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The transient: x-ray-induced conductivity in high-purity Union Carbide Al,O, single crystals is reported.
The mobility lifetime product for electrons is much greater than that for holes and consequently the
transport properties of the holes remain obscured. The trapping and detrapping rates for four different
electron traps were determined from the data, including the trapping parameters for substitutional Cr’*.
Even though' the transport is dominated by trapping and detrapping, the high-mobility transport of electrons
was observed in the first few nanoseconds; the mobility was found to be 341 cm?/Vsec independent of
temperature between 100 and 350 K. The magnitude and temperature dependence of the intrinsic mobility
are not in agreement with simple large-polaron theory. It was found that one of the deep traps (not Cr**)
could be filled with an accumulated dose of 2000 rad at 300 K, and that the filling led to an increase of up

to fivefold in the lifetime.

1. INTRODUCTION

“Sapphire” is now a common usage term for very
pure single crystal a-AL,O, which is finding wide-
spread technological uses as an electrical insula-
tor (in silicon-on-sapphire microcircuits, for ex-
ample) and as an optical material. There have
been many investigations!+? of radiation damage to
sapphire, including optical and ESR studies of the
color centers and transient measurements of ther-
moluminescence and thermally stimulated cur-
rents. Radiation damage caused by low linear en-
ergy transfer (LET) ionizing radiation, like x-rays
and electrons, is largely due to the diffusion of
thermal electrons and holes to defects and impur-
ities in the lattice. The purpose of the work pre-
sented here is to describe the behavior of excess
electrons and holes in a wide time frame (107°-
10" sec) after they have been created by ionizing
radiation. Even though the carrier transport is
dominated by trapping at defects and impurities,
the behavior of free carriers is observed in the
first few nanoseconds. I have been able to charac-
terize at least four different electron traps in this
type of sapphire, including the role of the famous
Cr®* substitutional impurity (ruby).?2 The photo-
current behavior is complicated by multiple trap-
ping, which upon analysis gives the trapping and
detrapping rates for the four traps. However,
there is no “dispersive” transport as in pure
amorphous SiO,. In Sec. III, the conductivity as a
function of time and temperature is presented, as
well as time-of-flight experiments for the charge
carriers. Modifications of the trapping behavior
by adding various amounts of Cr®* and filling of
the traps by carriers are described. In Sec. IV
the analysis of the conductivity data in terms of
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trapping and detrapping rates is given. There is
also a comparison of behavior of excess carriers
in sapphire with crystalline and amorphous SiO,.

II. EXPERIMENTAL

The sapphire reported on here is Union Carbide,
Czochralski grown, uv grade. This type of high-
purity sapphire has been developed in response to
the needs of the integrated circuit industry, where
silicon-on-sapphire technology is becoming in-
creasingly important. Impurity concentrations
have been catalogued for this kind of sapphire, and
the Cr®* and Fe®* impurities are found to be in the
few ppm range or less.® Other defects have been
discussed by Crawford and his co-workers.'?
Disks of thicknesses ranging from 250 to 10° ym
and three orientations relative to the ¢ axis (0°,
45°, and 90°) were purchased. Evaportated Al elec-
trodes were used to make plane-parallel capacitor
samples. The samples were mounted in a vacuum
chamber or potted in epoxy to avoid photocurrent
signals due to air ions. The experimental details
have been given elsewhere®'®; the excitation of
electron-hole pairs in the sapphire is by a 3-nsec-
wide x-ray pulse from a Febetron 706.

Changes in experimental technique for these re-
sults include data acquisition by a Tektronix 7912
Transient Digitizer which allows digitizing of the
data in the nanosecond range and subsequent nor-
malization to dose received and other manipula-
tions. In the experiments to determine the sign of
the charge carrier with the largest mobility-life-
time product, a platinum foil was placed in inti-
mate contact with one Al electrode. The high-Z Pt
receives a much higher dose from the same flux of
x rays as the sapphire or evaporated Al layer and
because of electron equilibrium considerations,
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FIG. 1. Log-log plot of the relative conductivity vs
time for a typical sapphire sample at 300 °K. The ap-
plied field and the number of excess carriers are kept
low enough so that all conductivity decays depicted are
due to first-order trapping kinetics. The excitation
pulse is 3x107? sec wide. The error bars reflect the
experimental error in taking the derivative of charge
collection data in the given time ranges.

the layer of sapphire next to the Pt develops a
higher density of electron-hole pairs than in the
bulk of the sample.® The shape of the x-ray spec-
trum from the Febetron 706 is not known accurate-
ly, so even though computer codes are available
for calculating the dose near interfaces, only a
crude estimate was made for the dose distribution
in the sapphire under the asymmetric conditions.
The data identifying the negative carrier as the
major contributor were fairly unambiguous, even
though the relative mobility-lifetime product for
the negative and positive carriers were not de-
termined.

