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From the time-resolved emissions of the Ti*":Al,0; charge-transfer transition, two types of Ti*" are
found. The temperature-dependent lifetimes of the excited Ti** are well explained by a three-level sys-
tem with a lower triplet excited state and a higher singlet excited state. The trapping of charge carriers
following the charge exchange between Ti and the host is shown by the thermal release of trapped elec-
trons and holes. These are revealed by thermally stimulated conductivity and thermoluminescence. The

possible identities of these traps are discussed.

I. INTRODUCTION

Two types of Ti** ions in Al,0; (locally and nonlocally
charge compensated) are identified optically. The life-
times of the charge-transfer (CT) emission as a function
of temperature are well explained by assuming a triplet
excited state that is in thermal equilibrium with the
higher singlet excited state. From these multiplets, a
correction of 0.1 eV is made to the CT energy threshold
found in part L.!

In part I and Ref. 2, the photochemical products of
Ti-Al,0; charge exchange become observable in the low-
energy region of the photoconductivity spectra. The re-
sults on thermally stimulated conductivity and thermo-
luminescence (TL) obtained here show that this is due to
trapped electrons generated from Ti** photoionization
(PI). In addition, trapped holes originating from the ox-
ide to Ti** charge-transfer (CT) transition are also
detected in TL.

The TL result from V4t Mg?":Al,0; indicates that the
electron traps are not the intrinsic defects of A1,0;. The
result on Ti*t,Mg?*:A1,0; suggests that the hole traps
are the negatively charged compensators for the Ti*t
ions.

II. EXPERIMENT

A. Sample preparation and characterization

The growing conditions and optical characterization of
the crystals are detailed in part I.! It should be men-
tioned here that the two Ti:Al,0; crystals used have very
different relative concentrations of Ti** and Ti** (sample
A contains 2.1X10" em ™3 Ti** and 2.9X10'® cm™3
Ti** while sample B contains 5.9X10'® cm™3 Ti** and
7.3%X10% cm™3 Ti*"). In addition, a thin slice of
Ti,Mg-codoped sapphire (sample C) in which titanium ex-
ists as Ti*t (5X10'"® cm™3) was also studied. Using a
3.1-cm-thick codoped sample, it is found that the concen-
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tration of Ti** in sample Cis <7X 107 cm™3. Also, the
intensity of the IR band (assigned to Ti*-Ti** pairs)
(Ref. 3) peaking at 800 nm is comparable to the d-d ab-

sorption band in the codoped sample.
B. Time-resolved emission and luminescence excitation

Emission at 300 K was excited with 10-ns 240-nm laser
pulses generated from frequency doubling the output of a
Lambda Physik FL 3002 dye laser. The time-resolved
spectra were taken using an ISA DH-10 double mono-
chromator and a Hamamatsu R928 PMT. The signal was
averaged and recorded with a Nicolet 4094C digital oscil-
loscope. The spectral response of the detection system
was measured and corrections were applied. The
Iuminescence excitation spectra were taken at 300 K with
a Perkin Elmer Model LS 50 spectrometer.

C. Thermally stimulated conductivity

The sample was kept between two nickel mesh elec-
trodes, which are insulated from the grounded holder
with two supersil grade quartz plates. The sample holder
was attached to a cold finger. The current was measured
with a Cary 401 vibrating reed electrometer with a typi-
cal noise level of 107 !5 A. Initially, the sample was kept
at 77 K in the presence of an electric field and irradiated
with UV light (230 nm). The charge carriers generated
are trapped downfield. After the irradiation was comp-
leted, the electric field was turned off and the circuit was
grounded through the electrometer. As the temperature
was raised, the depolarization current was recorded. Due
to the dielectric hysteresis of the insulating materials in
the sample holder, there was always some background
signal (sharp peaks between 300 and 320 K). Hence, dark
runs were taken and subtracted from the signal.

