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ABSTRACT

The properties of a number of hydrogen-related compliexes in
crystalline Ge and Si are reviewed. Hydrogen is shown to
form electrically active as well as neutral complexes with
native defects and impurities in germanium, silicon and
several III-V compound semiconductors. Most of the electri-
cally active centers form shallow levels in the bandgap.
The complexes form when hydrogen binds to substitutional
impurities such as C, 0, Si, Be, Zn, Cu in the case of Ge.
A shallow Be-H acceptor complex has been found in Si. The
unusual electronic groundstate configurations of these
complexes can be explained for some centers with a model
involving tunneling hydrogen and for the rest of the centers
with a trigonally distorted impurity complex. The structure
and composition of several complexes has been determined
using infrared piezospectroscopic techniques, substitution
of hydrogen with deuterium or tritium, and crystal-growth-
related impurity arguments. Hydrogen has been shown to
fully passivate impurities 1leading to neutral complexes.
Such centers are less well understood because they lack
properties which could be observed with high sensitivity and
resolution. Local vibrational mode spectroscopy may eluci-
date the structure of some neutral complexes.

1. INTRODUCTION

Hydrogen 1is currently attracting much interest on the part of

scientists and engineers working with semiconductors. What are the

reasons for this surge in interest? On the one hand, no electrical
activity of isolated hydrogen in silicon, germanium, and other
semiconductors has been found' in spite of significant experimental
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efforts. On the other hand, hydrogen has recently been found to inter-
act with a very large number of native defects as well as impurities in
many semiconductors. The reasons for this unusual behavior are not
well understood, but the following three experimental facts are of
great help in the formulation of a consistent picture of the physics
and chemistry of hydrogen in semiconductors. First, it is well estab-
lished that hydrogen is a rapidly diffusing, interstitial impurity in
Ge [1] and Si [2]. At high temperatures, where the thermal energy
exceeds the binding energies between hydrogen and defects or impuri-
ties, accurdte, reproducible diffusion and solubility data have been
obtained for germanium and silicon. Second, the solubility of hydrogen
in germanium and silicon 1is surprisingly small, reaching -~ 1015cm—3
near the melting point [3]. Again, this Tlow solubility indicates that
hydrogen does not interact (e.g. bind) strongly with the perfect semi-
conductor lattice. Third, this small solubility or reactivity with the
perfect lattice 1is sharply contrasted by a very strong' tendency of
hydrogen to form impurity complexes [4]. This rich spectrum of reac-
tions has led to a host of experimental results, some of which are very
well understood while others are still most confusing.

The major driving force in the discovery and understanding of
hydrogen-related complexes was the development of ultra-pure germanium
used for large-volume gamma-ray detectors [5]. Single crystals of up

to several kg weight and net-impurity concentrations 5,1010 cm"3

12 Ge atoms!) are usually

(one electrically active impurity in 4 x 10
grown in a pure hydrogen atmosphere [6]. Attempts to use different
ambients have never Tled to useful crystals. Detectors made from such
crystals exhibit imperfect charge collection which leads to asymmetric
and broadened gamma—}ay peaks.

The high sensitivity of the net dopant concentration of the
ultra-pure crystals to quite moderate heat treatments (T < 450°C) was
explained, after an intensive search, with a number of hydrogen-related
impurity complexes which form shallow energy levels™ in the bandgap.
Systematic studies in ujtra—pure germanium have prompted the discovery

of over twenty different electrically active complexes. The discussion
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of the structure and composition of these complexes constitutes a major

- part of this review. Earlier reviews [4,7,8] contain complementary

information on crystal growth, shallow level impurity complexes without
hydrogen, and a number of special characterization techniques. Space
limitations do not permit the presentation of all this information here.

More recently, hydrogen has generated a large amount of interest
in the silicon-research-oriented community. This interest is based on
the discovery that both shallow and deep level centers in silicon can
be passivated by exposure to a variety of environments containing
atomic hydrogen. Hydrogen plasmas [9], electrolytic dissociation of
phosphoric acid [10], and polishing with ammonia- or amine-containing
syton [11] all lead to passivation of all elemental group III acceptors
and several deep levels in silicon. Researchers at Siemens were per-
haps the first to observe this effect when they discovered that p-Si
wafers showed a decrease in minority carrier lifetime after exposure to
atomic hydrogen during etching or electrolysis [12]. This lifetime
change disappeared rapidly after annealing for 30 min at the moderate
temperature of 450°C. The more recent studies with amine- or ammonia-
containing syton are most surhrising insofar that passivation of accep-
tors throughout 1 cm thick Si slabs was observed after only tens of
hours of polishing at room temperature. In our opinion, it is likely
that not only hydrogen but also native defects such as interstitial Si
play a role in this special kind of passivation.