The Cr®** doped samples (i.e., ruby) were also
produced by Union Carbide in the same fashion as
the “pure” sapphire. In the trap-filling experi-
ments the high doses were administered to the
samples by a GE x-ray machine operating at 60
kV.

III. RESULTS

A. Transient conductivity

High-energy x rays produce a nearly uniform
distribution of electrons and holes in the bulk of
the sapphire crystal. The excess conductivity of
these carriers can be measured by their displace-
ment current in an applied field. Figure 1 gives
the conductivity over many orders of magnitude
under conditions which guarantee that no signific-
ant number of carriers is lost by bulk recombina-
tion or sweeping out to the electrodes, and that
there are no space charge induced distortions in
the photocurrent profiles. The decay in the con-
ductivity is then caused solely by first-order
trapping kinetics. There are four distinct regions
in the conductivity curve: (i) a prompt, high-mo-
bility component which decays exponentially with
a time constant of a few nanoseconds over several
orders of magnitude, (ii) and (iii) there are two
plateaus in the conductivity with the higher one de-
caying into the lower with a time constant of about
2X107% sec, and (iv) the conductivity decays, again
exponentially, to levels below our detectibility
with a time constant of a few seconds, at room
temperature. :

The data are suggestive of trap modulation of the
carrier mobility in which there are at least three

TABLE I. Lifetime 73 and mobility data for nine sapphire samples. The cut refers to the
angle of the normal to the sample disk to the c axis of the crystal. The Kees is derived from

transit-time data,

Sample “Cut” T3 at 270 °C (sec) Hegs at 270 °C Kotz Ts (cm2/V)
1 0° . 3.3 2.8 X108 9.2 x10-8
2 0° 4.4 2.3 x10-8 1.01 x 107
3 0° 2.8 3 x108 8.4 x10-3
3 0° 8.52 3 x10-8 2.6 x107
4 45° 3.7 3 x108 | 1.1 x107
4 45° 10 3 x10-8 3 x107
5 45° 5.7 2.1 %108 1.2 x107
6 45° 4.4 2.1x10-8 9.3 x108
6 45° 12,52 2.3 x 108 2.6 x10-7
6 45° 2.1°
7 45° 3.8 1.8 x10-8
7 45° 2252
8 90° 4.8 1.6 x 108 70 %103
9 90° 6.2 1.4x10-8 9 x103
9 90° 202 1.4x108 2.8 x107

23000 rad accumulated dose,

?500 °K anneal after high accumulated dose.
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FIG. 2. Long lifetime 7; as a function of temperature
for three samples. The shortest lifetime curve is for
a sample doped with 6 X10'8 Cr’*. The other two are
nominally pure sapphire.

traps. Two of the traps haverelease rates greater
than 1 sec™®, which create the two plateaus. The
release rate of the third is too low to be detected
at room temperature, but may be observed in
higher-temperature thermally stimulated current
(TSC) experiments and/or thermally stimulated
luminescence (TSL) experiments. Tablel gives
the values for the long-term lifetime (7;) in the
samples that were investigated.

B. Temperature dependence of the conductivity

The prompt part of the conductivity is only very
weakly temperature dependent, while the other
portions are very strongly temperature dependent.
Figure 2 gives 7, as a function of temperature for
three different samples; the longer lifetime sam-
ples are nominally “pure” and the lower is a Cr®*
doped sample. The presence of the same activa-
tion energy, 0.75 eV, for the different samples in-
dicates that the activation energy is found in the
release rate g,, which is independent of the num-
ber of deep traps controlling 7,.
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FIG. 3. Integrated photocurrent at 10° V/cm in the
regime where sweepout of the carriers dominates the
carrier lifetime. The curve designated by the circles
is the data points. The lower curve is taken from data
at much lower fields where the bulk lifetime of the
carriers dominates the photocurrent. The upper solid
line is a fit to the data employing the measured lifetime
and the best-fit sweepout time. The experimental setup
is described in the text, but this data show the special
case where the concentration of electron-hole pairs was
not uniform throughout the bulk of the sample, but was
enhanced near one electrode by a layer of high-Z metal.
Curve (a) was for a negative polarity at the high-density
electrode, and curve (b) was for a positive polarity.
Each curve was normalized to the same x-ray flux.

C. Yield of electron-hole pairs

The number of electron-hole pairs produced by
a given dose of radiation (rad =100 ergs/g) is of
interest because it is much less than expected
from the band-gap energy (about 9 €V in sapphire).
For low applied fields the energy required is 75
+ T eV /(electron-hole pair), which can be com-
pared to 150 eV /(electron-hole pair) for amor-
phous Si0,.” The yield is weakly field dependent,
as expected for geminate recombination, but no
data were taken above 10° V/cm, where I would
expect the yield to increase to the vicinity of 20
eV/(electron-hole pair), as it does in Si0,.” The
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higher dielectric constant in Al,0, over SiO, can
account for the increased yield.

