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Muonium dynamics in semiconductors

By R. L. LicHTI
Physics Department, Texas Tech University, Lubbock, Texas 79409, U.S.A.

Investigations of the dynamics of muonium transitions in semiconductors using
RF-USR and longitudinal depolarization measurements are described. Results for
intrinsic and doped Si allow development of an essentially complete model for
the Mu dynamics. Energy barriers are compared with the few available measure-
ments for H in Si. In intrinsic and p-type samples three states, Mu3, Mu$, and
Muj are active and at high temperatures a rapid cycle among all three states
is identified. In n-type samples the Muy state becomes important and numerous
additional transitions become active. Parameters are extracted for seven sepa-
rate transition processes and features associated with several additional ones are
identified. Preliminary data for other materials are also briefly discussed.
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1. Introduction

Hydrogen enters most semiconductors quite easily either during crystal growth or
during various processing steps. It is chemically active in these materials forming
complexes with donor or acceptor dopants and interacting with various other de-
fects to modify electrical and optical properties relevant to device performance.
Understanding the dynamics of hydrogen related reactions in semiconductor ma-
terials is thus very important. However, observation of isolated hydrogen is dif-
ficult and most of the information on isolated H behaviour is from study of
H-related complexes, or inferred from measurements of material properties which
are modified by formation or break up of such complexes. Investigation of the
light short-lived pseudo-isotope muonium Mu= (pu*,e”) has been extremely suc-
cessful in elucidating the structures and static properties of isolated H (Paterson
1988; Kiefl & Estle 1990), and was especially important is helping to establish
the bond-centred site as the lowest energy state for the neutral isolated H defect
centre (Kiefl et al. 1988).

Over the last several years an international collaboration has been investigat-
ing the site and charge-state changes of Mu in semiconductors, concentrating
primarily on silicon. We have used methods with applied fields parallel to the
initial muon polarization, specifically a driven muon-spin-resonance technique
known as RF- SR and longitudinal-field (LF) depolarization measurements, which
are far more sensitive to final states than conventional transverse-field (TF) pusr
techniques due to removal of precessional phase coherence requirements. A com-
bination of RF-usR and LF data on a series of doped Si samples ranging in
concentration from roughly 10'® cm~3 p-type to 10'® cm™2 n-type coupled with
theoretical considerations have allowed development of an essentially complete
dynamic model describing transitions among the various Mu states. We discuss
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the basic features observed in these investigations and our assignments of the
transitions responsible for each. The dynamic parameters we obtain for Mu are
compared to the few analogous measurements for H and the applicability of the
muonium dynamic results to hydrogen behaviour in silicon is assessed. Prelimi-
nary results for other materials are very briefly discussed.

Early TF time-differential (TD) puSR data (Patterson 1988) identified three spec-
tra for positive muons implanted in Si, as well as most other tetrahedrally bonded
semiconductors: an isotropic paramagnetic centre known as Mu, an anisotropic
paramagnetic centre known as Mu* and a non-paramagnetic centre known either
as the diamagnetic or u* signal. Further investigations eventually identified the
Mu* signal as arising from a neutral defect with the u* residing at the centre
of a stretched bond (Kiefl et al. 1988; Estle et al. 1986, 1987; Estreicher 1987).
The unpaired e~ is in a non-bonding orbital with most of the spin density on the
two nearest neighbours. This is the lower energy state of the two neutral centres
in Si. The metastable neutral, the isotropic Mu state, is rapidly diffusing among
the tetrahedral interstitial regions in the lattice. The diamagnetic state can be
either a bare u* or have two e~ associated with it, i.e. either a Mut or Mu~
ion in chemical terminology. Here we use a notation which identifies both the
site and charge state: thus, Mu is labelled as Mu}. and the Mu* centre becomes
Mu$. Theoretical results imply that the positive charge state will be stable at
the BC-site, Mug, and that the negative ionic state will only occur as a T-site
species, Muy (Myers et al. 1992).