D. Thermally stimulated luminescence

The sample was kept at 77 K and irradiated for a
known period of time at different wavelengths (230-470
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nm, bandwidth = 8 nm). Then, the temperature was in-
creased at a rate of about 4 K per min. The signal was
detected by a thermoelectrically cooled RCA C31034
GaAs photomultiplier (PMT). Photon counts were
recorded as a function of temperature. The spectral dis-
tribution of the thermoluminescence peak(s) was obtained
by inserting different cutoff/bandpass filters in front of
the PMT.

For each run, the area under the peak(s) was integrated
with respect to time. Then, it was normalized by the to-
tal number of incident UV photons during the irradia-
tion. When different filters were used, the ratio of signal
with and without the filter was calculated.

III. RESULTS AND DISCUSSION

A. Emission and excitation spectra of Ti**

Figure 1 shows the time-resolved 470-nm emission at
room temperature for sample A excited at 240 nm. The
emission can be resolved into two components with life-
times of about 4 us and 30 us, respectively. Similarly,
sample B showed a very weak 3.5 us and a stronger 35 us
emission. The spectral distribution of the two emitting
components are shown in Fig. 2(a).

The two UV excited blue emissions in Ti:Al,0; were
reported before.*> The fast component was attributed to
Ti’* while the slow component was attributed to Ti**.
We have investigated the 240-nm excited emission from
the Ti,Mg-codoped sapphire (sample C), whose emission
also showed two components with lifetimes similar to
those of the singly doped samples (6 us and 38 us). Thus,
contrary to the previous interpretations in Refs. 4 and 5,
the fast component appears to be related to Ti**. Actu-
ally, from the absorption spectrum in Ref. 5, it can be es-
timated that the concentration of Ti**t is 0.008 mol %
(agrees well with the authors’ reported 0.01 wt. %) but at
the same time, the sample contains a substantial amount
of Ti** (0.02 mol %) that can be the sources of the blue
emissions. In fact, from the two emission bands (410 and
480 nm) of an oxygen annealed 0.03 at. % Ti:AL,O,, it
was suggested that the two bands are due to the isolated
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FIG. 1. Time-resolved 470-nm emission of sample 4 excited
with 240-nm laser pulse at 300 K.
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FIG. 2. (a) The two UV-excited emitting components of the
two Ti:Al,0; samples. The 420- and 460-nm bands shown here
are from sample A4 and sample C, respectively. (b) Lumines-
cence excitation spectra (ordinate axis in arbitrary units) of the
Ti**,Mg?*:Al1,0; sample.

Ti*t and Ti*" associated with the A" vacancy.® The
discussion below provides further support for this argu-
ment.

Quantitatively, at room temperature, the integrated
emission intensity ratios of the fast to the slow com-
ponent are 1/150, 1/9, and 1.2/1 for sample B, sample A4,
and sample C. As the amount of Ti*' increases (from
sample B to sample A4 to sample C), the average distance
between the Ti** and the charge compensator decreases.
As a result, the percentage of locally compensated to
nonlocally compensated Ti*t should increase. Thus,
based on the trend of the integrated intensity ratios, the
slow component and fast components are assigned to the
nonlocally compensated Ti*" and locally compensated
Ti**, respectively. That the lifetimes of the slow com-
ponent in all three samples are almost identical is ex-
plained because these centers are all nonlocally compen-
sated Ti**. The lifetime of the fast component is slightly
different since in the doubly doped samples, Mg}, is the
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charge compensator while in the singly doped samples,
intrinsic defects [most likely the negatively charged
aluminum vacancies, V] (Ref. 7)] are the charge com-
pensators. That the fast component due to the compen-
sated Ti*" emits at the lower-energy range [Fig. 2(a)] is
consistent with its structure: the presence of the negative-
ly charged compensator reduces the charge-transfer
threshold. The oxide ions near the Mg?™" have their elec-
tron orbital energies raised, i.e., there is smaller binding
in the vicinity of the less positively charged Mg?* com-
pared to an AI’Y. It is assumed that Mg?" is at the
nearest-neighbor site of the Ti**. From the 400- and
600-nm emission excitation spectra for the Ti,Mg:Al,0,
sample [Fig. 2(b)], the energy shift is found to be about
2000 cm ™ L,