D. Carrier “mobility”

The deep trapping lifetime 7, is long enough so
that a significant fraction of the carriers can be
swept from the bulk of the sample to the elec-
trodes. The effective carrier mobility may be de-
termined from the field and thickness dependence
of the conductivity curves like Fig. 1. Experi-
mentally, only the shape of the final decay is af-
fected at the fields and thickness employed. For
experimental reasons, the integral of the photo-
current is measured and the effective mobility is
obtained by fitting the data to the expression®

- (vl -
- T(—t:— - 1)} , (1)

where ¢, is the sweepout time, which is ¢,=d?/u 4V,
where d is the sample thickness, V is the applied
voltage, and N, is the bulk concentration of car-
riers. The p . obtained from these fits for the
different samples are given in Table I for26°C. It
turns out that the effective mobilities are activated
with the same activation energy as 7,, which means
that the mobility-lifetime product is independent
of temperature within experimental error. It can
be seen from Fig. 1 that this very low mobility is
not the “free” carrier mobility, but is dominated
by the release time from traps, a trap-modulated
mobility. ‘

When electron-hole pairs are created uniformly
in the bulk of the sample it is not possible to tell
from the photocurrent which sign of carrier is
dominating the photocurrent. The detection of
more than one rate of decay as in Fig. 1 might in-
dicate the different fates of the positive and nega-
tive carriers, but cannot predict which is which.

I obtained a qualitative indication that the negative
carrier dominates the transport by introducing an
asymmetry in the concentration of electron-hole
pairs in the sample. This was accomplished by
‘placing a high-Z material behind the back electrode
of the sample, which enhances the dose close to
that side of the sample. Figure 3 displays the ef-
fect of this asymmetry on the shape and magnitude
of the integrated photocurrent. In (a) the high dose
electrode was biased negatively so that excess
electrons would be pushed towards opposite elec-
trode. In (b) the high dose electrode was biased
positively. The larger integrated charge in (a) in-
dicates that more charge is being carried by the
negative carrier, or more precisely, that the mo-
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FIG. 4. Prompt current at two different temperatures,
303 and 110 °K. The shape of the pulse is dominated by
the x~ray pulse, but from the small tail the prompt
trapping lifetime can be estimated to be about 2 x10™°
sec. The lifetime is not noticeably temperature depen-
dent, but the photocurrent at the same dose and field is
down by a factor of 0.75 at 110 °K. The curve designated
by the triangles in the 110 °K data is taken at 10° V/cm,
while the other curve was taken at 4 X10? V/cm. The
peak amplitude of the currents have been normalized to
facilitate inspection of the effect of field on the lifetime.

bility-life time product for electrons is greater
than that for holes.

The high current or “prompt” portion of the con-
ductivity is displayed in more detail in Fig. 4. The
carrier lifetime (most likely electrons) obtained
from this data is not as accurate as those obtained
for single-crystal and amorphous SiO, because the
lifetime is not long compared to the width of the
x-ray pulse. However, comparison of the photo-
currents in Fig. 4 with those from a p-i-n diode
(where the sweepout time of the carriers is much
shorter than 107° sec) indicates that the carrier
lifetime is about 2x107° sec. One crystal (S-2)
showed a 4-nsec lifetime, and an attempt was made
to induce carrier sweepout in that sample at very
high voltages (up to 30 kV across 300 um) by the
method discussed in Ref. 9. Only a weak indication
of sweepout behavior could be found, showing that
the mobility is less than 10 cm?/V sec. The
prompt mobility can be better determined by using
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the long-term sweepout to define the number of
electrons undergoing transport in the crystal after
the pulse (from the mobility-lifetime product).
The ratio of the mobility-~lifetime products for the
prompt portion and the delayed portion, along with
the prompt lifetime give the prompt mobility u,
with no adjustable parameters and no need to know
the dose delivered to the sample. Averaged over
several samples it was found to be 3+1 cm?/V sec,
which is consistent with the sweepout data men-
tioned above.

It can be noted from Fig. 4 that there is almost
no temperature dependence to the prompt portion;
the lifetime stays the same and the number of car-
riers per unit dose is 0.75 of room temperature.
The delayed portions, as is expected from the high
activation energy, are not detectable at 110K.