The fact that shallow acceptors and some deep level impurities
are fully passivated through hydrogenation makes it difficult to study
the passivation process as well as the final structure and composition
of neutral complexes with sensitive and "high resolution methods. Only
relatively insensitive techniques such as secondary ion mass spectros-
copy (SIMS) and local vibrational mode spectroscopy (LVMS) can be
applied to these studies. In sharp contrast one has been able to use
high resolution infrared spectroscopic techniques to investigate the
electronic states of the large number of electrically active impurity
complexes in germanium. The recent study of the partially-hydrogen-
passivated double acceptor beryllium in silicon [13] gives hope that
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more electrically active centers, short of full passivation, can be
generated and studied in this technically most important semiconductor.

The importance of the role of theory can hardly be overestimated
for the development of a consistent picture of all the hydrogen-related
effects. Whereas theoretical models accurately describe the electronic
structure of tunneling hydrogen centers [14] and of trigonally distort-
ed impurity complexes [15] in germanium and in silicon, only rather
qualitative models havé been proposed for the description of the
neutral complexes. We assume that the results obtained from partially-
passivated complexes can be used in the interpretation of the fully-
passivated centers. Recent cluster calculations have led to very
interesting -results for hydrogen bound to a boron acceptor in silicon
[16]. Contrary to the model which proposes that boron assumes a three-
fold coordinated Tattice position and a hydrogen atom passivates the
nearby dangling silicon bond, these calculations indicate that the
hydrogen forms a partially ionic and partially covalent bond with the
boron acceptor. Such a picture quite naturally relates to the well-
known and understood lithium-acceptor pairing mechanism [17].

An introduction to hydrogen-related effects in semiconductors
would be incomplete without at least a mention of a very interesting
group of experiments using the low mass hydrogen analogues muonium and
pionium. These mesonic atoms can be created by injecting energetic
positive muons or pions which are abundantly created at a number of
meson factories [18] into semiconductors. Though the lifetimes of
these mesons are  short [Tu = 2.2 us, T, = 26 ns], they are
sufficiently long to lead to fully thermalized hydrogen-like atoms.
The results of experimehts with u+ have recently been reviewed [19]
while the n+ experiments have just been started [20]. We hope to
obtain some definite answers regarding the lattice sites of hydrogen
atoms in the pure semiconductor lattice. This would be of great value
because hydrogen may assume such positions, at least transiently,
during diffusion or during drift in an electric field as a proton while
~it does not seem to remain isolated in equilibrium. The limited space
does not permit an extensive discussion of these experiments here but

s



A

-5~

the interested reader is advised to follow the results obtained with
these techniques.

2. EXPERIMENTAL TECHNIQUES
2.1 Standard Methods

Most of the hydrogen-related shallow acceptors and donors have
been discovered and studied in ultra-pure germanium single crystals.
Typical concentrations of electrically active centers in such crystals
are of the order of 1010 cm—3 which corresponds to one acceptor (or
donor) for every 4 x 1012 Ge atoms: The extreme purity reduces the
vast range of semiconductor characterization techniques to a relatively
small number which are sufficiently sensitive. Measurements based on
space charge effects, free carrier transport, and photoconductivity
belong to this group. A special form of the latter technigue which
combines the energy resolutton of infrared spectroscopy with the sensi-

“tivity of photoconductivity deserves a more detailed discussion which
can be found in Chapter 2.3.

Space charge techniques based on capacitance-voltage measure-
ments, both in the DC and pulsed regime, have been extensively used,
mostly for the study of deep levels in ultra-pure crystals. We will
not give further consideration to these techniques in this review
because they are typically not well suited for the study of shallow
levels.

