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of the Drift Mobility and Lifetime*

R. C. Hughes
Sandia Labovatovies, Albuquevque, New Mexico 87115
(Received 13 April 1973)

A report of the first direct measurement of the drift velocity of excess electrons is
given as a function of applied field in amorphous SiO, using a transit-time technique. The
drift mobility is found to be 20 +3 cm?/V sec at 300 K, the highest known for a solid amor-
phous material, and it decreases with increasing temperature. These results can be ex-
plained by a model involving LO phonon scattering at high temperatures and boundary

scattering at lower temperatures.

Charge transport in quartz has been of interest
because of its well-known dielectric and piezo-
electric properties. Recently, metal-oxide-
semiconductor devices employing amorphous
SiO, as the insulator have been the subject of in-
tense study;! in addition, quartz oscillators and
piezoelectric gauges both display phenomena as-
sociated with the charge transport due to dielec-
tric breakdown or ionizing radiation.? Many at-
tempts have been made to measure the transport
properties.®® Photocurrents due to photoemis-
sion from metals and semiconductors and direct
excitation across the quartz band gap have been
observed,! but never with the time resolution
needed to separate the lifetime, recombination
kinetics, and mobility of the carriers as separate
parameters. This lack of experimental resolu-
tion has lead to several erroneous conclusions
about the temperature and field dependence of
all three transport parameters.” By exciting
electron-hole pairs with a very short pulse (3
nsec half width) of high-energy x rays, we have
been able to measure the electron lifetime and
at high electric fields the transit time of elec-
trons across 200-um-thick samples.

The fused quartz employed in the experiments
was Suprasil II (Amersil, Inc.) which has a very
low metal-ion concentration. Evaporated Al elec-
trodes were used to sandwich the fused-quartz
disks which were inserted in a temperature-con-
trolled vacuum chamber. X rays were generated
from the 600-keV electron pulse from a Febetron
706 and passed through the walls of a screen
room. The high-time-resolution data were ob-
tained using a 1-GHz Tektronix 6045 FET probe
and 7904 oscilloscope. More complete experi-
mental details are published elsewhere.® There
was no difficulty in resolving the carrier lifetime,
which varied from 10 to 14 nsec depending on the
sample, by monitoring the photocurrent after the

x-ray pulse at low-enough fields so that a vanish-
ingly small number of carriers were collected at
the blocking contacts in the carrier lifetime. At
higher fields many carriers could be made to
cross the entire disk, and the photocurrent decay
could be fitted to a simple formula involving the
lifetime and the collection at the Al-quartz inter-
face,

i=neunE[1- (LE/d)t]e™"'T (amps/cm?), (1)

where 7, is the initial (uniform) concentration of
carriers, which was found to be proportional to
the x-ray dose, e is the electronic charge, u is
the carrier mobility in cm?/V sec, E is the ap-
plied field in V/cm, d the crystal thickness, and
7 the carrier lifetime. The drift velocity uE was
found to be linear in electric field between veloc-
ities of 2X10° cm/sec and 1.7X10° cm/sec, giv-
ing a drift mobility at 298 K of 20+ 3 c¢m?2/V sec.
At higher fields the transit time was obscured by
the x-ray pulse width, and at low fields was un-
observable because of the short electron life-
time.

Onnasch,” in his studies of the dc conductivity
of fused quartz under Co® irradiation, claimed
that the drift velocity saturated at 6x10° cm/sec,
the speed of sound in fused quartz. This acousto-
electric effect has been shown to occur in some
semiconductors,® but clearly does not occur in
fused quartz as the direct measurements indicate.
The drift-velocity curve is consistent with the
predictions made by Thornber and Feynman'
and Lynch®® that the drift velocity will not satu-
rate until about 107 cm/sec on the basis of LO
phonon scattering.

The carrier lifetime was found to be indepen-
dent of temperature in the range 110 to 370 K
and independent of field up to about 4x10* V/cm,
where the electron transit time would obscure
the observation of small changes in lifetime.
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Thus Onnasch’s” model for the carrier transport,
in which the lifetime was predicted to have a sub-
stantial increase with both increasing electric
field and temperature, is shown to be untenable.
No charge transport due to holes could be de-
tected, and the trapped holes caused significant
shortening of the electron lifetime due to recom-
bination!! when the accumulated dose to the sam-
ple exceeded about 20 rad. The carrier lifetime
was checked after each high-field shot at a low
field, and the lowest practical dose per shot was
used to avoid any distortion of the data; the sam-
ples could be annealed by uv photoemission of
electrons from the Al electrode into the bulk.?!