E. Trap filling experiments

I have found that 7, varies somewhat from sample
to sample even from the same boule, as shown in
Table I. Much larger variations can be produced
by accumulating a moderate x-ray dose in a given
sample. An example of this is given in Fig. 5,
where the sample was exposed in a shorted condi-
tion to a given x-ray dose and the new lifetime
measured. The pulsed lifetime measurements
were carried out with doses of about 0.1 rad, so
that the lifetime is not measurably changed during
the pulsing. From the yield measurements, I know
that 1800 rad of accumulated dose have produced
about 5Xx10% (electron-hole pairs)/cm®. Because
of the fast trapping rates and the low dose rate em-
ployed, very few of these electron-hole pairs will
undergo bulk recombination; therefore, they all

end up in some trap with first-order kinetics. The
shorter lifetime can be restored to a sample by
annealing it at above 500K for a few hours. The
heavily doped Cr®* samples (10'® Cr®**/cm?®) showed
no change in 7, when given the same accumulated
dose.

F. Cr’*-doped samples

In addition to the nominally pure sapphire sam-
ples, three Cr®* doped samples were character-
ized. The effect of Cr®* concentration on the life-
time 7, is shown in Fig. 6.
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FIG. 6. Lifetime T3 as a function of the concentration
of substitutional Cr3*,
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IV. DISCUSSION
A. Trapping kinetics

The transport data presented in the previous
section can be described with a model which has
four different kinds of electron traps, with trap-
ping rates which depend in the usual fashion on
concentration, and release rates which also depend
in the usual fashion (Arrhenius) on temperature.
The presence of two plateaus and well-defined ex-
ponential decays between plateaus tell us that only
two of the four release rates are significant at
room temperature and that they are many orders
of magnitude slower than the trapping rates. The
predicted current versus time curves can be gen-
erated by numerical computer solutions for any
number of trapping and release rates, as shown by
the simulations of the dispersive transport in g-
Si0,, where the variety of events is so great that
the individual plateaus and decays cannot be sep-
arated from one another experimentally. How-
ever, in this case I feel it is informative to give
the analytical solution for two traps and two re-
lease rates and proceed to the simple approxima-
tions which allow the rates to be extracted from
the data.

The trapping rate for each trap will be designated
by %, and the release rate by g,. The differential
equations to be solved are

ans _

7‘_(k1+k2)79+6hn1+q2”2, (2)

dn
—d—tL =kns— qiny, (3)

d
_dl%' =kons— gong , (4)

where n, is the concentration of free carriers, and
n, and n, are the population of the respective traps.
In this solution it is assumed that the trapping rate
k, is not affected by the occupation of the trap,

i.e., the total number of carriers introduced by
the excitation pulse, n,=n,+n, +n,, is much smal-
ler than the concentration of traps. In the trap-
filling experiments described below, this assump-
tion will be removed.

As expected, the solution of these differential
equations for n,(¢), which is always proportional
to the measured conductivity, is a sum of two ex-
ponentials with a final conductivity plateau (i.e.,
steady state) given by

Ny . 1% (5)
7y c ’

where C=k,q, +k,q, + ¢19,. The corresponding
steady-state populations of the traps are given by

ROV U (6)
7 C

and
n2(oo) = kgql . (7)
Ny C

The time-dependent concentration of the traps is
1, (£) = ny(0)=C e -t = Ce™ M4t | (8)
ny(8) = my() ==dye -t = dpe M4t (9)

where the decay rates are given by
At=5[Bx(B?~4CY2], B=k,+ky+q, +q,. (10)

The constants are given by

'Cy = [kyne/ (L= X)CT(C = g1, (11)
Cy =[Rky g/ (A= 2 )CHC = g2), (12)
d, = [kong/ (A= 1.)C ] (gr,~ C), (13)
& = [kyng/ (L, = X )C](C = gyr-) . (14)

Some simple approximations result immediately
from the fact that &,, &, >>¢,, g,: _

(i) The “prompt” decay is just B=k, +k, ~A,.

(ii) The intermediate decay, which is mostly a
reequilibration of trap populations from the trap
with the fast release rate (g,) to the one with the
slow release rate (g,), is

A.=C/B. (10a)

(iii) The ratio of free carriers to trapped in the
first (higher) plateau is then

N $+9=C/B (15)
no B ’
which is proportional to the conductivity.

The four rate constants can now be readily ex-
tracted from the known experimental data (ignor-
ing the final decay, 1/7, =k, +k,, which is much
slower):

(i) B=k, +k,=5X10% sec™® from the prompt decay;
(ii). A.=C/B=500, C=2.5%10" sec™?;
(1i1) 74/ =014/C, 50 g,¢,=2.5%10° sec™?,

which confirms the assumption that %, &, >g¢,, ¢,.
(iv) Then the individual rates ¢, and g, come
from Eq. (15), n,/n,~10"" and are g, =543 sec™,
g, = 4.6 sec™™. ‘
(v) And from C =2.5x10!,

ky=4.6X10° sec™! and k, =4%107 sec™’.