The determination of the free carrier concentration as a function
of temperature using Hall effect, either in the classical or in the van
der Pauw [21] geometry, gives a direct and quantitative measure of the
net-acceptor (NA - ND) or donor (ND - NA) concentration in a
semiconductor sample. The Hall voltages are typically large (tens of
millivolts) and easily measurable because they are inversely propor-
tional to the free carrier concentration which is very small. The
logarithm of the free carrier concentration as a function of the
inverse absolute temperature represents an Arrhenius plot displaying
three distinct regimes. An example of such a plot for a dislocation-
free and a dislocated ultra-pure Ge sample is displayed in Fig. 1. At
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high temperatures (T > 200 K), we observe the intrinsic carrier
regime. The slope of the éurve is proportional to one half of the band
gap energy of Ge (Eg = 700 meV). The constant carrier concentration
extends from 200 K to about 14 K. This long flat plateau corresponding
to |NA - ND | is very typical for ultra-pure crystals. Below 14 K
we observe the shallow level freeze-out regime. The slope in this
regime corresponds to the ionization energy of the shallow levels. The
difference between the dislocation-free and the dislocated Ge samples
which were cut from the same, partially-dislocated single crystal slice
is a deep acceptor level at Ev + 72 meV which freezes out at around
60 K. This acceptor has been ascribed to a divacancy-hydrogen complex
[22]. For a quick determination of [N, - NDI and in the absence of
deep levels, it is sufficient to perform a Hall effect measurement at
one temperature within the constant concentration regime, most conven-
iently at liquid nitrogen temperature (T = 77 K).

Excellent ohmic contacts which do not freeze out at low tempera-
tures are an 1important requirement for all electrical measurements.
They deserve special mention because the very pure crystals are easily
contaminated during high temperature treatments which are sometimes
used in contact formation. The contact formation technique which is
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most reproducible, which does not lead to mechanical stresses, and
which does not. require excessively high temperatures is ion implanta-
tion. A low energy implant (25 to 50 keV) of 1014 to 1015
phosphorus ions per cm2 into a polish-etched, defect-free Ge surface

boron or

followed by thermal annealing for one hour at 350°C in an inert atmos-
phere (N2 or Ar) 1leads to degenerately-doped (metallic) contact
layers which are p- or n-type respectively. Metallization with a few
hundred A of Pd for good adhesion followed by ~ 2000 A of Au completes
the formation of contacts on germanium. The contact formation recipe
for Si differs only in the annealing temperature which has to be
increased to the 600 to 800°C range. Ton implanted contacts are very
shallow (~ few hundred A) reducing the introduction of strain and
making it very easy to form specific patterns which may be required by
a certain measurement technique (e.g. van der Pauw Hall effect).

A less desirable but nevertheless often useful group of low tem-
perature contact formation techniques are based on alloying. Gold
doped with small amounts of Ga or Sb is evaporated on a clean defect-
free surface of a Ge or Si crystal. Upon heating to the eutectic tem-
perature TE’ a liquid phase forms. Further heating to ~ TE +100°C
leads to a semiconductor-material-rich liquid phase. During slow cool-
ing, the semiconductor atoms grow back epitaxially on the underlying
material, incorporating Ga or Sb at the solubility limit. This regrown
layer is heavily doped and forms a low energy barrier for majority car-
riers moving between the pure semiconductor and the metal. In certain
cases, one does not require an intermediate solvent such as Au in the
case just described. For example, it is possible to form p-type con-
tacts directly by alloying with pure In. Standard diffusion techniques
are usually less desirable for the formation of contacts on pure semi-
conductors hecause of the high temperature and the long time require-
ments.

2.2 Electronic States of Shallow, Hydrogenic Levels

The information one can obtain about the shallow levels from var-
iable temperature Hall effect is not accurate enough to allow for the
distinction between group III acceptors or between group V donors.
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Especially in Ge but also to a large degree in Si, the shallow impurity
levels lie within a very narrow energy range and their binding energies
do not deviate much from the values predicted by the effective mass
theory (EMT) for donors [23] or for acceptors [24,25]. Clearly, a high
resolution spectroscopic technique is required to study shallow cen-
ters. In order to comprehend fully the potential of a high resolution
technique, we briefly recall the main properties of shallow levels in
Ge and Si. An excellent review on this topic has been written by
Ramdas and Rodriquez [26].

The effective mass theory describes shallow levels in terms of the
hydrogenic model. An electron is bound to the positive donor core
(e.q. pt + e”) or a hole to a negative acceptor core (e.g., B +
h+). In the simplest approximation, the binding energy E and the
Bohr radius r are given by:

ot sedhz
E=——2—'—2—"", Y'=T_ (1),(2)
2¢e sOTI em*

where ¢ is Ehe relative dielectric constant, eé is the permittivity
of vacuum, m is the effective mass of the bound electron or hole, e
is the charge of the electron, and t is Planck's constant divided by
27. Values for germanium are E =9.81 meV and E

