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Charge-exchange processes in titanium-doped sapphire crystals.
I. Charge-exchange energies and titanium-bound excitons
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The photoionization of Ti + in sapphire a-A1203 was studied by means of one-step and two-step pho-
0

toconductivity measurements. An absorption band of Ti + at 2700 A was shown to be due to a Ti'+ lo-
calized exciton. One-photon photoconductivity begins at the high-energy side of this band and thus the
photoionization threshold can be located at 4.71+0.07 eV. The two-photon photoconductivity spectrum
is nearly coincident with the excited state absorption and is shifted 0.6 eV to higher energy than the
one-photon spectrum, due to the effect of the Jahn-Teller distortion of the E initial state. The origin of
the transition due to valence band electron capture by Ti + is located at 4.17 eV. These electron and
hole ionization energies are compared to values obtained by Born cycle calculations. Their sum is 0.5 eV
less than the band gap of A1203.

I. INTRODUCTION

Charge-exchange processes between a dopant and the
host crystal include electron transfer from the dopant to
the host (photoionization, PI, or donor transition) and
the reverse (charge-transfer transition, CT, or acceptor
transition). These two processes for Ti + and Ti + im-
purities in an A1203 host crysta1 are correlated in this
research. Although the charge-transfer band of
A1203:Ti + and the photoionization of A1203.Ti + have
been studied before, we found that a more detailed spec-
troscopic study of both processes was necessary to show
how the two are related.

These two processes for the impurity Ti +, Ti + in the
host A1203 are correlated in this research and the abso-
lute position of the Ti +/Ti + dopant level within the
band gap of the host crystal is determined. This is impor-
tant since these nonlocalized electronic transitions pro-
duce charge carriers that are essential for the functioning
of photon detectors but they are also the sources of
excited-state absorption in solid-state tunable vibronic
lasers.

Previously, Basun et al. ' measured the photoconduc-
tivity of Ti +:A1203, but did not determine the exact
threshold for photoionization. They used a two-step ex-
citation; the first step excites the T2~ E transition of
Ti + and the second step excites the E—+conduction
band transition. We have carried out similar experiments
but have used a tunable laser for the second step. The
onset of the photocurrent is located and at the same time,
we measured the excited state absorption. The results of
this experiment are compared to the photocurrent thresh-
old measured in a single step.

The onset of the charge-transfer process
Ti ++e (VB)~Ti + was estimated from the Ti + blue

emission and the corresponding blue luminescence excita-
tion spectra. The luminescences of this material have
been studied previously. Further refinement in locat-
ing the charge-transfer threshold will be discussed in part
II. These donor and acceptor energy thresholds should
be related to the band gap energy, and we discuss this re-
lationship in the last section of this paper.

II. EXPERIMENT

A. Sample preparation

One of the two titanium-doped sapphire crystals used
in this work was given by Payne of the Lawrence Liver-
more National Laboratory (sample A }. The other sample
was given by the Union Carbide Corporation (sample B).
The two crystals have different concentrations of Ti +

and Ti + (see below}. This allows comparisons to be
made for the effect of capture and trapping centers on the
photoconductivity and therrnoluminescence [see part II
(Ref. 7)]. The crystals from Union Carbide were grown
by the Czochralski pulling technique in inert or reducing
atmosphere. Aluminum oxide containing the desired
concentration of dopant Ti203 was melted in an iridium
crucible by means of radio frequency heating under an at-
mosphere of pure nitrogen or mixture of nitrogen with
1% by volume of hydrogen. Crystals were grown with
orientation perpendicular to the c axis. The pulling rates
employed were 0.025 in. with rotation rate of 5 rpm. The
growing method of the crystal from Lawrence Livermore
is not known. Nevertheless, the much higher optical den-
sity in the UV region (due to Ti +) suggests that more ox-
idizing conditions were used than for the other sample.

The crystals were cut into 1 —2-mm-thick slices and
fine polished on four sides. They were prepared such that
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TABLE I. Optical properties of the Ti +-doped sapphire crystals.

Concentrations of d -d Jahn-Teller Lifetime at T,~ E absorption band
Ti + Ti + band ZPL energy 300 K 10—20 K Peak 1 FWHM Peak 2 FWHM

Sample (10 /cm ) {eV) (eV) (ps) (ps) (10 cm )(10 cm )(10 cm ' )(10 cm )

A 21

5.9

2.9

0.073
2.01' 0.381' 3.0 3.8" 18.2 1.60 20.4 3.19

'Reference 13.
Reference 14.

the unique axis (c) is parallel to one of the long edges.
The Ti + and Ti + concentrations were determined by
methods to be discussed in later sections of this paper,
but are listed in Table I.