2. Longitudinal depolarization processes

For sufficiently high conduction electron density n., interactions of the Mu®
states with electrons lead to depolarization of the muon spin. Two types of in-
teractions are important and lead to very similar experimental results. At high
temperatures a rapid e~ capture/ionization charge cycle is observed in the LF
data on all semiconductors examined to date (Chow et al. 1993; Lichti et al.
1994a). At lower temperatures spin-exchange scattering of conduction electrons
from Mu® is observed (Chow et al. 1994b). For either charge or spin exchange, the
muon spin depolarization is a result of random changes in the Mg quantum state
of the neutral muonium centre’s electron which are transmitted to the muon via
hyperfine interactions. The depolarization rates measured in an LF experiment
are specifically sensitive to the charge or spin exchange rates and the hyperfine
frequency of the neutral state involved. A full field and temperature dependence
allows extraction of the appropriate rate parameters and the Mu® hyperfine pa-
rameters.

LF identification of Mu® states. Under conditions of sufficiently slow spin-flip
scattering or charge exchange the field dependence for the two neutral centres is
very different and serves as a quick state identification (Chow et al. 1994b). The
isotropic Mu}. shows a constant rate at low fields and drops off as B~? at high
fields, while the anisotropic Mu$ has a sharp peak at a well defined field given
by Bp = (A, sin® @ + Aj cos? §) /2, where the As are the hyperfine parameters,
Y. is the muon gyromagnetic ratio, and 6 is the angle between the applied field
and the (111) bond axis. At this field the parallel component of the net internal
field goes to zero for Mg = +1/2 leading to maximum mixing of the muon spin
states due to oscillations in the perpendicular effective field.

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 1. Longitudinal depolarization rates as a function of field illustrating features used to
identify the Mu® state. (a) Data from the high-temperature charge cycle in intrinsic Si, charac-
teristic of the isotropic Mu§ state. (b) Data for spin-exchange scattering from Mu%¢ in the N14
sample. The peak is characteristic of an anisotropic centre at slow exchange rates.

Figure 1 displays the field dependent LF relaxation data typical of each of the
Mu® centres. The lower temperature data in figure 16 are for the spin-exchange
scattering process involving Mu%. The high temperature data in figure la are
for the cyclic charge exchange involving Mu$ as the neutral state. The displayed
field dependences identify the Mu® state while the process identification relies
on additional information regarding ionization and capture rates from TFTD and
RF-USR data. For rapid exchange rates compared to the hyperfine frequency both
neutral centres give curves which are qualitatively similar to the isotropic result
at low rates, and a full fit is necessary to make a state identification based solely
on the hyperfine parameter.

The high-temperature charge-exchange cycle. The hyperfine frequency required
to fit the data in figure la, along with similar curves at a few other temperatures
seals the identification of Muf} as the relaxing species in near intrinsic Si (Chow
et al. 1993). Our preliminary fits of these data were based on a two state model
involving a +/0 Mu charge cycle and gave an ionization energy of 0.34(1) eV
with a capture cross section of 2.8(3) x 107'% cm?. Decay positron channelling
data (Simmler et al. 1992). identify only a near-BC site from roughly 270 to
400 K where TFTD pusSR data only show the w signal. Coupled with theory, these
results clearly imply a Mug state at the onset of this charge cycle. One must
conclude that a BC to T site change is necessary just above 400 K in intrinsic Si
for all of these results to be satisfied. The RF results discussed below are consistent
with this conclusion, and the high temperature LF relaxation data are currently
being reexamined with an extended model including more complicated options
combining charge and site changes.

We have examined high-purity Ge and several samples of semi-insulating and
doped GaAs (Lichti et al. 1994a) in addition to both intrinsic (Chow et al. 1993)
and doped (Chow et al. 1994a) silicon. These combined results indicate that the
cyclic charge exchange is definitely an electron exchange process since the onset
temperatures shift with the e~ density. In each of these materials muon depo-
larization due to the charge cycle starts at essentially identical e~ capture rates
(Lichti et al. 1994a). For the intrinsic or semi-insulating materials the onset scales
appropriately with the gap energy, i.e. the wider the gap the higher the charge
cycle onset temperature. In the doped materials the onset shifts to lower tem-

Phil. Trans. R. Soc. Lond. A (1995)


http://rsta.royalsocietypublishing.org/

\
\
8 \
i

a
//\

A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

. \
A \
\

[

y 9

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org
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Muge+2€

Mu§C+e'

Figure 2. Idealized configuration diagram for Mu in silicon: states are Mugs and Muj (right)
and Mu} and Muy (left). Three particles, the u* and two e~, are included. For intrinsic and
p-type samples the second e™ and the Mur state can be ignored.

peratures for n-type and to higher temperatures for p-type at moderate doping
levels. In sufficiently highly doped n-type materials the onsets are suppressed by
nearly 100% occupation of the Mu~ state even to quite high temperatures when
the e~ capture rates are much greater than the ionization rates. Study of mate-
rials other than Si is at a relative early stage and the measurements required to
identify the responsible Mu® states have been scheduled.