Perhaps the most interesting result in terms
of understanding the transport process is the ob-
served temperature dependence of the mobility
shown in Fig. 1. In many materials the intrinsic
drift mobility is masked by trap modulation of
the mobility (i.e., trapping and re-emission of
the carrier) or impurity scattering, which always
give drift mobilities which are lower than the in-
trinsic value. Trap modulation displays a sharp-
ly increasing mobility with increasing tempera-
ture because of the increased probability of emis-
sion from a trap at higher temperatures. How-
ever, the data in Fig. 1 show a very clear de-
crease in the mobility with increasing tempera-
ture, which is suggestive of intrinsic processes
involving phonon scattering.

There have been a number of treatments of the
effect of LO phonon scattering in polar crystals
on the electron mobility.**?"* The different ap-
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FIG. 1. Temperature dependence of the electron drift
mobility. Solid line, from the Thornber-Feynman theo~
ry of electron scattering from LO phonons. The arrow
indicates the Debye temperature 6;n.
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proaches have been summarized and applied to
amorphous SiO, by Lynch,® who found that in spite
of a wide variety of theoretical approaches to the
problem, the predictions of the mobility, for
drift velocities giving electron energies below

the LO-mode energy, came out much the same.
The mobility reflects the energy of the phonon
mode 7w,, the electron-lattice coupling constant
«, and the electron effective mass m,:

_tr 1e 3kT @)
“om, akw, Zﬁw,eXp<kT : )

Lynch has calculated u for each of the measured
LO modes in quartz, and found an overall mobili-
ty of 32 cm?/V sec from Eq. (2) at 300 K, assum-
ing an effective electron mass equal to the free
mass. The theoretical curve in Fig. 1is Eq. (2)
with an effective mass of 1.4 and it can be seen
that the agreement is satisfactory for 200 to 400
K; below 200 K another process appears to be
limiting the mobility to about 40 cm?/V sec.

Another vital aspect of the charge-carrier dy-
namics in insulators is the processes which oc-
cur in the generation of the electron-hole pair.
The importance of solid-state radiation detectors
and analyzers has led to much work in defining
the way in which the energy deposited by the ion-
izing radiation is distributed in the lattice. Ex-
tensive experimental data on intrinsic semicon-
ductors (very high mobility) has borne out the
theoretical prediction?® that the energy required
to create an electron-hole pair is roughly W(eV)
=1 eV +3X (band gap), which for the large band
gap in 8i0,! (~9 eV) would be about 28 eV per
electron-hole pair. Because of the blocking con-
tacts the carrier yield is reflected in the total
charge observed in the external circuit [i.e., the
integral of Eq. (1)]. From Eq. (1) the total charge
collected should be?®

Q =noed—:§ [1 +§exp(—§>~§}(€/cm2), 3)
where ¥ is defined as the product u7E, some-
times called the range of the carrier. Because

u and 7 have been determined independently from
the experiment, the charge measurement as a
function of E, given in Fig. 2, reveals the mag-
nitude of n,, the concentration of carriers/rad
(28 eV/carrier translates to 4.5x10* carriers/
cm?3 rad). Attempts to fit the data with Eq. (3)
revealed that at low fields, W (assuming that the
holes contribute no current) was about a factor

of 3.6 greater than the predicted 28 eV, and that
the generation efficiency was increasing with in-
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FIG. 2. The charge collected as a function of applied
field. Dashed line at the top, the charge which would
be collected for long-lifetime electrons assuming 28
eV per electron-hole pair; dot-dashed line, expected
values for the experimentally measured mobility and
lifetime. Solid line through the experimental points,
same as dot-dashed curve but corrected for the field
dependence of the primary yield due to geminate recom-
bination (asymptotically approaches 28 eV per pair at
high fields).

