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HYDROGEN PASSIVATION IN SEMICONDUCTORS

M. STAVOLA
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A survey is presented of the structure, stability, and reorientation kinet-
ics of acceptor-H and donor-H complexes in Si and III-V semiconductors.
A few examples of the unintentional introduction of H into device materials
are also discussed.
PACS numbers: 61.70.—r, 61.70.Tm

1. Introduction

Hydrogen is ubiquitous in the environment and has gained recognition as
an important impurity in semiconduction [1-4]. Hydrogen can be introduced into
semiconductors intentionally, for example from a hydrogen-containing plasma, or
unintentionally during crystal growth or many of the subsequent stages of device
processing. Once incorporated, atomic hydrogen diffuses rapidly and, in many
cases, forms neutral complexes with crystal defects and impurities.

Even though a variety of hydrogen-related complexes were known that in-
volve impurities in Ge [2, 5] or deep levels defects [2, 6], it was the discovery of
the passivation of shallow acceptors in Si [7, 8] that launched a great many exper-
imental and theoretical studies. Following the observation of acceptor passivation
in Si, the hydrogen-passivation of a variety of n- and p-type dopants in elemental
and compound semiconduction was demonstrated [1-4].

The fundamental understanding of hydrogen-related defects in semiconduc-
tors has improved greatly in recent years due to the strong interaction between ex-
periment and computational theory [4, 9]. The hydrogen-passivated shallow donor
and acceptor impurities, which will be described in this paper, have become the
best understood hydrogen-containing complexes.

2. Dopant passivation

Sah et al. [7] and Pankove et al. [8] discovered that shallow acception in Si
could be passivated by atomic hydrogen. In the experiments by Sah et al. [7], the
source of hydrogen was an oxide layer on the Si surface whereas in the experiments
by Pankove et al. [8], H was introduced by exposing the samples to a hydrogen con-
taining plasma. Both groups found that a high resistivity surface layer was created
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by the indiffusion of H. Spreading resistance profiles of boron doped Si are shown
in Fig. 1a before and after exposure to a deuterium plasma [10]. Concentration
profiles of boron and deuterium measured by secondary ion mass spectrometry
(SIMS) are shown in Fig. 1b. It can be seen that the depth of the high resistivity
surface layer corresponds well to the depth of deuterium incorporation measured
directly by SIMS.

Isolated, atomic hydrogen diffuses quickly in semiconductors [11-13] and is
highly reactive. Hence, isolated H has proven to be difficult to study experimen-
tally. Nonetheless, much progress has been made in recent years in determining the
properties of isolated H [4]. Here, only a few remarks about isolated H, relevant
to dopant passivation in Si, are made.

Several theoretical calculations [4] find that in p-type Si, the lowest energy
site for isolated H is at a bond-center between two silicon atoms. (A plot of forma-
tion energy for the different charge states vs. Fermi level position is shown in Fig.
2 [14].) In this configuration, the hydrogen has a donor state in the upper half of
the band gap. The H-passivation of an acceptor impurity has been envisioned as
first involving the compensation of the shallow acceptor by an H donor [15]. The
charged H+ is then attracted to the negative acceptor; this long-range Coulomb
attraction drives pairing of the acception with mobile H+. The final product is
not a simple Coulomb pair but is a dopant-H complex in which covalent bonding
plays a dominant role.

In n-type Si, theoretical calculations find the lowest energy configuration for
H near a tetrahedral interstitial site (Fig. 2) [4]. In this case, H has an acceptor
level. The H acception might then compensate shallow donors in n-type Si, hence,
hydrogen will be in the H- charge state in n-type Si. Pairing would again be driven
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by Coulomb attraction, followed by the formation of a covalently bonded pair.
The field-induced drift of H+ in p-type Si was observed by Tavendale et

al. [16] and Johnson [17] in the space charge region of a diode. These observations
provide strong evidence for the existence of H+ in p-type Si and of the overall pic-
ture of acceptor passivation described above. More recently, field induced drift has
been observed for hydrogen in n-type Si and interpreted as providing evidence for
the existence of H- [18, 19]. The latter interpretation has been controversial [20].
As will be discussed further in Sec. 4, the clever use of junction fields has yielded
much valuable information on the properties of hydrogen.

While the above discussion has been about passivation in Si, the situation
is believed to be similar for acceptor and donor passivation in GaAs. Theory
finds [21, 22] that H has donor and acceptor states in p-type and n-type GaAs,
respectively. Field drift experiments have been performed [23-25] and the position
for the H donor level has been estimated experimentally [26].