3. Dynamic model for Mu in Si

Data from our recent dynamic investigations have been interpreted in terms of
a model which considers transitions among the four possible Mu states: Mu3,
Mu,, Mug, and in n-type materials Muy. Figure 2 is an idealized configuation
diagram which describes this model and defines the various energy parameters.
In labelling transitions and associated parameters we use a sub- or superscript
showing the initial/final site or charge state respectively. We do not consider any
transitions which require a double charge transfer, and eliminate transitions with
obviously higher barriers than competing paths out of a given state. We have used
a three-state theoretical model which yields an analytic solution when important
transitions are included. The more complete four-state model has not yet been
fully worked out; however, we have managed to experimentally determine which of
the ionic states contributes to the diamagnetic signal in most cases. We have used
the simplest rate expressions consistent with our understanding of each process.
For simple ionizations and site changes rates are of the form v = pye #/*T; for
simple carrier capture the rates are v = nvo; and for combined site changes and
carrier capture the cross section is replaced by an activated total-process cross
section o = og exp(—FE/kT).

Thus far we have obtained dynamic parameters associated with seven processes
and identify features associated with an eighth in the RF-usR data. Low tem-
perature LF data have helped sort out the transition assignments, particularly in
the n-type materials. The high temperature cyclic charge exchange leads to loss
of all RF signals and only the onset region is accessible via RF experiments. We
have examined the temperature dependences of the time-integral intensity of the
three SR spectra under RF excitation in a total of ten silicon samples. Several
previous reports presented preliminary results on the near intrinsic and p-type
samples (Lichti et al. 1992; Hitti et al. 1994; Lichti et al. 1994b). For the present

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 3. RF-uSR data for selected p- and n-type Si samples. Features related to each important
transition process are represented. Most quoted parameters are from fits to samples P11 and
N15. Data points are the diamagnetic signal, either Mu;;C or Muy, the dotted line is Mu,
and the dashed curve is Mu%.
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paper discussion of specific data will be limited to only a few the ten samples
actually examined, but will show the general features associated with nearly all
transition processes.

Figure 3 shows the RF-uSR results for four Si samples which together display
all of the relevant features: (a) P11 is p-type with a net doping level of 3.0 x
10" em™3, (b) P13 is doped at 1.0 x 10'® cm™3; while the other two are more
heavily doped n-type samples, (c¢) N14 at 4.9x 10* cm™2, and (d) N15 at 1.5 x
10% cm™2. The fits shown use parameters which yield an overall fit to the whole
series of samples. The relevant parameters are shown in table 1, along with the
associated transition processes. Energies were obtained from P11 and N15 with
prefactors averaged from best fits to individual samples to produce a compromise
fit which is satisfactory across the full doping range. In the n-type samples the
diamagnetic signal is a combination of both the Mu* ionic states and we used
the relative rates for various transitions to assign the dominant ionic state as a
function of temperature. Similar rate comparisons were used to check consistency
of our process assignments. The overall model holds together extremely well, with
only a few isolated crossover regions still preliminary. The following details the
assignment of specific features in both RF-puSR and LF relaxation data. A more
complete description of the RF-uSR experimental techniques and analysis and
discussion of the full data set is being published elsewhere (Kreitzman et al.
1994).

The P11 sample is the most nearly intrinsic one of this set. At low temperatures
the two Mu® states are populated in roughly equal amounts consistent with TFTD
results (Patterson 1988). The step in the diamagnetic signal (data points in the
figure) at 140 K is due to ionization of Mu3 to Mug, as seen at this temperature
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328 R. L. Licht:

Table 1. Transition processes identified for Mu in silicon along with the associated RF-p SR
feature used in fitting and the resulting dynamic parameters

transition process RF feature parameters

BC charge-state transitions:

Mude — Muj + e~ P11 140K  pYf =31x10%s7?
EYF =0.2240.01 eV

Mude + b — Muj, P13 50K oo =2.0x 107" cm?

Muj, + e~ — Mudg N13 opl? =1.0 x 1075 cm?