Donor Acceptor ~
11.2 meV, and for silicon they are EDonor = 31.27 meV and
EAcceptor = 33.9 meV. In view of the fact that the multivalley

nature of donors and the valence band degeneracy and split-off band for
acceptors have been neglected, it is surprising how well these values
approximate the experimental1y‘observed values. The major exception is
the Si isocoric acceptor aluminum with an experimentally determined
value of EA] = 70.18 meV [26]. The ca]cu1qtions of Baldereschi and
Lipari [27] which take the Si split-off valence band and wavevector
dependent dielectric screening into account, yield a value

EAcceptor
effective mass formalism describes shallow acceptors and donors very

= 70.5 meV. This excellent agreement shows that the

well indeed.
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Equation 2 gives good estimates of the Bohr radii. We obtain
8ohr (Ge) = 80 A and rBohr (Si) = 35 A. The Targe radii 1ead‘ to
wavefunction overlap already at low impurity concentrations. The con-
sequence is the broadening of bound hole or electron states. In ultra-
pure crystals which constitute the main focus of this review, one can
usually neglect wavefunction overlap.

The effective mass theory can be extended to describe bound
excited states besides the ground state discussed above. The recent
calculations for shallow donors by Broeckx, et al. [28] give excited
states binding energy values which agree to within 0.02 meV with exper-
imentally determined results for p-like quantum states up to quantum
number 6. This extremely good agreement is due in part to the vanish-
ing amplitude of p-wave functions at the impurity core. The s-like
states are strongly affected by the impurity core. A consequence of
this is the splitting of the (1ls) ground state level by the intervalley
coupling in multivalley semiconductors. In Ge we observe a (ls) sing-
let and a (1s) triplet while in Si a (1ls) singlet, a (1ls) doublet, and
a (1s) triplet are found. The triplet and doublet states exhibit
energies very close to the values obtained by EMI while the singlet
states suffer large impurity-specific shifts which can be of the order
of the EMT ground state energy [26].

The bound excited states of shallow acceptors are well described
by the calculations of Baldereschi and Lipari [27]. The theoretical
and experimental values for Ge agree within 0.0l meV and are summarized
in Fig. 2. The agreement for silicon is not quite as perfect
(~ 0.2 meV) but can still be considered very good.

2.3 Photothermal Ionization Spectroscopy (PTIS)

The electronic states spectrum of shalliow levels was explored in
the 1970's by the Purdue group using far infrared absorption spectros-
copy. For Ge, acceptor spectra were reported by Jones and Fisher [29]
and donor spectra by Reuszer and Fisher [30]. The crystals used for
these early studies contained shallow levels at a concentration close
to 1014 cm_3. The linear absorption coefficients for photons with
ground-state-to-bound-excited-state energies are of the order of a few
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inverse c¢m at these concentrations. Reducing the concentration by four
orders of magnitude leads to absorption coefficients which are too
small to result in detectable absorption peaks. Recent absorption mea-
surements [31] have shown that the linear absorption coefficients at
the maximum of the various absorption peaks decrease less than linearly
with the impurity concentration because the peaks become sharper due to
the decrease in wave function overlap. Still, at concentrations close

10 -3
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Lifshits and Nad [32] discovered sharp peaks in photoconductivity
spectra of pure n-type Ge samples. The peaks were located precisely at
photon energies corresponding to ground-state-to-bound-excited-state
transitions of impurity-bound electrons. No increase in photoconduc-
tivity should occur at photon energies short of the full ionization
energy. The process leading to the peaks was interpreted correctly in
terms of a two-step ionization event. The donor electron is excited
from the ground-to-bound-excited state by absorption of a photon (Fig.
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3). The Tlifetime in the excited state is sufficiently long for a
phonon to transport, with finite probability, the electron into the
conduction band. This in turn leads to an increase in conductivity.
Kogan [33] showed that the sensitivity of this two-step ionization
spectroscopy, called photothermal ionization spectroscopy, is to first
order independent of the ihpurity concentration. A simplified argument
for this can be found in the fact that both the dark current as well as
the PTIS signal depend 1linearly on the impurity concentration Tleading
to a concentration-independent ratio. A more detailed study by van den
Steeg, et al. [34] taking into account sample impedance, electronic
noise, amplifier properties, and optical parameters predicts that as
little as 10° cm™>
ultra-pure samples. This 1imit is and will probably remain for some

shallow levels can be detected and identified in

time helow impurity concentrations in real crystals.

