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Muonium in InSb: Shallow acceptor versus deep trap or recombination center
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The bound state of a muonium atom has been detected in both n-type and p-type InSb using a high-field
1SR technique. The hyperfine constant obtained for this isotropic center (Ap=2464+1 MHz), roughly half that
of a Mu atom in vacuum, is characteristic of deep level Mu® centers at tetrahedral interstitial sites in other
cubic semiconductors, which typically ionize above 250 K. In contrast, the Mu® signal in InSb begins to
disappear near 20 K, which is more characteristic of ionization of a shallow level impurity. The charge-state
dynamics of Mu in InSb can be understood in terms of the predicted shallow acceptor behavior for H in InSb
versus a deep hole trap or recombination center, rather than as ionization via electron promotion to the

conduction band.
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Electrically active impurities in semiconductors can be
characterized as shallow or deep donors or acceptors, with
the deep-level impurities acting as electron or hole traps or as
recombination centers, depending on relative rates of carrier
capture and ionization processes involving that impurity. Hy-
drogen is a very common impurity in semiconductors, and
has been demonstrated or predicted to take on each of these
roles in one material or another. It is most often a deep-level
compensating defect, meaning that it acts as an acceptor in
n-type materials and as a donor in a p-type host. Hydrogen
occupies different interstitial sites as an ionized donor (H*)
or acceptor (H™), and one of these sites is typically also
home to the lowest energy neutral charge state. The lattice
relaxation (and Coulombic energy in polar semiconductors)
typically makes H a “negative-U” defect with the donor level
H(+/0) lying above the acceptor level H(0/-) in inverted
order, and the neutral charge state is never preferred in ther-
mal equilibrium."? For normal ordering, these thermody-
namic defect levels represent the Fermi energy at which the
dominant equilibrium charge state would change for the do-
nor or acceptor site, respectively.

Hydrogen is often quite mobile in these materials and
reacts with various other impurities or defects, thereby modi-
fying the associated electrical activity of those defects. While
this chemical activity of hydrogen is well studied, it makes
direct observation of the electrical behavior of an isolated
hydrogen impurity extremely difficult. However, extensive
experiments on the very light and short-lived isotope
muonium,>* or Mu, in which a positive muon replaces the
proton, have provided considerable information on the sites,
charge states, and dynamics of the associated carrier capture
and ionization processes in numerous semiconductors where
the equivalent data for hydrogen itself are not available. De-
spite the factor of nine in atomic mass between Mu and H,
any purely electronic property is, for all practical purposes,
identical. Thus the electrical activity obtained for Mu should
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faithfully reproduce that expected for H. In this paper we
report the first observation of a neutral Mu center and its
charge state dynamics in InSb. These results are discussed in
relation to the predicted properties of hydrogen in this
narrow-gap semiconductor and features common to Mu in
other III-V compounds.

Recent theoretical aurguments,5 based on detailed calcula-
tions for a few materials, place the crossover from H* to H™
as the stable state at a common energy level H(+/—) with
respect to vacuum, independent of the host, and provide an
easy method to predict electrical properties of H or Mu. The
band alignments in this reference place the H(+/-) level
within the valence band of InSb, and thus predict that H
should be a shallow acceptor in this material. If one accepts
that H(+/-) is universal, then a similar conclusion can be
drawn from earlier and slightly different results for valence
band offsets in I1I-V and II-VI compounds® and the calcu-
lated position of H(+/-) in several oxides.” Similar argu-
ments successfully predict shallow donor behavior of Mu
where theory has H(+/—) conduction-band resonant, as for
InN.3