3. structure of dopant-H complexes

The stuctures of dopant- H complexes have been investigated by a variety
of experimental methods, with vibrational spectroscopy being the most commonly
used [2, 27]. It has also been possible to determine the minimum energy con-
figurations of dopant-hydrogen complexes and their vibrational frequencies with
sophisticated, total-energy calculations [11]. Through the comparison of theory
with measured vibrational frequencies and related data, the structures of Several
dopant-hydrogen complexes have been determined. In Si and III-V semiconduc-
tors, there are three structures for dopant-H complexes that have been found.
These are shown in Fig. 3.

3.1. Accepor-H complexes

The B-Η complex in Si is the most studied of the dopant-H complexes. The
BC structure (Fig. 3a) was first suggested by Pankove et al. [28] on the basis of
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the vibrational absorption band which they had observed at 1875 cm -1 for the
complex. These authors argued that the 1875 cm -1 frequency was more typical of
a Si-H bond than a B—H bond which has a higher frequency in typical molecules.
Hence they proposed that the H was attached primarily to a Si atom and that the
H atom should interupt a Si—B bond to leave the B atom tricoordinated.

DeLeo and Fowler [29] found that the total energy of the B—H complex was
minimized for H at the BC site by cluster methods. While the BC configuration
for the acceptor-H complexes was initially controversial [30], strong support has
come from vibrational spectroscopy [27, 31, 32], channeling experiments [33, 34],
and several theoretical calculations [35-38].

There have been several reviews of the hydrogen-passivation of dopants
in III-V materials written [39-41]. The passivation of acceptors in GaAs was
first demonstrated for ZnG a with capacitance-voltage(C—V) measurements and
SIMS profiles by Johnson et al. [42]. Subsequently, Pajot et al. discovered the
H-stretching vibration at 2146.9 cm -1 due to GaAs:Zn—H [43]. Already in tlis
early work, Pajot et al. suggested that the H is at the BC site between the Zn
and an As neighbor with a configuration similar to Si:B—H. The frequency of the
H-stretching band is close to that of As-H stretching modes in molecules which
led Pajot et al. [43] to suggest that the H is attached primarily to the As atom.

Several studies of GaAs:Be-H help to confirm this picture of hydrogen com-
plexed with Ga-site acceptors. The H-stretching band was found at 2037.1 cm -1

by Nandhra et al. [44] and the local mode due to isolated Be was also examined.
This work proved the close association of H and the acceptor atom in the passi-
vated complex and led the authors to suggest a BC configuration for GaAs:Be-H.
Strong support for the BC configuration is obtained from uniaxial stress experi-
ments which show that the Be—H complex has trigonal symmetry [45] and from
calculations [22, 46] which obtain an H-stretching frequency in good agreement
with experiment [44].

Vibrational bands have also been assigned for H complexed with the As-site
acceptors in GaAs; the complexes that have been studied are CAS H [26],
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SiΑs- H [47], and GeA s-H [40, 41]. The H-stretching spectum for CA s—H due to
Clerjaud et al. [26] is shown in Fig. 4. It was suggested that the complexes of H
with the As-site acception also have a BC configuration but with the H attached
primarily to the acceptor [39]. This model is strongly supported by the observed
trend in the vibrational frequencies for the different acceptors, stress data [48, 49],
and theory [22, 50].

The properties of passivated acception in InP [39-41] are similar to what has
been observed for GaAs.

3.2. Donor-H complexes

The passivation of n-type dopants in Si was demonstrated by Johnson et
al. [51] with Mall measurements. The sheet carrier density was decreased for thin
n-type layers which had been exposed to a hydrogen plasma at 150°C while the
mobility was increased. Johnson et al. argued that neutral donor—H complexes were
formed and the model shown in Fig. 3b was proposed on the basis of semiempirical
calculations.

In subsequent infrared absorption measurements by Bergman et al. [52], tle
vibrations of the donor-H and -D complexes for the P, As, and Sb donors were
identifled. The H-stretching bands are shown in Fig. 5. H and D wagging vibrations
at 810 and 555 cm -1 , respectively, were also assigned. The stretching and wagging
vibrations have little or no dependence upon the identity of the donor. The infrared
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absorption data confirm the existence of the donor-H complexes. Further, Bergman
et al. argued that if the H were attached directly to the donor atom, one would
expect a greater dependence of the vibrational frequencies upon the identity of the
donor. The symmetry of the donor-H complexes and the mode assignments were
confirmed in a subsequent uniaxial stress study [53].

Several groups have performed total energy calculations for the P-H complex
to determine the minimum energy configuration of the complex [36, 38, 54-57]. The
measured vibrational frequencies have provided an important test of the different
models. The various calculations have found that the configuration with H at the
AB site adjacent to the Si atom has lowest energy. However, the H-stretching fre-
quencies which were calculated were either too large, i.e. near 2150 cm -1 [51, 54-55],
or much too small, i.e. near 400 cm -1 [36].