B. Triplet and singlet charge-transfer states

Based on the emission lifetimes of 30 and 4 us, the os-
cillator strengths, f=1.5/vr, are expected to be
5X 1073 and 3X10~% However, the reported absorption
cross section (28X107'® cm?) for the Ti** absorption
band® leads to an estimated oscillator strength of 0.1.
This discrepancy can be explained by the absorption be-
ing a spin-allowed transition from the

lAlg{[Ti4+(t(2)ge;))’1Alg][oéz—’lAlg]}

ground state to one of the lowest ! T, states, e.g.,
Ty, ([T (135¢]),° T 1[06' 72T, 1} -

The lowest emitting states are the corresponding triplet
states, which explains the relatively slow decay rate at
lower temperature. The decreasing lifetime as tempera-
ture increases for the slow component (for nonlocally
compensated Ti*") is a result of increasing intersystem
crossing rate between the singlet and triplet states. Be-
cause of the large bandwidth, singlet and triplet emissions
are not distinguishable. Figure 3(a) shows the radiative
decay rate of the 420-nm band as a function of tempera-
ture (from Ref. 4). The inset shows the schematic energy
levels for the nonlocally compensated Ti**. N,, N, and
N, are the population in the singlet ground state, the
singlet excited state, and the triplet excited state, respec-
tively. ko and k3, are the radiative decay rate constants
for the singlet and triplet excited states. The rate of non-
radiative intersystem crossing, k;; and k; are related by
k3 =(k3/3)e Fa’T  Then we have

J
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FIG. 3. Temperature dependence of the reciprocal lifetime
for the CT band. The fitting assumes the lower triplet state is in
thermal equilibrium with the higher singlet state. (a) 420-nm
band of the nonlocally compensated Ti**. (b) 460-nm band of
the locally compensated Ti*".
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Solving Egs. (1) and (2), the time evolution of the emis-
sion, I(t), is

kioN () +k3gN3(1)=C e TUR=S2 4 C e ~UR+S2)
3)
where R =k10+k13 +k30+k31 and

S=V (kio+k3 )+ (ksg+kyy P +2(k 3ks —kokso—ki3ksp—kioks;)

and C,,C,, are expressions depending on the initial populations N,(0), N;(0),
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The second term in Eq. (3) is a very fast decaying com-
ponent that is mostly due to the singlet radiative rate,
while (R —S)/2 in the first term corresponds to the re-
ported emitting rate of the 420-nm band. The solid line
in Fig. 3(a) is the result of fitting 1/7 with (R —S)/2.
The nonlinear least-squares fit gives k;,=7X107 s™},
kypy=1.2X10* s7!, k;;=1.4X10" s~!, and E,=950
cm ™!, The ratio k3y/k;,=6X 10"* can be understood in
terms of the singlet-triplet mixing. An order of magni-
tude estimate is given by

£34(Ti)

2
537U 30
Es—Er

= X —4
1000 25X1077%,

where E¢—E; is the singlet-triplet separation and
§34(Ti) is the spin-orbit parameter calculated from the
multiplet splitting of the 2T, ground state of Ti’T. A
more accurate estimate would have to include the effects
of the large Huang-Rhys factor of these transitions and
more details of the charge transfer wave functions.

For the compensated Ti** (460-nm band), the fitting
gives [Fig. 3(b)] k;,=8X107 s7!, k;p=4.2X10* s~ 1,
k,3(0)=2.2%X10" s7!, and E, =500 cm™'. The larger
value for k3 and the smaller E, are probably due to the
presence of the charge compensator.

C. Charge-transfer energy threshold

In part I,! we estimated the zero-phonon line of the
charge-transfer process from the luminescence excitation
of Ti** and the corresponding fluorescence. There is a
correction, however, which arises from the fact that the
observed charge-transfer band does not correspond to the
appearance of Ti*" infinitely separated from the hole in
the O?~ lattice.” The hole is localized on the six near-
neighbor 0%~ ions. The 3d electron on Ti interacts with
this hole to form a multiplet. Sec. III B above shows that
the triplet excited state is about 1000 cm ™! below the
singlet excited state. Therefore, the weighted average of
the singlet and triplet levels gives a correction of about
— 32X 1000 cm~!=—0.1eV to the estimated zero-
phonon line position (see Part I, Table II).!