In a muon spin rotation (u*SR) experiment, the time-
dependent spin polarization of positive muons stopped in the
sample is revealed in a spectrum accumulated from many
individual p* decay events. As the 4 MeV muon slows to
about 10 keV, inelastic u* scattering produces mainly
atomic excitations and ionizations. At lower energies, collec-
tive excitations and charge exchange become important. In
semiconductors, the u* can pick up an e~ to form a Mu atom
which then interacts with the host material as would an H
atom. The muon can thermalize as either a neutral Mu atom
(prompt formation of Mu®) or a positive ion (Mu*), leaving
behind an ionization track of liberated electrons and holes.
An electron from this track may subsequently reach the
prompt Mu* and form Mu® within the time range of a u*SR
experiment’ (delayed formation of Mu®).
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In covalent diamond or zincblende structured semicon-
ductors, a bond-centered (BC) site is the stable location for
Mu*!? and the largest interstitial “cage” region of the lattice,
the T site, is the stable location for a Mu~ ionic center.!! Both
locations can support a neutral center; when it is seen, MugC
is normally the lowest energy neutral state.'> The charge
state properties make the T site the Mu acceptor location and
the BC site the preferred location for a Mu donor. For more
ionic zincblende compounds, the two inequivalent T sites
can separately take on donor and acceptor characteristics: Tyy
with anion nearest neighbors becomes the acceptor site, and
Ty with cation neighbors may provide a second (meta)stable
donor location.

Investigations of the Mu® formation processes in Si,'?
GaAs,'*!> and GaP,'® using an applied electric field to
modify the capture of track electrons by the stopped w™,
demonstrate that Mul). is formed initially as an intermediate
state in which the electron is very weakly bound, whereas
Mu(% is probably formed epithermally. Vastly different hyper-
fine interactions allow easy identification of the T and BC
Mu’ centers in spin precession spectra, while Muj; and Muy
yield indistinguishable (diamagnetic) precession signals.

The muonium hyperfine frequency A is a measure of the
electron spin density at the muon which provides informa-
tion on the electronic structure of the Mu® center. The Mu}
center is essentially a trapped atom and has an isotropic hy-
perfine interaction with a hyperfine frequency At about half
that of a free Mu atom in vacuum (A,=4463 MHz). The
MU%C center has reacted with the host lattice and has a small
anisotropic hyperfine interaction oriented along the (111)
bond directions (Agc~Ay/50). In many semiconductors,
both centers are associated with energy levels lying quite
deep in the gap. In Si, for instance, Mu%C occupies a donor
level at E.—0.21eV based on observed ionization
dynamics.!” The singly occupied energy level for Mu% lies
much lower, putting a T-site donor level deep in the valence
band. The binding energy of the second electron (Muy) is
much less and often puts the T-site acceptor level in the gap.
In n-type Si, an observed rapid, electron exchange cycle be-
tween Muy and Mu{. places the T(0/-) acceptor level near
mid-gap.'® In n-type GaAs, Muy functions as a recombina-
tion center,'® rather than as either an electron or hole trap.
For the narrow-gap semiconductor InSb, one would not an-
ticipate that any deep muonium level should fall within the
band gap, especially given the theoretical prediction of shal-
low acceptor behavior.

Time-differential uSR experiments were performed at
high magnetic fields (up to 7 T) on the M15 surface muon
channel at TRIUMF using the HiTime apparatus. The data
were recorded with a nominal time-bin resolution of 50 ps;
the actual time resolution for this spectrometer is ~150 ps.
We studied two InSb crystals, both well compensated by the
addition of ~10' cm™ Zn impurities; one was slightly »
type and the other slightly p type at net concentrations of
approximately 10'> cm™.

For a static Mu atom in III-V compounds, determination
of the hyperfine frequency requires a strong magnetic field in
order to decouple the electron spin from nuclear magnetic
moments. Our high-field experiments on n- and p-type InSb
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Muonium in InSb at 2.3 K
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FIG. 1. (Color online) Magnetic field dependences of the para-
magnetic Mu frequencies (|v,|: circles and v4: triangles) and the
diamagnetic frequency (squares) in 10'> cm™ n-type InSb at 2.3 K.
Solid lines for the Mu® frequencies represent a fit assuming an
isotropic hyperfine interaction.

reveal several signals which correspond to a paramagnetic
muonium state (Mu®) and a diamagnetic state (either Mu* or
Mu™). To the best of our knowledge, this is the first observa-
tion of a neutral muonium center in InSb; previous
measurements® showed no paramagnetic center(s).