T charge-state transitions:
Mu$ + e~ — Mug N15 50K o~ =0.8x 1075 cm?
Muy — Mu$ + e~ Ni5 300K (E;’°)

site-change transitions:

Mu3 — Mu3q P11 270K  pf pc = 9.5 x 10" 57}
E}/pc = 0.39 £ 0.04 eV

Mujs +e” — Muf P11 400K oo = 1.2x 107" cm?
Eyly = 0.38+0.06 ¢V
N15 340K  pil0. =3.0x 10" 57!
Eglfy = 0.40 £0.02 eV
Mugc + e~ — Mug N5 200K  ppi,p =16 x 10" 57!
Byl = 0.34 +0.01 eV

interactions with dopants:
Muf + A° - Muj, + A~ P =0
Mu} + D° — Mu; + D" N T=0

in the increase of T, * relaxation rates from the TFTD data. Parameters from the
earlier measurements do a good job simulating this step; however, the present
data provide a complete set of 1ndependent parameters and yield a somewhat
higher ionization energy of Evy = 0. 22(1) eV, which locates the BC(+/0) level
relative to the conduction band edge, compared to 0.17(1) eV from the TFTD
results. Since the parent state is anisotropic the small feature just above 200 K is
also from this process, representing the delayed observation of spin components
perpendicular to the effective local fields. Listed errors are statistical; simulations
suggest that real errors are larger, probably between 10 and 15% for all energies.

The broader step centred around 270 K represents ionization of Mu$ in a two
step process ending with Mug. The rate limiting step is assigned to a Mu} —
Mu site change from the metastable to stable Mu® confguration, which is

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 4. Temperature dependent longitudinal depolarization rates for N14 used to help
identify states and transition processes in n-type Si.

rapidly followed by the thermal promotion of the e~ to the conduction band.
The site-change barrier is found to be Ej zc = 0.39(4) eV. The drop in the RF
diamagnetic intensity starting at about 400 K is the signature of the onset of the
rapid charge exchange process. To fit the steepness of this drop, it was neces-
sary to use an activated capture process implying a combined site change and
e~ capture. This is fully consistent with a RT state of Muj, and an active high-
temperature relaxing state of MuJ. as inferred from the LF data discussed above.
The barrier obtained from P11 for this combined site and charge state transition
is Ejl0, = 0.38(6) eV.

The B-doped p-type samples all show the above features, with the P13 data (fig-
ure 3b) demonstrating additional features at low temperatures related to dopants.
The step at roughly 50 K is due to ionization of the acceptor and subsequent cap-
ture of a hole by Mul¢ to form Muf.. The increased diamagnetic signal at very
low temperatures represents an interaction between the mobile Mu$ and accep-
tors at very short times, perhaps during thermalization of the implanted muon.
Some form of charge exchange reaction either forms Muj, and B~ or a Mu-B
pair if the muon is trapped next to the B-site (Myers et al. 1992). These two
features grow with increasing p-type dopant concentration and the 50 K step ap-
propriately shifts in temperature with the dopant acceptor level energy when Ga
or In replace B. None of the p-type samples show any hint of a Mu™ ionic state
at any temperature.

The Mu dynamics in n-type Si are much more complicated due to the added
Mur state. Here we show two of the more highly doped samples to illustrate the
important features. Below roughly 200 K the Muj,, state is not observed in any of
the n-type samples. This is likely because of depolarization of the BC fraction of
the signal due to spin and/or charge exchange even at rather low e~ densities. In
intrinsic Si the high temperature charge exchange begins when n, reaches roughly
10'® cm~3. Longitudinal relaxation data hold the key to understanding much of
the n-type behaviour. Figure 4 displays the temperature dependent rate constant
for the relaxing component in N14. A peak above RT (not shown) is from the
high temperature cyclic process involving Muj, and Muj.. Below 200 K all of the
relaxing component has been identified as arising from Muf by the observed field
dependence. Note that in N15 the RF signal from this state disappears rapidly
near 50 K as seen in figure 3d.