The problem associated with calculating the vibrational frequencies for the
donor-H complexes has been resolved in recent calculations by Zhang and
Chadi [56] and Denteneer et al. [57] for the P-H complex. Both sets of authors
ffnd that for the most stable configuration of the Ρ-H complex, the Si atom to
which the H atom is attached moves substantially (0.6 Α from its unrelaxed site)
away from the P. The configuration without relaxation is a local minimum which
has a total energy which is roughly 0.1 eV above the relaxed conflguration. With
this relaxation included, the measured vibrational frequencies are well accounted
for. Hence, the combination of vibrational spectroscopy and computational theory
have helped to identify a subtle relaxation for the donor—H complexes.

Chevallier et al. [58] demonstrated donor passivation in GaAs before it was
known that donors could be passivated in Si. Subsequently, all of the important
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donor dopants in GaAs have been shown to be passivated by H2 plasma expo-
sure [59]. The most complete study of the vibrational spectra of a donor-H com-
plex in GaAs has been performed by Pajot et al. [60] for SiG a  H. The H-stretching
frequency of this complex is at 1717.3 cm -1 (Fig. 6). A doubly degenerate wagging
vibration at 896.8 cm-1 has also been assigned to this complex.

Superficially, the vibrational spectra for SiGa H [60] resemble the spectra
for the donor-H complexes in Si [52] discussed above. The -stretching modes
are at a relatively low frequency (compared to the > 2000 cm -1 vibrations which
are typical of the acceptor—H complexes) and there are similar wagging bands.
However, for GaAs:SiGa H, there is strong evidence that the H is attached to the
donor itself (Fig. 3c), unlike for donor-H complexes in Si. Pajot et al. [60] identified
two additional, weak side bands in the H-stretching spectum (Fig. 6) wlich were
assigned to SiG a  H complexes that include 29 Si and 30 Si, proving that the Si donor
atom is involved in the H-stretching vibration. The relative intensities of the side
bands are consistent with the natural abundances of the Si isotopes.

Briddon and Jones [22, 46] found a minimum total energy with the H at-
tached to the Si atom at the AB site. In their calculation the Si atom relaxes
along the C3 axis of the defect toward the Η atom. This relaxation is similar to
the relaxation found for the donor—H complexes in the Si host. These authors also
calculated vibrational frequencies for their minimum energy configuration which
are in reasonable agreement with experiment.

4. Dissociation of dopant-H complexes

Dopant-H pairs dissociate upon annealing for temperatures near a few hun-
dred degrees centigrade. Several reactions occur which include the dissociation
process itself, retrapping of H at a dopant site, and the formation of H2 molecules
or Ηn aggregates. In most early thermal annealing studies, the dissociation kinet-
ics were not first -order and hence it was difficult to obtain a reliable estimate of
the dissociation energy.
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Such problems have been overcome recently by Zundel and Weber [61] who
have studied the dissociation of acceptor-H complexes in the junction field of
a Schottky barrier diode. The conentration profile of active acception can be
determined with C-V measurements. In Fig. 7, it can be seen that annealing in
the presence of reverse bias acts to sweep H+ from the near surface region of
the junction when acceptor-H pairs dissociate; this acts to push the passivated
region deeper into the junction. The acceptor-H dissociation in the near-surface
region of the device was shown to be accurately described by first-order kinetics.
The dissociation energy of the B-H complex has been found to be 1.28 eV [61].
(This energy corresponds to the energy required to fully separate the pair, i.e.
the binding energy plus the H-migration energy.) This technique has been applied
recently by several groups to study dissociation kinetics of a variety of dopant-H
complexes [62-64]. The clever application of junction fields has also been fruitfully
applied to study other -related reactions and H-diffusion [65].

5. Reorientation kinetics of acceptor—H complexes

The motion of the light H atom between equivalent sites has been studied
for Several dopant-H complexes. Such motion corresponds to a reorientation of the
complex. For a few defect complexes in Si and Ge, the H moves by tunneling at low
temperature. This is the case for Si:Be—H [66, 67] and also for the Ge:Cu—H2 [68]
center. For a few other centers, the motion of the H has been found to be thermally
activated. This is the case for Si:B-H [69-71], Si:Cd-H [72], GaAs:Be-H [53],
GaΑs:SiΑs- H [48] and GaAs:CA s- H [49].