The PTIS spectrum depends on the temperature of the crystal. At
very low temperatures, the phonon population is too low for a second
ionization step to occur with finite probability. We observe ihe well-
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known photoconductivity spectrum of an extrinsic photoconductor (Fig.
4a). As temperature increases, we begin to observe PTIS Tlines first
close to the continuum and then further away (Figs. 4b and c). The
warmer the crystal is, the targer is the concentration of phonons which
can lead to the second ionization step required for PTIS. When the
temperature reaches a point at which direct thermal ionization from the
ground state into the band occurs, we begin to reduce rapidly the
number of neutral centers, and the PTIS signal as well as the photocon-
ductive continuum disappear. The crystal is in the constant free-car-
rier regime shown in Fig. 1. The optimum temperature ranges for PTIS
of Ge and Si are 5 - 8 K and 15 - 20 K respectively.
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The excellent sensitivity of PTIS can be combined with the hﬁgh
spectral resolution capability of modern infrared Fourier transform
spectrometers. An example of a spectrum obtained with a p-type ultra-
pure Ge crystal containing the acceptors B, Al, and A(D,C), a
deuterium-carbon complex, is shown in Fig. 5. The narrowest lines are
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~ 11 ueV wide at half height and are fully resolved. Residual strains,
Stark effect due to ionized acceptors and donors, and phonons
contribute to this linewidth, The largest peaks are about 250 times
the root mean square value of the noise. The fact that the continuum
onset 1is barely discernible in the spectrum illustrates the 1large
values of the dipole transition matrix elements for the ground-state-
to-bound-excited-state transitions as compared to ground-state-to-band
transitions. This situation rapidly inverts with increasing depth of
the energy levels. It is quite difficult to obtain a line spectrum of
the neutral copper acceptor which is located at Ev + 44 meV, approxi-
mately four times as deep as shallow hydrogenic acceptors. PTIS is
clearly a shallow level technique.
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¥ i T 1 ¥ T T T 11 T T T
A(D.Cr)_z
1 ! TB u ATHIATT
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3. HYDROGEN-RELATED COMPLEXES
3.1 The Centers A(H,Si), A(H,C), A(VoH), and D(H,0)

Hall [35] discovered a shallow acceptor which appeared to convert
into a shallow donor around room Itemperature upon rapidly quenching
small single crystal pieces of ultra-pure Ge from 425°C. Both centers
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could be annealed out and regenerated with a new quenching cycle. Only
crystals grown in a hydrogen atmosphere from a melt contained in a
silica crucible showed the novel centers. The presence of hydrogen in
the two centers was unambiguously verified using PTIS and the substitu-
tion of hydrogen with deuterium. Both centers showed an isotope-
related shift in their ground state energies. The acceptor hole-
binding energy increased with deuterium by 21 ueV while the donor
electron-binding energy decreased by 51 weV [36]. Experiments with
crystals grown in a mixed D2 + H2 atmosphere showed that each cen-
ter contained precisely one hydrogen atom. The additional materials-
related arguments led to the assignment of a H,Si complex to the rapid
quench acceptor A(H,Si), and of a H,0 complex to the rapid quench donor
D(H,0).

PTIS studies as a function of temperature and of uniaxial stress
revealed a number of unusual properties of A(H,Si) [37] and D(H,0)
[38]. The acceptor gives rise to two series of hydrogenically-spaced
lines originating from a groundstate manifold consisting of at least
two components split by AE = 1.07 meV. Under uniaxial stress, the
lines split significantly less than the elemental accéptor lines. In a
recent high resolution study, Kahn [39] showed that the A(H,Si) lines
split under <111> stresses into two lines with a 3:1 intensity ratio
and a 1:3 energy shift ratio. Crystals grown from a melt contained in
a graphite crucible also contain hydrogen-related acceptor complexes
which were assigned, in full analogy to the A(H,Si) centers, to a H,C
complex. The A(H,C) acceptor behaves like A(H,Si) in every respect but
with a groundstate manifold split by AE = 1.98 meV. The recent find-
ings have led Kahn [15] to propose that the two centers are complexes
which are trigonally distorted along the <111> directions. The observ-
ed uniaxial stress sp]ittind is due to the difference in orientation of
the acceptors oriented randomly along the four <11ll> directions. Three
quarters are aligned along the off-stress axes and 1/4 lies along the
stress direction. This orientational splitting is very different from
the splitting of a degenerate level under an external (or internal)
symmetry-breaking perturbation. The static trigonal distortion, on the

~x
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other hand, is assumed to be the cause for the existence of the two
ground state components. It is modeled with an "internal uniaxial
stress" parallel to a <111> axis of the acceptor complex. This model
serves the sole purpose of obtaining the matrix elements of a pertur-
bation Hamiltonian and is not meant to describe a real physical inter-
nal stress. The description of A(H,Si) and A(H,C) with trigonally dis-
torted complexes distributed evenly among the four <111> orientations
could be tested by aftempting to align the complexes along or away from
the uniaxial stress orientation at high temperature followed by cooling
under applied stress. Such experiments are currently underway.