It is seen that trap “1” receives only T of the
carriers and only contributes a measurable amount
to the current because of its fast release rate. It
has occurred to me that the excess current caused
by trap “1” might actually be due to the motion of
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holes, which would not be coupled to the electron
trapping and detrapping rates, It will be difficult
to prove this one way or the other, since the rate
constants can be juggled to fit either case equally
. well. Surface excitation of electron-hole pairs by
low-energy electrons or vacuum ultraviolet light
can potentially distinguish the motion of the elec-
tron from that of the hole. However, the inter-
mediate current accounts for less than 1% of the
total charge measured and thus even if it is due to
holes it will be very hard to distinguish experi-
mentally from the electron signal due to finite
depth of absorption and other experimental uncer-
tainties (the proof that most of the measured cur-
rent is due to electrons has been given in the re-
sults sections from our own asymmetric dose ex-
periments).

Another piece of evidence which indicates that
the intermediate current is electrons and not holes
is that in the experiments with the Cr®** doped
samples, the intermediate current is diminished
along with the prompt and delayed currents, which
is consistent with increasing the magnitude of B,
or sum of the electron trapping rates. Of course,
the Cr®* may be a hole trap as well as (as has been
established) an electron trap, which would again
allow the possibility that the intermediate current
is due to hole motion.

In the subsequent discussion, the effects of trap
“1” will be ignored for simplicity; only a slight
adjustment of the rate constants would be neces-
sary to include it, Now the deep trapping lifetime,
which has been called 7,, becomes B/C, which
simplifies to

To = (by +hy +k,)/[g,(Rs +R,)] sec, (10b)

where &, refers to the deep traps (g, =0) of un-
known structure and &, refers to the Cr®* deep
electron trap (g, =0); it should be noted that 7,
does not just depend on the rate constants for trap-
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ping into the deep traps (k, +%,), but has a crucial
dependence on g, which will show up below in the
Cr3®* concentration dependence of T,.

Another useful approximation is to find the ratio
of the total collected charge at small applied fields
[see Eq. (1)] for the delayed portion to the prompt
portion (an experimental quantity which is fairly
easy to measure for a given sample). This quan-
tity turns out to be k,/(k; +k,). For example, in
sample 1 7, is 3.5 sec at 26°C, and the ratio of the
prompt to the delayed is 1:15. Then ¢,=4.6 sec™
as determined in the other analysis. The param-
eters which fit the data for sample 1 are given in
Table II. -

s

B. Carrier mobility

1. “Intrinsic” mobility

The “intrinsic” mobility of an electron or hole
in defect-free Al,O, will be dominated by electron-
phonon interactions. The computation of the mo-
bility in a crystal-like sapphire, where the elec-
tron-phonon interaction is relatively large, has
presented special difficulties for solid-state theo-
rists.'°!! The field is quite active with much re-
cent effort expended in understanding the electron
mobility in Si0,.* In spite of the differences in
structure, the important optical phonons in ALO,
and SiO, are very similar, probably because Al1-O
bonds and Si-O bonds are similar.’* The various
theoretical approaches to calculating the “large
polaron” mobility have been summarized* and
within a factor of 2 or so predict the magnitude of
the measured mobility in amorphous SiO, (22 +2
c¢m?/V sec at 300 K). All the theories have in com-
mon the dependence of the mobility on the inverse
of the Frohlich polaron coupling constant o and the
temperature dependence of the population of the
longitudinal optical (LO) mode.* In both SiO, and
ALO, there are several LO modes, which in the

TABLE II. Characteristics of the four electron traps identified in the transient conductivity
experiments. Only trap “4” has been associated with a specific impurity, substitutional Cr3*,
k, is the trapping rate which will be proportional to the concentration of the trap and will vary
somewhat from sample to sample; data given are for sample 2. q, is the release rate from
the trap and it is not dependent on concentration, but is exponentially dependent on tempera- -
ture with the activation energy AE; values quoted are for 300 K. [«] is the estimated concen-
tration of the traps for sample 1, and R, is the estimated trap radius from the data fit to a

diffusional model,

Trap k, (secl) g, (sec) [n] (cm=3) R, (cm) AE (eV)

“1” 4 x107 543 ~0.8

o7 4.6 x108 4.6 ~1015 ~5 x 107 0.75

“g 1.5 x 107 <10-10 ~2x1015 ~5x 109 ~1,5 eV?
“47 Cr3* 4,6 x108 <1010 ~3 x1016% 8 x 101 >1.5eVe

2Undoped sample.
b Annealing data.
¢Reference 2.