For the Si:B-H complex, for example [69], the hydrogen atom occupies one
of four crystallographically equivalent BC sites between the acceptor atom and
one of its neighbors. A stress, applied at a temperature sufficiently high for the
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complexes to reorient, can be used to preferentially align the defects. If the tem-
perature is lowered while the stress is maintained, the preferential alignment can
be quenched in. This gives rise to an anisotropy in the polarized optical absorption
(i.e. a dichroism) for the H-stretching vibration of the complex. The reorientation
kinetics of the center can be determined from subsequent measurements of the dis-
appearance of the dichroism upon annealing in the absence of stress. An activation
energy for reorientation of 0.19 eV was obtained [69]. (Recent measurements of the
B-H reorientation rate by anelastic relaxation techniques find a similar activation
energy, 0.22 eV [71].)

Why do some centers reorient by tunneling at low temperature while others
require thermal energy? Watkins [73] discussed the qualitative difference between
situations in which there were substantial relaxations of the hydrogen's heavier
neighbors and those that have only a small relaxation of the neighbor atoms. If
there are large relaxations which involve Si motion when the H moves, then the
effective mass of the tunneling species approaches the Si mass, which can reduce
the tunneling rate by over 40 decades.

Denteneer et al. [74] have calculated energy surfaces for Si:B-H and Si:Be-H.
For both of these defects, the total energy surface has a low energy trough which
surrounds the B or Be. For B—H the global energy minimum is at the BC site.
There is a large relaxation of the B and Si atoms along the defect axis that sup-
presses tunneling. The barrier to reorientation was calculated to be 0.2 eV. The
agreement with experiment [69-71] is striking and perhaps fortuitous. For the
Si:Be-H complex, the minimum energy was found for H near the C site [74].
There is only a small relaxation of the Si and Be atoms. It was argued that the
small relaxations make tunneling motions possible.

While the arguments put forward on H motion are appealing, we emphasize
that even for the few systems that have been studied, the results and interpre-
tations are controversial. For example, even though the motion of H in the B-H
complex is thermally activated, Stoneham [75] has noted that thermally assisted
tunneling may play a dominant role and that a classical model of hopping over a
barrier may not be appropriate to treat the H motion.

6. Unintentional dopant passivation

Atomic hydrogen is often introduced into semiconduction unintentionally
during crystal growth and device processing [39, 76, 77]. During the growth of
bulk crystals, hydrogen can be introduced from water in the starting materials
or in the melt-encapsulant used for the liquid encapsulated Czochralski (LEC)
growth of compound materials [76, 78]. Several sharp vibrational features have
been attributed to H. In the spectrum which was shown in Fig. 4, the C and H
were unintentional contaminants in p-type, LEC-grown GaAs [26]. It is estimated
that the concentration of H can be 10 16 cm-3 in LEC-grown crystals [76, 79].

During epitaxial growth of III—V materials by gas phase techniques like met-
alorganic chemical vapor deposition (MOCVD) and metalorganic molecular beam
epitaxy (MOMBE), hydrogen can be introduced from the source gases [80-86].
Zn-doped InP grown by MOCVD with an InAsP capping layer is cooled down in
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an AsH3 ambient; the Zn is passivated by hydrogen which is introduced by the
pyrolysis of AsH3 at the surface [80, 81]. For epitaxial lavers of GaAs:C and re-
lated alloys grown from metalorganic sources, an appreciable fraction of the C has
been found to be passivated by hydrogen introduced from the source gases [80-86].
Figure 8 shows infrared absorption spectra of C-H complexes in GaAs:C grown
by metalorganic MBE.

Plasma processes like reactive ion etching use gaseous mixtures that often
include H2 and are an obvious source of atomic hydrogen [87, 88]. It has also
been demonstrated that hydrogen can be introduced during benign processes like
polishing, wet etching [76, 77], or annealing in forming gas [83].

As was discussed in Sec. 4, dopant-H complexes dissociate for annealing
temperatures between 100 and 500°C, depending upon the dopant. Hence, it is
only necessary to recognize when undesired passivation effects have occurred so
that an appropriate anneal can be performed to activate the H-passivated dopants.

7. Conclusion

From a fundamental viewpoint, the dopant-hydrogen complexes have pro-
vided fertile ground for both experiment and theory. The interplay between vi-
brational spectroscopy and computational theory has helped to identify defect
stuctures, pathways for H-motions, and subtle relaxations of the defect atoms.
There are still many aspects of the hydrogen—defect complexes whicl are not well
understood and much work remains to be done.
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From an applied viewpoint, there are hopes that defect passivation by hy
-drogen can be exploited to improve materials characteristics or to fabricate de-

vice stuctures. Perhaps it is more important that hydrogen can be introduced
in so many ways that unintentional incorporation in device materials seems to
be unavoidable. It is likely the hydrogen passivation will continue to affect some
processes in which its role or even its presence may not be well known.
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