Combined RF and LF data on N14 provide the following assignments. At 50 K
the P donors ionize and an electron is subsequently captured by Mu3 to form

Phil. Trans. R. Soc. Lond. A (1995)
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Murz in a process strictly analogous to the 50 K step in the p-type samples. Ac-
companying this donor ionization the spin-exchange scattering process causes an
increase in the LF relaxation rate. The field dependence proves that this scattering
is from the Mu$ state which is still present even though the RF- SR signal from
that state is rapidly broadened by the depolarization process and disappears
above 50 K. The thermal ionization of Mu% still occurs just as in the p-type
samples, although perhaps shifted to slightly higher temperatures. It is observed
as an increase in LF relaxation rate around 160 K. The increased depolarization
above the BC ionization temperature is due to a cyclic e~ capture/ionization at
the BC-site switching between Mu;;, and Mu%. Essentially none of the initial
BC fraction is seen in the RF data on N14 between 50 K and 200 K due to these
interactions with conduction electrons. For lighter n-type doping the same trends
are seen, although some portion of the BC signals remain visible in the RF data.
An accurate modelling of these data will require a full treatment of all four Mu
states, including the depolarization and transition processes; which is well beyond
our current analytic three-state model.

Near 200 K in all of the n-type samples a rather abrupt increase is seen in the
diamagnetic intensity. This has been assigned to an activated e~ capture leading
from Mu%. to Mur. Our best data on this process is for N15, where a fit yields
an energy barrier of EBC ¢ = 0.34(1) eV. We have confirmed that the rate for this
path out of Mu} beglns to exceed the depolarization rate from the BC charge
cycle at roughly this temperature. Therefore, above 200 K the initial BC fraction
becomes visible in the diamagnetic RF-uUSR signal as Mur. For N15 and higher
doped samples essentially all of the of the T-site species are in the Mu~ charge
state between 50 and 300 K.

Just above room temperature in N15 the second e~ is thermally promoted to
the conduction band, and the rapid transition rates for processes already dis-
cussed drive the system to Mu;; and then into the high-temperature combined
charge/site cycle. Our present identifications and rate parameters imply that this
cycle is the same for all of our samples. The small dip in the diamagnetic inten-
sity just above 300K in N15 may be due to a 0/— charge cycle at the T-site;
however, this feature overlaps the second anisotropy step from the 200 K BC—T
site change and we have been unable to extract any dynamic information. This
electron loss barrier would give the final energy parameter needed to complete
our dynamic model, the T(0/—) level position below the conduction band edge.
A slightly different dopant concentration or a differently oriented sample may
make this feature accessible, completing the picture. The absence of thermal e~
loss from Mur up to RT implies that the T(0/—) level is quite deep, consistent
with arguments that H and Mu form negative-U centres in Si.

Comparison with hydrogen data. Several measurements on the E3’ DLTS line
(Holm et al. 1991; Bech-Nielsen et al. 1994) and the AA9 EPR centre (Gorelkin-
ski & Nevinnyi 1992; Bech-Nielsen et al. 1994) both assigned to H} provide the
main comparison data between Mu and H dynamics in Si. The E3’ DLTS energy
is 0.164(11) eV (Holm et al. 1991) for the hydrogen BC(+/0) donor level depth.
The corresponding Mu number is 0.168(13) eV from the TFTD data or 0.22(1) eV
from our RF data. The latter error is underestimated based on simulations. Theo-
retical expectations are that strictly electronic energy differences should be nearly
identical for H and Mu.

The other two available comparisons are for the processes we identify as acti-
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vated e~ capture, going from the BC to T site in both cases. The H barriers are
from isochronal annealing studies on a time scale roughly 8 orders of magnitude
longer than the Mu experiments. For the Hf, — HY transition the barrier is
0.44(1) eV from the DLTS work (Holm et al. 1991) and 0.48(4) eV from the EPR,
data (Gorelkinski & Nevinnyi 1992). Our result yields Ej/).. = 0.40(2) eV from a
fit to the high-temperature charge-cycle onset in N15 and 38(6) eV for the same
feature in P11. This energy difference is in the direction expected for site changes
when one takes into account the larger klnetlc energy of the muon compared to
a proton. The other energy obtained is EBC = 0.34(1) eV from the 200 K step
in N15. The comparable H}, — Hy barrier is 0.293(3) eV for 'H and 0.30(1) eV
for ?H from the DLTS annealing curves (Holm et al. 1991). We expect the Mu
result to be somewhat too high because the depolarization processes will skew
the RF data; thus, again these numbers appear to be in reasonable agreement.
Considering the expected differences and the experimental complications, this
comparison strongly suggests that experiments on muonium dynamics in semi-
conductors can yield a very good model for isolated hydrogen behaviour. Given
the difficulty in directly observing isolated H impurities, the Mu results should be
highly relevant to anyone trying to model hydrogen diffusion and passivation or
dissociation reactions. At the very least, the muonium data strongly imply that
models which assume a single H state in most situations need to be reexamined
since a complicated set of site and charge-state transitions are active on quite
short time scales compared with any of the H experiments.