Figure 1 shows the magnetic field dependences of the
Mu® spin precession frequencies |v;,| and vs,, which in high
field correspond to muon spin flips with the Mu® electron
spin “down” and “up,” respectively, along with the diamag-
netic frequency, which is taken to be positive. At the highest
fields (above 5 T) the amplitude of the vy, signal becomes
too small to follow above about 2 GHz. Fitting these fre-
quencies to the Breit-Rabi Hamiltonian shows that the para-
magnetic spectrum at 2.3 K corresponds to a Mu, center
with an isotropic hyperfine interaction A=2464+1 MHz. Al-
though not investigated to the same extent, identical spectra
are present with similar intensities in the p-type InSb sample.

The large measured value of the hyperfine interaction is
characteristic of Mu$ as observed in other III-V semiconduc-
tors, such as GaAs and GaP, and in group-IV semiconductors
Si, Ge, and C (diamond).? Such a large value of A is strong
evidence for a highly localized Mu® center: the mean radius
of the electronic wave function is typical of an ordinary iso-
lated Mu atom trapped in a solid. We therefore propose a
T-site assignment based on behavior common to other cubic
semiconductors.

The electron binding energy of such a Mu center is quite
large; thus its 1s' energy level must lie deep below the con-
duction band minimum, a rough estimate being ~1 eV.?"
Such a high value does not allow this level to be accommo-
dated within the extremely narrow gap of InSb (0.24 eV at
80 K). Then one has to accept that this energy level lies deep
in the valence band.

Figure 2 shows the temperature dependence of the disap-
pearance rate T;l of the paramagnetic signal in InSb at 3 T.
Above about 60 K no Mu® signal was detectable. Within
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FIG. 2. (Color online) Temperature dependence of the exponen-
tial relaxation rate of the Mu® signal in n-InSb (circles) and
p-InSb (squares) in a transverse magnetic field of 3 T.

statistical uncertainties, n-type and p-type samples have the
same 7;1 at the same 7. Although the apparent relaxation
peak near 20 K suggests that more than one process may
contribute, the progressive increase in T;l with increasing
temperature suggests that 7, is simply the lifetime of the
Mu(% state.

In other semiconductors, the highly localized Mu® centers
disappear above 250 K; our experiments show that the Mug
signal in InSb starts to disappear at about 20 K. This tem-
perature is more typical of thermal ionization of the shallow
donor Mu® states observed in several compounds,21 which
are characterized by extremely small hyperfine constants
(A~107%4).

Fitting TEI(T) to a simple Arrhenius law yields an activa-
tion energy E,=6.5+1.3 meV, equivalent to kg7 at 75 K.
Neither this E, nor the temperature range for Mu® disappear-
ance in InSb are consistent with thermal ionization of an
atomic-like Mu® center, as discussed above. The most
straightforward explanation for this transition, based on com-
mon features for Mu in III-V compounds, would be thermal
promotion of an electron out of the valence band onto the
Mury impurity to form Mu. This is equivalent to hole ion-
ization as expected for a shallow acceptor, and thus would
seem to be consistent with theoretical predictions.’ However,
the situation is not that simple. The difficulty is that the large
hyperfine constant implies a highly localized atomic-like
Mu®, and is not consistent with an effective-mass shallow
acceptor.

If the above interpretation involving A* ionization of an
atomic-like Mu(T) is correct, the fact that the Mu® signal dis-
appears at low temperature implies that the acceptor level for
a localized Mu impurity happens to fall just above the
valence-band edge in InSb. This situation is depicted in Fig.
3(a).