The model by Kahn can be viewed as a limiting case of a more gén—
eral model which has been proposed by Falicov [14]. This model des-
cribes the hydrogen-containing complexes in terms of a heavy substitu-
tional impurity which binds a hydrogen atom in its vicinity. The rapid
tunneling of the hydrogen between four equivalent real space positions
leads to the recovery of full tetrahedral symmetry and to a rich ground
state multiplet. The tunneling hydrogen model has recently been used
to describe successfully the properties of an. acceptor in silicon con-
sisting of the double acceptor beryllium and hydrogen. It will bé dis-
cussed in some more detail in the following section (3.2).

The donor D(H,0) again has most unusual groundstate properties.
The lines of this donor do not shift within the instrumental resolution
under uniaxial stress in the [111] direction up to a stress value of
about 2 x 108 dyne cm'z. At this stress value a new hydrogenical-
ly-spaced series of Tines appears shifted by 2.78 meV to lower ener-
gies. The zero stress spectrum vanishes at higher stress values (Fig.
6). Stress along the other main crystallographic directions has a sim-
ilar effectlthough the values at which the new spectrum appears are
different. _

Figure 7 shows a schematic picture of the D(H,0) donor. A sub-
stitutional OH+ core tunnels between four equivalent positions. We
can no longer assume a donor electron bound in a static Coulomb field.
The combined nuclear and electronic energy spectrum must be taken into
account. The abrupt change of the ground state energy at a certain
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value indicates a symmetry change from s- to p-like. The group -theo-
retical treatment of the combined electronic-nuclear system has been
performed by Joos, et al. [38]. Their results are presented in Fig.
8. At zero stress the ground state is a fully degenerate quadruplet
( Pl + FS) which splits into a triplet increasing 1in energy
parallel to the three rising off-axis valleys, and a singlet (Al)
following parallel to the decreasing valley in the stress direction.
At the critical stress, a (A3) state crosses the (Al) state and
becomes the ground state. The photon-induced transitions occur now at
energies which are lower by AEi.

An interesting hydrogen-related dcceptor has been discovered in
dislocation-free, hydrogen-grown crystals. Its energy level Tlies at
EV + 72 meV and is too deep to allow PTIS studies. As in the cases
of A(H,Si) and D(H,0), one can vary the concentration of this acceptor
reversibly by appropriate thermal treatments. Systematic annealing
studies [22] have led to the conclusion that the center contains
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Fig. 8. Stress dependence of the various

energies for the D(H,0). (a) The behavior of 0 1 2 3 4
the four conduction-band valleys. (b) The ii

stress dependence of the nuclear states only.

(c) The energy of the fully interacting sys- X8L 802-8178

tem. The stress is applied ‘along [111]. - A1l energies in arbitrary
units. The ionization energy of the complex donor is obtained by sub-
tracting the groundstate energy (c) at a given stress from the sum of
the [111] valley energy (a) and the nuclear energy (b) of the same A
symmetry. The energy difference aE; gives the shift in the spectra
observed between the low stress and the high stress cases of Fig. 6.

hydrogen and most likely a divacancy, i.e., A(VZH). Monovacancies
were excluded because of their very high mobility, and higher order
vacancy complexes would most 1likely result in a number of different
centers with more than one energy level and complicated annealing
behavior. The acceptor A(VZH) has been studied with Hall effect (see
Fig. 1) and deep level transient spectroscopy [40]. No symmetry infor-
mation could be obtained so far and some clever experiments are requir-
ed to arrive at a better understanding. The most important practical
aspect of A(VZH) is that it is an efficient hole trap in gamma radia-
tion detectors, yielding dislocation-free, hydrogen-grown Ge crystals
useless for radiation detector fabrication.
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3.2 The Centers A(Be,H), A(Zn,H), and A(Cu,H»)

The double acceptors formed by substitutional Be and Zn have been
thoroughly studied in Ge by far infrared spectroscopy [41] and photo-
Tuminescence [42,43]. Both centers exhibit ground state splitting due
to hole-hole interaction. A1l energy levels are accurately known. The
triple acceptor Cu has been known for a long time [44]. The shallowest
energy level of natural substitutional Cu has been studied with infra-
red spectroscopy [45]. The deeper levels are known from Hall effect
measurements.