first approximation can be summed to get the im-
pedence (or inverse of the mobility). This ap-
proach, used by Lynch,'® was successful for SiO,,
so I will base the prediction for Al,0, on just the
ratio of the differences with SiO,. The biggest dif-
ference is the much larger static dielectric con-
stant in ALO;, 9-11 depending on orientation com-
pared with 4 for SiO,. The Frohlich coupling con-
stant can be calculated for each LO mode with the
knowledge of the dielectric function for the materi-
al in the region of the mode energies. The dielec-
tric function has been carefully determined for
sapphire’® and it is found that the strongest cou-
pling is for the mode around 0.06 eV, which is also
low enough in energy to be fairly well populated at
. 300 K. This is very close to the same dominant
mode energy in SiO, and the ratio of polaron cou-
pling constants is roughly 2.7(AL0O,)/1.3(Si0,) =2.
Thus the predicted mobility is about 15 cm?®/V sec,
* which is more than a factor of 2 higher than is
found. Even more disturbing than the low mea-
sured mobility is the lack of strong temperature
dependence, which should be proportional to
exp(0.06 eV /ET). One of the reasons I pursued an
investigation of pure sapphire was to compare it
with the results I had obtained earlier on single-
crystal quartz. In contrast to the high-purity
Supracil 2 (amorphous Si0,), which showed the
high mobility and the proper temperature depen-
dence, the quartz crystals available to me, both
synthetic and'natural, displayed lower mobilities,
about 5 cm?/V sec, and the same lack of tempera-
ture dependence that I report here for sapphire.

It was hoped that the high purity of the sapphire
(quartz cannot be grown by the Czochralski tech-
nique because of a phase change) would lead to the
predicted high mobilities, at least at lower tem-
peratures. As seen in Fig. 4, a mobility of 500,
which would be expected from the large polaron
theory, is not found.

At present I do not have a good explanation for
these results. The lack of temperature dependence
over a wide range presents great difficulties for
any theory of the mobility; the problem is similar
to that in the molecular crystals and the difficul-
ties have been reviewed by Schein.'®* Impurity
scattering can give essentially temperature-inde-
pendent energy loss which adds to that due to pho-
non scattering, but to predict a mobility of 3 cm?/
V sec there would have to be a scattering event in
almost every unit cell and the defect concentration
isobviously not thathigh.!” There is the possibility
of animpurity band which would maintain a tempera-
ture independence by virtue of the ground -state tun-
neling. Normally, impurity band transport insemi-
conductors occurs only at very low temperaturebe-
cause the impurity levels mustbe shallow to maintain
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sufficient wavefunction overlap to give appreciable
tunneling rates; at even80K the carrier transport
occurs by fast thermal excitation out of the impurity
level tothe conductionband and the effect of the im-
purity is just additional scattering.® Thus the im-
purities would have tobe very deep, but still have
sufficient overlap for fast tunneling (rates of at
least 10" hops/sec would be necessary). Also,
the energy levels for an electron in the well would
have to be separated in such a way that thermal
excitation to levels higher in the well (with pre-
sumably faster tunneling rates) would be mini-
mized even at 300 K. To my knowledge, a trapping
site with these characteristics has escaped identi-
fication in other solids.

The mobility in the prompt pulse has not really
been measured directly, as discussed in Sec. IIID.
At low temperatures the delayed sweepouts cannot
be observed, so there is no actual measurement
of the mobility—only the fact that both the mobility
and lifetime are relatively unchanged. In a simple
diffusional trapping model the trapping rate is re-
lated to the carrier mobility, the density-of trap-
ping sites N,, and the trap radius R, by

k,=4mu ¥TN,R,,. (16)

If ., were really independent of temperature, 7
should increase by a factor of 3, which would be
easy to observe and is not observed. If trap “2”
is coulombic, then R, 77!, and u7 can be inde-
pendent of temperature. From the same formula
one predicts that the concentration of these posi-
tively charged traps is about 10'® ¢cm™3 for a R, of
5%1077 ¢m (at 300 K).

2. “Trap-modulated’ mobility

The time-of-flight mobility reported in Table I
is trap modulated in the sense that the transport
still takes place as in the prompt portion but that
the electron spends most of its time in trap “2”.
In this case, the measured mobility is

TR TN X 17

and the 14, variations from sample to sample are
mostly due to.variations in k,, which should be
proportional to the concentration of trap “2”, Al-
though the structure of trap “2” is not yet known,
it is not unlikely that its concentration would be
different even in different cuts from the same
boule since concentration gradients have been
found for other impurities, most notably Cr3+1°
Since the u, are so difficult to measure in the
samples where 7 is less than about 2X1079, it
cannot be said for certain that there is an angular
variation in j., as might be assumed from the first
glance at Table I. It seems fairly certain that the
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anisotropy is not greater than about a factor of 2
in the three directions. .