creasing field. A very likely source of this ef-
fect is the geminate recombination of the elec-
tron-hole pairs, which has been shown to be an
important process in the low ionization yield of
high-pressure gases,!® and organic liquids and
solids.®'™!® 1t is thought that geminate recombi-
nation will not occur in high-mobility, high~di-
electric-constant semiconductors because the
mean free path of the carriers is very much
greater than the Coulomb capture radius (Onsag-
er radius).® The carrier mobility (and presum-
ably the mean free path) we have measured in
quartz is higher than in solids, where the exis-
tence of geminate recombination has been de-
monstrated, but since the Coulomb capture ra-
dius 7= 2e?/3¢kT is about 100 A (e=3.8), it is
entirely reasonable that a large number of gemi-
nate pairs will undergo recombination. The solid

line in Fig. 2 is a plot of Eq. (3) corrected for
geminate recombination,?® assuming an initial
electron-hole pair separation of 100 i\, which is
consistent with our observed temperature depen-
dence of the ionization yield. In any case, the
field dependence of the yield is small compared
to that observed in some of the organic systems,?®
where the initial separation is found to be much
smaller.

In summary, we have found that the carrier
mobility in a very pure fused quartz appears to
be dominated only by the strong interactions of
the excess electron with the LO phonons, giving
the highest mobility measured thus far for an
amorphous solid. The amorphous nature of fused
quartz has been the subject of much study, and
recently radial distribution functions for both x-
ray and neutron scattering have indicated that
crystalline order may extend out to 20 A.2! This
is consistent with our observation that the mobil -
ity approaches a value of about 40 cm?/V sec as
the temperature is lowered; a free electron with
a mean free path of about 40 A would exhibit a
mobility of that magnitude. It should be noted
that the temperature dependence of the mobility
can be fit by the random-phase model (RPM)
which predicts a diffusing carrier with the stan-
dard 7! temperature dependence.?? The mobility
is too high for a diffusing polaron,?? but if the
transfer integral J between sites is large enough,
Mott?® predicts that mobilities up to 100 cm?/V
sec can be accomodated in RPM. However, the
same model predicts that there will be many lo-
calized states in the band gap which are not ob-
served in our experiment (the 14-nsec lifetime
should be very long compared with the time it
should take to scatter into the localized states).
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Observation of the Decay K, O utuy
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An experiment performed at the Brookhaven National Laboratory alternating-gradient
synchrotron has yielded six events above negligible background which satisfy criteria

for the decay K '—pu'u”,

The K. ° flux, measured by means of the decay K '—n'*n",

leads to a value for the branching ratio I'(K;"—u*u”)/T(K,— all) = 11x107°,

The decay K,°~ . "u” is expected to occur with
a branching ratio of at least 6 x107°.' This pre-
diction is based on unitarity, the measured K,°
—-yy rate, quantum electrodynamics, and the as-
sumption that contributions from intermediate
states other than K,;° —yy are negligible. Theo-
retical estimates of the maximum interference
possible from other likely intermediate states
do not reduce this lower bound substantially.?
The experiment of Clark et al.,® however, places
an upper limit of 1,810 ° (90% confidence level)
on this decay, a value incompatible with this pre-
diction and difficult to resolve theoretically with-
out introduction of new particles or interaction
mechanisms. The present work was undertaken
as a check of the experimental result of Clark
et al.

The apparatus was situated in a long-lived neu-
tral beam derived from the G-10 internal target
of the Brookhaven National Laboratory alternat-
ing-gradient synchrotron. Three collimators de-
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fined a solid angle of 18 usr at an angle of 4.7° to
the circulating proton beam, 8 radiation lengths
of lead near the first collimator converted y rays
and two sweeping magnets eliminated charged
particles from the beam. The final 13 m of the
beam line, as well as the 6-m decay region,
were evacuated.

K;° decays were detected with a spectrometer
(Fig. 1) employing three X-Y multiwire propor-
tional chambers (MWPC). The chambers (5000
wires altogether) have 2 mm spacing between sig-
nal wires and the left and right halves of the hor-
izontal wires are divided to allow independent
readout. The spectrometer magnet was operated
at 210.6 MeV/c transverse momentum, between
the maximum values possible for pupu and 77 de-
cays. Electrons were detected in an atmosphere-
pressure hydrogen-gas Cherenkov counter with
twelve independent optical sectors. Following
the spectrometer are three walls of heavy con-
crete, total thickness 900 g/cm?, and three