In Ge crystals which we doped in the melt with Be or Zn and which
are grown in a hydrogen or deuterium atmosphere, McMurray, et al. [46]
discovered new hydrogenic shallow acceptors with wunusual ground
states. Upon outdiffusion of the hydrogen at temperatures around
600°C, -the shallow 1levels disappear. It was proposed that the
partially-hydrogen-passivated double acceptor complexes A(Be,H) and
A(Zn,H) form. The A(Be,H) acceptor has two ground state cdmponents
split by 0.5 meV. Uniaxial stress in the <111> direction splits each
line of the two hydrogenic series into two components with 3:1 inten-
sity ratios and 1:3 shifts (Fig. 9). The trigonally distorted impurity
complex model has been successfully used to explain the properties of
the A(Be,H) center. Only one series of 1lines has been found for
A(Zn,H). These lines also split in a 3:1 ratio and it is assumed that
the second groundstate component simply lies too high to be signifi-
cantly populated at typical PTIS temperatures. This explains the
absence of the second line series and suggests that A(Zn,H) is also a
trigonally distorted complex. In contrast to the A(H,Si) and A(H,C)
acceptors in which hydrogen appears as H™, hydrogen effectively sub-
stitutes in the A(Be,H) and A(Zn,H) centers one hole, screening the
doubly charged impurity core by precisely one charge. An intuitively
appealing model for a Be-H complex is the united atom model [47]. The
Be-H complex can be replaced by a boron nucleus which of course forms a
well-known EMT-like acceptor. It would be interesting to learn if
cluster calculations which were performed by Assali and Leite [16] for

it
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fully passivated B-H- complexes in Si would yield useful results for
Be-H centers as well.

Contrary to the static trigonally distorted A(Be,H) centers in
germanium, Muro and Sievers [13] have found a dynamic Be-H acceptor in
Si which displays properties due to tunneling hydrogen. They have

- explored the combined electronic-nuclear hole energy spectrum and have

found all five ground state components predicted by Falicov's model.
The nuclear motion splits each p-like excited state into two compo-
nents. 'A large isotope shift occurs upon the substitution of H with D.
To our knowledge, this is the first dynamic acceptor in Si.

Copper, a substitutional triple acceptor, has been known to form
complexes with hydrogen [48]. Kahn, et al. [49] recently showed that
this complex contains two hydrogen atoms. The character of the ground
state of the single acceptor A(Cu,HZ) changes from a most complicated
manifold, containing at least eleven but probably more components, to a
very simple single groundstate level upon substitution of at least one
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of the hydrogen atoms by its heavier isotopes D or T. This is clearly
shown by the three spectra in Fig. 10. The presence of three groups of
hydrogenic series of lines in the mixed-gas-grown crystal is direct
proof for the participation of two hydrogen atoms in the formation of
these complexes. Kahn [15] and Kahn, et al. [49] have performed exten-
sive studies of the acceptors A(Cu,Hz), A(Cu,D,H), A(Cu,DZ),
A(Cu,H,T), and A(Cu,TZ). They found the groundstate energy to depend
linearly on the reduced mass of the two hydrogen isotopes with the
exception of the A(Cu,HZ) center. This dependence points to dynamic
effects, i.e., motion of the hydrogen atoms. The differences between
the groundstate structures of the A(Cu,HZ) acceptor and the other
centers containing heavier isotopes have been elucidated by the Devon-
shire model ([50]. This model, originally developed for molecular
impufities (e.g., CN) 1in alkalihalide crystals, predicts how the energy
states of a rigid rotor are affected by a crystal potential which

hinders the rotation. A'sufficiently large potential or a small rotor
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inertia can reduce rotation to libration. The rotor can still tunnel
between potential minima. While the rotational energy levels are
widely spaced, the 1librational Tlevels are bunched to a small energy
range. Using the Devonshire model, Kahn was able to explain qualita-
tively the differences between the various A(Cu,X,Y) acceptors.

3.3 Fully Passivated Centers

The literature on hydrogen passivation of shallow and deep level
defects has become voluminous in the past few years. Though the
effects of exposure of a semiconductor to atomic hydrogen in a gas
discharge [9], in an electrolytic cell [10], or in a polishing process
[11] are spectacular, leading in some cases to the disappearance of
practically all the dopants (e.g., 99.99% of the shallow boron accep-
tors in Si can be passivated), the passivation process and the com-
plexes which are formed are not well understood. The main réason for
the poor understanding is the fact that neutral complexes cannot be
investigated with sufficiently sensitive and high resolution tools.