D. Thermally stimulated conductivity

The thermally stimulated conductivity for sample B is
shown in Fig. 4. It is assumed that retrapping does not
occur and that the lifetimes of the carriers are constant
with a single trap depth of E.!° The detrapping can be
described by the first-order kinetics,

T(T)=Ter/kT, (4)

where 7(T) is the reciprocal of the trapping rate at tem-
perature T. It follows that the current signal has a func-
tional form which is similar to that used in the ionic
thermal current (ITC) analysis.!>»!2

- E
Inm(T)=In7y+ T (5)

and
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FIG. 4. Thermally stimulated conductivity of sample B fol-
lowing 230-nm irradiation.
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Assuming a frequency factor of 103 s™! (=300 cm ™)),
the fitting (Fig. 4 inset) gave a value of 0.74 eV for the
trap depth. The thermoluminescence results presented
below confirmed that the thermally stimulated conduc-
tivity is due to the electron detrapping rather than ionic
relaxation since the latter would not give rise to any emis-
sion.

Inm(T)=In ‘ (6)

E. Thermoluminescence

Results for the two samples are shown in Fig. 5. The
peaks at 168 K gave blue light and the peaks at 256 K
gave red. Through the use of different band pass and
cutoff filters, the emissions were found to be similar to the
Ti** d —d emission and the Ti*" CT emission measured
before. As a result, the 168-K blue peak is due to the
thermal release of trapped holes while the 256-K red
peak is related to trapped electrons. The integrated in-
tensity of the blue peak was about 100 times stronger in
sample A4 than in sample B. The 256-K red thermo-
luminescence peak was about 500 times stronger in sam-
ple B. This result can be understood since with less Ti*",
more photons are absorbed by Ti*" in sample B. In addi-
tion, the smaller amount of Ti*" increases the probability
of the electron being stored by shallow traps.

The red 256-K peak vanished when the excitation
wavelength was above 270 nm for sample 4. This is in
accord with the photoionization threshold found from
photoconductivity measurements.! However, the signal
for sample B extended down to 450 nm. This suggests
the presence of other deeper traps (e.g., F centers) which
were thermally stable but ionizable by light. For the blue
peak, the intensity vanished at about 330 nm, which is
close to the charge-transfer threshold for Ti** in Al,0;.!

Again, assuming 7, to be 10! s! in Eq. (6), the fittings
yield trap depths of 0.44 and 0.71 eV for the peaks at 168
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FIG. 5. Thermoluminescence spectra of (a) sample 4, (b)
sample B.

and 256 K, respectively. Note that both the peaking tem-
perature and trap depth of the red peak are close to the
values obtained from the thermally stimulated conduc-
tivity in Sec. III D above. The 168-K blue emission peak
does not have an analogue in the thermally stimulated
conductivity. Its absence is consistent with the low mo-
bility (larger effective mass) of holes in Al,0;."* Also, the
neighboring charge compensator for the Ti** could be a
deep trap for the holes (see below), rendering the average
range of the hole to be small.

To further prove that the 256-K red peak is associated
with the trapped electrons following Ti’" photoioniza-
tion, the selectivity of two-step photoionization was uti-
lized. We observed that after irradiating sample A4 at 77
K using coincident laser pulses at 532 and 355 nm, a
small but reproducible thermoluminescence peak at 250
K was formed. As a control experiment, the sample was
irradiated with 355-nm pulses and then followed by 532-
nm pulses for the same period of time. No signal was ob-
servable for the control. As the two-step photoionization
causes only Ti** PI but not Ti** CT, this shows that the
250-K TL peak is correlated with electrons.

In thermochemically colored undoped sapphire (with F
and F centers), a 0.73-eV deep electron trap was report-
ed which is the origin of a 260-K thermoluminescence.