Some care must be exercised in obtaining y ¢
from time-of-flight data. The transit time must
be kept more than the inverse of the release rate,
1/¢,, or else the transit time will not be inversely
proportional to the applied field. The mobilities
reported here were for transit times of 8 sec or
more, while 1/¢, is 0.2 sec.

The release rate ¢, has an activation energy of
0.75 eV, which is the shallowest trap in this type
of sapphire and has not been observed in previous
TSC or TSL experiments. It is somewhat puzzling
that g, has close to the same activation energy,
which means that as an electron trap its preexpon-
ential must be about 100 times larger than that of
¢,. The significance of this is not understood at
present,

C. Cr3* electron trap

It has been suspected that substitutional Cr®*is
an electron trap in sapphire.! Solid proof of this
is given in Fig. 6, where increased deep trapping
of the electrons is caused by the presence of Cr®*,
The marked nonlinearity of the lifetime on Cr®*
concentration can be understood in terms of the
trapping model. The k&, is defined in terms of the
Cr®* concentration:. k,=S[Cr®*], whereSisacon-
stant, and 7, now becomes

ky + kg +S[Cr3+
T, .

87 (kg +S[Cr®))

The solid line in Fig. 6 is a fit to the data of Eq.
(10c) with g, =4.3 X 108 sec™?, k,=1.5%107 sec™,
and S=8x 107, As the Cr®* concentration gets
large it can be seen from Eq. (10c) that the life-
time asymptotically approaches 1/¢,, and will be-
come independent of the Cr®* concentration. Of
course, the prompt lifetime will continue to depend
on [Cr3*] as more electrons find it rather than trap
“2”, From Eq. (16) the R, for the substitutional
Cr¥* trap can be estimated as R, =8X107'! cm,
which is quite a small trap radius even for a neu-
tral trap.

(10¢)

D. Increased lifetime from trap filling

The reversible change in 7, with accumulated
dose can be understood with an extension of the
trap model to account for the filling of trap “3” by
an accumulation of electron-hole pairs. At room
temperature there is no significant emptying of an
occupied trap. The data of Fig. 5 can be fit by as-
suming that &, goes from 1.5%x107 sec™ to 0 as trap
“3” is filled and that &, remains constant at 4.6
x10° sec™’. The value for k, implies a Cr®** con-
centration of 6 X10'® cm™2 (about 1 ppm) which is
close to the value found for “pure” Union Carbide

sapphire by neutron activation techniques.® The
prediction of the shape of the lifetime as a function
of accumulated dose is more complicated and can
be obtained by a solution to the differential equation
for k, which is proportional to the concentration of
unfilled trap “3” sites, ng—n,, where #J is the con-
centration in the virgin sample. In the steady-
state approximation, with the dose rate constant
and low enough to preclude bulk electron-hole re-
combination, the transcendental function for 3
-ny=xis

Ax/ky +Inx==(GA/k)t + An/ky +100 (18)

where k,= Ax, G is the rate of production of elec-
tron-hole pairs, and ¢ is the elapsed time of ir-
radiation. Gt is the total concentration of electron-
hole pairs. The solid line in Fig. 5 is for A =5
%x107° cm®/sec, and a yield of 3 %102 (electron-
hole pairs)/cm’rad. The # turns out to be about
2x10' c¢m™%, which is more than an order of mag-
nitude lower than the Cr®* concentration. The
same model makes it clear why the lifetime in the
doped Cr3* samples cannot be significantly altered
by accumulated irradiation. The 7, is so domin-
ated by k, that the predicted increase in 7, is only
from 1.17 to 1.35 sec, which is inside the experi-
mental error.

An interesting implication of the trap-filling ex-~
periment is that there is probably a roughly equal
number of positively and negatively charged traps
(with trap “3” being the positively charged ones).
The reason for this conclusion is taken from the
data on Si0O,, where a similar experiment leads to
shorter electron lifetimes.”*?® Careful experiments
show that both electron and hole traps in pure SiO,
(thermally grown on Si) are neutral, so that as
the trapped-hole population builds up, the electron
lifetime is reduced by the high trap radius (mea-
sured to be a coulomb radius) positively charged
sites where the holes are trapped. Thus I specu-
late that the same situation is avoided in sapphire
by having roughly equal numbers of oppositely
charged traps. The radius of trap “3” is found to
be, in the diffusional approximation, 5%107° cm,
which is 60 times bigger than for the neutral Cr3*
trap. However, it is about a factor of 100 smaller
than would be expected for a simple coulomb trap,
like the trapped holes in amorphous SiO,.