We restrict this review to a brief .summary of experimental find-
ings and mention first attempts at theoretical treatments of what
appears to be going on. Observations of hydrogen-related effects in
silicon date back as far as 1960. Seibt and Zerbst at Siemens reported
on lifetime decreases caused by exposure of p-type Si wafers to atomic
hydrogen [12] though this information never appeared in the published
literature. Haller, et al. [48] studied the formation of Cu-related
complexes in Ge and proposed the formation of electrically active com-
plexes as well as neutral Cu-—H3 complexes. Sah, et al. [51] observed
hydrogen-related passivation of the p-type Si adjacent to the oxide in
MOS devices. Pankove, et al. [9] used a gas discharge H-plasma to show
passivation of shallow acceptors in Si. A large number of experiments
on H passivation of deep levels in Si, Ge, and GaAs were performed by
Pearton, et al. [10,52,53]. The quantitative studies of Johnson [547,
and of Johnson and Moyer [55] indicated that the hydrogen concentration
in p-type Si depends on the local acceptor concentration, an effect
which has been observed for interstitial 1lithium donors [17]. This
impurity concentration 'corre1ation supports ‘H—acﬁeptor pairing in
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contrast to simple compensation of acceptors by donors. Additional
reasons which strongly support passivation by pairing can be found in
the foregoing section on partially-passivated multivalent acceptors and
from the absence of any observations which would indicate that an
interstitial hydrogen donor 1level exists 1in the bandgap. Recently,
Pantelides [56] has attempted to present a unified picture of all the
hydrogen-related experimental observations. He concludes that if
atomic hydrogen produces a donor level in the lower half of the band-
gap, all the experimental data can be explained satisfactorily. If
hydrogen were indeed a deep donor, one would expect to observe unique
electron paramagnetic resonance (EPR) spectra of the unpaired elec-
trons. The absence-of any EPR signals may indicate that the above
assumption is not correct. It is likely that hydrogen molecule (HZ)
formation fully dominates at moderate and Tow temperatures which would
explain the absence of EPR signals. Diffusion studies by Hall [57] in
pure germanium clearly showed a strong deviation of the diffusivity at
low temperataures from the values predicted by high temperature studies
[1]. Formation of H2 was cited as the most probable cause.

Theoretical treatments of the possible structure of H-acceptor
pairs have been performed by DelLeo, et al. [58], and Assali and Leite
[16]. The former group based their calculation on a model of a three-
fold coordinated acceptor and a H-passivated Si bond. The predicted
vibrational frequency of the Si-H bond is in good agreement with exper-
imental observations. Unfortunately there exist no experimental data
on the possible changes of the acceptor local vibrational mode. Such
data would be most useful because they could either confirm or contra-
dict the proposed trigonal symmetry of the passivated acceptor. Fur-
thermore, a significant change in the LMV frequency would be expected.
The model of Assali and Leite is based on H being bound to the accep-
tor. Such a picture is quite similar to the well-known acceptor-
1ithium pairs with the important difference that the latter are assumed
to be bound purely ionically. It becomes clear that much progress is
required before we can claim to understand H passivation.
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4. CONCLUSIONS

We have shown that the simplest atom, hydrogen can form a large
number of complexes with impurities and defects in Si and Ge. The
complexes which lead to energy levels in the bandgap are reasonably
well understood while the neutral complexes require further studies.
From the work in pure Ge, a systematic behavior of hydrogen can be
derived. Acceptors are passivated by H+ ions while isoelectronic
jmpurities such as Si and C bind a H  ion. In the case of the OH
donor, H also appears to play the ro]e2+9f a H  ion bound to the

+ H7).

The unusual electronic structure of the shallow level complexes

doubly-charged positive oxygen impurity (O

can be understood for some cases by invoking a tunneling hydrogen

atom. The rapid tunneling recovers full tetrahedral symmetry of the

combined electronic-nuclear state. Several complexes can be modeled

with trigonally distorted centers distributed randomly along all four

<111> directions. We close this review by listing a number of only

partially answered questions [59,60]:

1) Why do H and C as well as H and Si, electrically inactive
jmpurities, form shallow acceptors?

2) What is the precise nature of the binding forces?

3) Why do H and O form a shallow donor?

4) Oxygen is assumed to occupy a bond-centered position. Why is

OH' at a T, site?

5) OH+ does not form as free molecular ion. Why is it stable in a

Ge matrix?

6) What is the nature of the binding forces in ont?
7) What is the structure of electrically-inactive H-acceptor
comp lexes and what are the binding forces?

We hope to have shown that hydrogen-related complexes present a
number of exciting challenges for theory as well as for experiment.
This field of studies 1is rapidly progressing because of strong
fundamental and applied science interests.
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