a period
of weeks at room temperature; the annealing kinetics of
the 0.51-eV level yielded a thermal activation energy of
approximately 0.3 eV. These deep-level defects may arise
from the formation of a weak chemical bond between in-
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FIG. 5. DLTS spectrum for a Schottky diode on n-type silicon
([P1=7%x10"" cm~3) after hydrogenation (150°C, 50 min).
The emission rate window eq was obtained with delay times of
0.5 and 2.5 ms.

terstitial hydrogen and either a Si atom or an unidentified
impurity.

The results presented above establish that diffusing hy-
drogen into single-crystal silicon generates microdefects
and electronic gap states, which are unrelated to either
plasma or radiation damage. With reference to the D
depth profiles in Fig. 1, the near-surface peak is a manifes-
tation of the nucleation and growth of platelets that are
stabilized by the formation of Si— H bonds. Platelet nu-
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cleation may involve interstitial molecular hydrogen or
passivated dopants. The gap states detected by lumines-
cence may be due to strain-induced defects that are associ-
ated with platelet formation. Beyond the surface layer,
the D concentration decreases gradually with distance into
the bulk. Within this subsurface zone, deep-level defects
are generated by diffusing hydrogen. However, the con-
centration of these defects is several orders of magnitude
smaller than either the D concentration or typical dopant
densities. The concentration is, therefore, too small for
these defects to be a significant contributing factor (e.g.,
via compensation) in hydrogen passivation of n-type or p-
type dopants, which has been shown!?% to extend to
depths greater than the immediate surface layer. While it
is no longer justifiable to hypothesize the predominance of
interstitial molecular hydrogen in the H-rich surface layer,
electrically inactive H, may be the dominant form of hy-
drogen over that portion of the subsurface zone in which
the H concentration exceeds the dopant density (see Fig.
1). Finally, carrier transport properties within the H-rich
surface layer should be affected by the significant concen-
trations of electrically active defects.
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FIG. 2. Cross-sectional TEM micrographs, viewed in a (110}
projection of defects in the near-surface region of (100)-oriented
silicon after deuteration (150°C, 60 min): A, bright-field image
showing large density of microdefects in proximity of surface; B,
high magnification of surface region; and C, high-resolution lat-
tice image.