4. Preliminary data for GaAs

We have examined several n-type GaAs samples in low longitudinal fields to
measure the depolarization rates. These samples show a considerable amount of
sample dependence which appears to go beyond what may be expected from con-
centration differences. Intrinsic defects and various compensating impurities are
quite likely active in these samples, interacting with each other and muonium.
Nevertheless, a considerable amount of information can be gleaned from these
preliminary data, always with the understanding that some of the features may
move around or disappear in similar samples. Figure 5 shows the LF relaxation
rates in a particularly clean sample where the features appear to correspond
to earlier TFTD data. This is a GaAs(Si) sample doped at about 3 x 10'® cm™2
which is well below the metallic level. These data were fit as two components,
one relaxing and the other non-relaxing. In general any ionic charge state will be
non-relaxing and the T-site neutral should relax much more rapidly than the BC
counterpart because of the difference in hyperfine parameters. The peak in rate
constant near 600 K is assigned to the high-temperature charge cycle, although
the states involved have not been identified. The onset is slightly shifted down-
ward in temperature from earlier data obtained in semi-insulating GaAs (Lichti
et al. 1994a) again confirming an electron exchange process. The lower temper-
ature data show a change in rate centred around 200 K. This is accompanied
by an amplitude change from the non-relaxing to relaxing components, which is
strongly suggestive of a transition into the T site. This would be consistent with
theoretical results which place the T-site with Ga near neighbours as the neutral
ground state in GaAs (Myers et al. 1992). Two other features in the amplitudes
(not shown) appear consistent with other knowledge of Mu behaviour in GaAs:
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Figure 5. Temperature dependent longitudinal depolarization rates for the relaxing fraction in
n-type GaAs(Si) doped at approximately 10'° cm™2.

a small peak in the non-relaxing amplitude occurs near the Mu9 ionization as
seen around 250 K in TFTD data (Patterson 1988), and below 40 K there is a large
transfer from non-relaxing to the relaxing component fully consistent with ioniza-
tion of the shallow Si donors. Considerably more work is required in GaAs before
state identifications are verified and sample dependent aspects of Mu dynamics
are sorted out.

The motional stability of both Mut and Mu~ have been studied in metallic
n-type samples of GaAs(Si), GaAs(Te) and in p-type GaAs(Zn). Preliminary
results indicate that Mu~ is very stable and does not show motional narrowing
until roughly 500 K, while Mu™ shows motion begining at about 200 K. In the
case of Mu™, which should be in a near BC position but more strongly bound
to one host atom (Myers et al. 1992) the motion is most likely local hopping
among the four equivalent bonds around a common central atom. There is some
indication of additional motion for Mu™ in the neighbourhood of 500 K, which is
most likely global diffusion. Additional data will be required to extract accurate
barriers in each case. The trends observed in GaAs appear to be consistent with
theoretical results and the changes in stability of various sites due to the partial
ionicity of the GaAs host material. Investigations of trends with IT1I-V ionicity
would help clarify these effects.

5. Conclusions

Investigations of the dynamics of Mu in silicon are nearing completion and
have led to an essentially complete dynamic model involving all four states ex-
pected to play any role. The energy parameters obtained from our RF-usSR and
longitudinal depolarization studies of intrinsic and doped Si compare quite favor-
ably with the few existing analogous numbers for hydrogen. The overall model
developed from the muonium work should be applicable to hydrogen dynamics
when zero-point kinetic energy effects are properly taken into account. The model
we have developed also provides a basis for evaluating developing theoretical ef-
forts to treat dynamic processes involving impurities in semiconductors. Because
the muonium data imply that a quite complicated series of site and charge-state
changes are active, especially in n-type materials, models of hydrogen diffusive
behaviour which assume a single active state should be reexamined. Preliminary
data for GaAs suggest that the dynamics of Mu in several other materials may
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also be unravelled by drawing on the success of the Si work and differences in
theoretically expected behaviour.

This work has been supported by the Robert A. Welch Foundation and grants for U.S./European
collaboration from NATO and the U.S. National Science Foundation.
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