An attempt was made to change the value of &,
and/or k, by irradiating the sample at 100K,
checking the k, +%, rate without warming the sam-
ple. No significant change was found up to 10° rad
accumulated dose. )

V. SUMMARY AND CONCLUSIONS

In the study of color centers the dynamics of the
electrons and holes in the original formation of the
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color center are usually not known. This paper
gives the kinetics of the diffusion of the “free”
electron and the trapping and detrapping param-
eters for four separate electron traps. Kinetic in-
formation gives characteristics of the traps which
are not available by other techniques, such as the
very fast trapping and detrapping rates, the num-
ber of traps (from trap filling and doping of Cr3*),
and the trapping radii. Lee and Crawford' have
pointed out that in sapphire much more is known
about hole traps (from EPR and optical studies)
than about the electron traps. I have been able to
separate the Cr3* trap (which was suspected pre-
viously of being an electron trap) from three other
electron traps which are present. . Traps “1” and
“2” will not stay populated at room temperature
but if the samples were irradiated and maintained
at low temperature their EPR or optical proper-
ties might allow a determination of their nature.

There are many possible lattice defects and im-
purities which might be trap “3”. One possibility
would be the Ti** substitutional, which has a net
positive charge. Cox®! has studied crystals which
have been doped with equal amounts of Mg and Ti
and finds that they go in substitutionally as Mg?*
and Ti** centers which charge compensate each
other. When the doped crystals are x rayed, the
holes are trapped at the Mg site and are well char-
acterized by ESR. Cox assumes that the electrons
are trapped at the Ti site but does not provide op-
tical or ESR evidence for this. The ESR spectrum
of holes trapped at Mg sites have not been reported
in the pure Czochralski grown crystals, but analy-
sis® confirms the presence of Mg in a concentra-
tion of a few ppm, and Ti in concentrations of less
than 3 ppm.

In this model of the trap-filling effect, a hole
trapped at a Mg?* site must have a smaller trap-
ping radius for electrons (by more than an order
of magnitude) than the original Ti** site. In the
simple Coulomb trapping model this means that the
charge compensating sites must not be too close
together. For each to act independently as coulomb
trapping sites for electrons or holes they must be
more than 50 A apart (at 300°K). The data show
that the trapping radius is less than that for a sim-
ple Coulomb center and this may be due to the
proximity, on the average, of the charge compen-
sating sites. Of course, this simple model only
considers two kinds of traps, coulomb attractive
with a large radius (about 5X1077 ¢cm at 300 K),
and neutral geometric traps which are neither at-
tractive or repulsive and thus in a random-walk
model have trap radii of ~107% cm. Deep traps
with trap radii much smaller than 1078 cm (like
the Cr®* trap reported here) are common in the
semiconductor literature,'® and the reasons for the

repulsive lip on the trap are not usually under-
stood. Thus I do not believe it is possible to pre-
dict whether an electron trap like Ti** has a larger
radius than a trapped hole at a Mg?* except on the
simple Coulomb model. Predictions of a repulsive
lip on a trap will involve detailed knowledge of the
trapping dynamics (for example, polaron effects).

Trap filling which leads to an increased lifetime
for a species as I have shown for trap “3” is a lit-
tle observed but potentially important phenomenon.
Such trap filling has been proposed as a vital part
of the switching mechanism in amorphous semi-
conductors, where the low mobilities measured in
drift experiments give way to mobilities (and con-
sequently currents) many orders of magnitude
higher if the traps can be filled on a transient ba-
sis.22 This will not work with neutral traps or
traps of only one sign because of space charge and
trap radius problems, described above. Thus the
occurrence of charged traps of both signs and
roughly equal numbers becomes a necessity in the
switching model; a model of charge compensating
defects is a plausible explanation.

An important issue in the discussion of transport
in SiO, has been the formation of small polarons
by holes. The electrons in SiO, exhibit the high,
“large” polaron mobility with lifetimes which seem
dominated by defect trapping rather than small

_polaron formation with nanosecond delay times.

The holes, on the other hand, are low mobility
from very early time, and evidence has been pre-
sented by Hughes and Emin?? that the holes indeed
form small polarons. In sapphire, I have not been
able to distinguish the hole transport in the pres-
ence of the dominating electron transport. Several
kinds of hole traps have been identified, and their -
concentration is in the 1-ppm-or-less range.

Thus, even though one might expect that holes
would form small polarons in ALO, in analogy to
Si0,, I cannot present any definitive evidence from
the data presented here one way or the other. It

is clear from the data that the overall mobility-
lifetime product is much greater for electrons than
holes. Net positive charging of the silicon sapphire
interfacial region has been noted in irradiated sil-
icon-on-sapphire (SOS) integrated circuits and is
consistent with the present results.?
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