Alternatively, if the shallow-acceptor prediction® is cor-
rect, the energy level for the Mu7 1s? configuration has to be
below the top of the valence band, as in Fig. 3(b). The ob-
served atomic-like Mu{ then requires an /* in this valence
band-resonant localized level. In order to form the predicted
shallow-acceptor level for Ay, the muonium defect needs to
be in its negative charge state; the localized Muy is equiva-
lent to the ionized shallow acceptor Ay;,. The only way to
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FIG. 3. Energy levels for Mur (a) as a deep defect or (b) with a
shallow-acceptor (Ayg,) ground state. Electron (hole) occupancies
are shown for each charge state.

directly obtain the neutral shallow acceptor AOMu from the
observed Mu} is for the /1* to transfer from the Mu 15 level
to the weakly bound state associated with the shallow accep-
tor. This weakly bound 4* implies that Ay, should have a
hyperfine constant <10~ times the value observed experi-
mentally.

One should, however, keep in mind an important differ-
ence between the ways hydrogen and muonium are intro-
duced into the sample and then detected. Hydrogen is typi-
cally introduced chemically and has plenty of time to reach
thermodynamic equilibrium. Muonium, by contrast, is
formed during or immediately following high energy w*
implantation?> and only those states reached on the micro-
second time scale of the muon lifetime can be studied. This
circumstance may permit reconciliation of the observed Mu
features with the predicted state by assuming that Mu% may
simply not have had sufficient time to fully thermalize. The
final steps in Mu thermalization would be capture of an e~
from the valence band and localization of Muy into the Ty,
site as Mu~ with the subsequent formation of a shallow Ay,
center with its charge state depending on whether or not the
displaced h* remains bound to Mu™.

An alternative way to form Mu% is for the muon to stop in
a Tg, site as Mu* followed by capture of an e¢~, presumably
through an intermediate weakly bound state in analogy to
Mu$ formation in GaAs and GaP (Refs. 14, 16, and 22). A
technique to distinguish this from prompt Mu® formation is
to apply an electric field; unfortunately, our InSb samples do
not hold even very weak electric fields. Another characteris-
tic feature of this formation process would be an increased
Mu® fraction in a high magnetic field due to electron
freezeout.”> However, both the diamagnetic and Mu® ampli-
tudes in InSb are independent of field up to 7T at T
=2.3 K, consistent with epithermal Mu% formation.

Instead of h* ionization, the disappearance of Mug might
be by carrier capture or by a charge-transfer interaction with
shallow dopants, as has been proposed for GaP.?* Since our
InSb samples contain ~10'> cm™ of both donors and accep-
tors, charge transfer could yield Muy if the interaction were
with either a neutral donor or an ionized acceptor. Binding
energies for shallow donors and Zn acceptors in InSb are <1
and ~10 meV, respectively.?> If the relaxation in Fig. 2 is
treated as carrier capture, then T;l ~Nv,o, where N is the
dopant concentration and v, is a carrier velocity, and one
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obtains a cross section of o~ 10 Az’ reasonably consistent
with such interactions. Given the small gap of InSb, a deep-
level Muy acceptor would act either as a hole trap (in its
dominant negative charge state) or as a recombination center,
depending on exactly where its T(0/-) energy level lies.

In conclusion, we report the observation of a neutral muo-
nium center in the narrow-gap semiconductor InSb. The ob-
served hyperfine interaction implies a deep localized Mu%
state rather than the theoretically predicted shallow Mu ac-
ceptor. Taken at face value, this observation contradicts cur-
rent theory; however, we also present a possible scenario
involving a long-lived, metastable, epithermally formed Mu”
state which may still be consistent with theory. In any event,
the existing data on muonium do not support the prediction
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of shallow acceptor properties for hydrogen in InSb. We dis-
cuss several possible mechanisms for the low-temperature
disappearance of the observed deep Mu% state in addition to
hole ionization. Additional experiments on the charge dy-
namics for Mu centers in InSb may resolve the question of
whether the Mu isotope of hydrogen eventually forms the
predicted shallow acceptor ground state, or if it remains a
deep hole trap or recombination center.
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