This is not very different from the 256 K thermolumines-
cence peak found here in the Ti:sapphire samples. It is
possible that the free carrier trapping in the undoped and
doped sapphires are both due to the intrinsic defect(s) of
AlLO; (e.g., oxide vacancy and F* centers’*™!? as elec-
tron traps; V., V ,and V™ centers?®~23 as hole traps).

To test this proposition, a V**,Mg2*:A1,0, sample
was investigated. It was found that only one thermo-
luminescence peak (d-d red emission) was present at 210
K (trap depth: 0.60 eV). The TL excitation spectrum of
the 210-K peak has a threshold that is the same as the
one-step photoconductivity threshold at 300 nm. That is,
the TL is due to trapped electrons. The different trap
depth and peaking temperature between V**-doped and
Ti’*-doped sapphire suggest that the electron traps are
not intrinsic defects of Al,O,, but probably characteristi-
cally associated with the dopant.

As mentioned in part I, 1 and 10 % of the Ti exists as
Ti*" in sample B and sample 4, respectively. Hence, the
average Ti’"-Ti*" separation will be about 24 and 7.3
nm, respectively. These are both smaller than the
“effective range” of electron in Onsager’s model** (with
an g, =10 for Al,0;, the Onsager’s radii are 28 nm at 300
K and 104 nm at 80 K). As a result, the electron will en-
counter Ti*t before it is thermalized. The nonlocally
compensated-uncompensated Ti*" will recombine with
the electron, forming Ti**. On the other hand, the com-
pensated Ti*" should be a shallow electron trap. Since
the V| charge compensators (or substitutional Mg>* for
the doubly doped sample) have an effective negative
charge in the lattice, they can modify the trapping cross
section to a considerable extent, leading to a change in
the trap depth and a shift in the thermoluminescence
peak. Here we propose that the electron traps are prob-
ably the charge compensated Ti**.

As expected, no thermally stimulated conductivity was
found for the Mg, Ti:Al,0, since we can only detect signal
from electron detrapping but the concentration of Ti** is
low and also the average range of electrons is small be-
cause of the high Ti** concentration in sample C. Nev-
ertheless, thermoluminescence of trapped holes is observ-
able. Two broad peaks were found. To resolve these
overlapping peaks, the temperature was fixed at the rising
edge of the first peak until the signal subsided, then the
temperature was raised again to record the second peak.
After this, the first peak, was obtained by subtracting the
second peak from the overlapping signal. The peaks ap-
peared at 220 and 280 K. The estimated trap depths are
0.63 and 0.78 eV. Because of the negative effective
charge of the Ti*" charge compensators, it is assumed
that they are the traps for the holes. This is justified as
follows. The peaks in the doubly doped sample are much
broader than the hole detrapping peak in the singly
doped sample. Also, the trap depths are larger. The
sharpness of the 168-K peak suggests that the trap distri-
bution is very homogeneous, which is the case if the V]
compensator is the nearest neighbor of the Ti*' in the
singly doped sample. Moreover, the trap is shallower be-
cause of the proximity of the titanium to the trapped hole
(the shortest AI>*-O?~ distance is 1.86 A). On the other
hand, the substitutional Mg}, in the doubly doped sample
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has a lower negative charge compared to the V}j; com-
pensator in the singly doped sample. As a result, the
Coulombic attraction between the compensator and the
Ti*t is weaker. This leads to a broader distribution of
the position of Mg?t ions and hence the two broader,
deeper traps.

IV. CONCLUSIONS

Locally and nonlocally charge compensated Ti*t are
identified. The large oscillator strength but long lifetime
of the CT transition is explained by a spin-allowed ab-
sorption into a higher singlet state which is in thermal
equilibrium with the lower triplet excited state.

The results from the thermally stimulated conductivity
and thermoluminescence show the presence of electron
traps and hole traps. Using two Mg?*-codoped samples,
the electron and hole traps are found to be associated

with the dopant rather than the intrinsic defects of the
host. It is suggested that the charge-compensated Ti*t
are the electron traps while the charge compensators for
Ti*" are the hole traps.
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