B. Optical measurements

Absorption spectra were taken in the range 200-800
nm using a Hewlett Packard 8450A Diode Array Spec-
trophotorneter. Gian-air prisms were used to obtain the
sigma-polarized (lc) and pi-polarized (~~c) spectra. Ab-
sorption below 200 nm was measured for sample B using
a microwave discharge H2 lamp and a helium-Gushed
ISA H-20 monochromator equipped with a Hamamatsu
R1220 Cs-Te PMT.

The d-d visible emission was excited by the 532-nm
second harmonic of a Quantel International 580-10
Nd:YAG laser. The spectra were taken using an ISA
DH-10 double monochromator and a Hamamatsu R928
PMT. Time-resolved signals were averaged with a
Nicolet 4094C digital oscilloscope. Ti + CT lumines-
cence excitation spectra were taken using a Perkin Elmer
Model LS 50 luminescence spectrometer at room temper-
ature RT.

The d-d luminescence excitation spectrum originating
from the exciton band was taken from 10 to 300 K. The
UV exciting light was obtained from a 2000-W xenon arc
lamp through the H-20 monochromator (bandwidth = 4
nm). The signal was detected by a thermoelectrically
cooled RCA C31034 GaAs photomultiplier tube through
the DH-10 double monochromator.

C. One-step photoconductivity

The experimental setup is similar to the one used by
earlier workers. The noise level was about 10 ' A and
the signal was typically 10 ' to 10 ' A. The highest
photocurrent was stationary for minutes without any sign
of polarization. A Gian polarizer was used for taking
the polarized photoconductivity spectra. The signal was
normalized into current per unit electric-field strength
per incident photon. The photocurrent as a function of
wavelength was measured twice at room temperature and
then twice at liquid-nitrogen temperature (LNT). After
this, the electric field was turned ofF' and the crystal was
subjected to 15 min to half an hour of UV irradiation
(230 nm) at LNT. After the irradiation, the signal was
taken again at LNT. The purpose of this procedure was
to investigate the buildup of radiation produced defects.

D. Two-step photoconductivity

The experimental setup was briefly mentioned in a pre-
vious paper. ' Details are included here.

Two cylindrical SI-UV quartz lenses (focal length = 20
cm) were used to direct the two counter-propagating
laser pulses sideways into the sample. In addition to two
irises, one of the lenses was attached to an XYZ precision
positioner to optimize the spatial overlapping of the light
pulses. The pumping laser pulse was the 532-nm second-
harmonic split from the Nd:YAG laser. The ionizing
laser pulse was obtained from a Lambda Physik FL 3002
dye laser, which was pumped by the same Nd: YAG laser.
The output from the dye laser was frequency doubled
into the UV region by an Inrad Autotracker II Servo-
tuning system from Interactive Radiation. A Gian-air
polarizer was used to reject the fundamental light after
frequency doubling. When the wavelength of the ioniz-
ing pulse was between 350 and 540 nm, a Molectron DL-
II dye laser pumped by a Moletron UV 24 nitrogen laser
(synchroinzed with the Nd:YAG laser) was used. This
laser was also used in the experiment when the time delay
between the pumping and ionizing pulse was varied (us-
ing a Stanford Research Systems DG535 four-channel di-
gital delay/pulse generator).

The pulse-to-pulse fluctuations of the laser outputs
were corrected by referencing the re6ection intensities.
The absolute intensities of the laser pulses were measured
with a Scientech 361 power meter. The typical powers
for the pumping and ionizaing beams were about 10 mJ
per pulse and 3 mJ per pulse, respectively (10-ns half-
widths). The physical size of the ionizing pulse (-4 mm
by 0.2 mrn) was smaller than the pumping pulse (-9 rnm
by 0.5 mm).

The sample was kept between two electrodes inside a
double-wall Dewar. The outside of the Dewar was
shielded with grounded copper foil. To minimize current
leakage and capacitance, electrical connection to and
from the sample was made through two nickel wires that
were glued into two clean supersil grade thin quartz
tubes.

The electric field was applied perpendicular to the
direction in which light propagated. Unlike the one-step
photoconductivity, the signal decreased in the presence of
the light pulses because of polarization. To solve this
problem, a high voltge relay was used to alternate the po-
larity of the electric field to keep polarization from build-
ing up. The detector consisted of an electrorneter grade
monolithic operational amplifier AD549H from Analog
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Devices. With the very low input bias current (75 fA)
and input offset voltage (0.3 mV), it was used as a
preamplifier. The amplifier was a low-noise precision
PMI OP27. The overall response of the detector was a
sensitivity of 0.1V/nA and a time constant of about 50
ps. The detector was protected by two Zener diodes
which clamped the input voltage to +3.5 V.

The output from the detector was fed into two Stan-
ford Research Systems SR250 gated integrator boxcars.
One of the boxcars had its gate fixed at the peak of the
signal while the other was fixed 0.2 ms after the signal.
The difference between these was used in order to mini-
mize the low-frequency noise.

Photoconductivity was measured at both 300 and 77
K. Photocurrent as a function of the applied voltage,
pumping beam, and ionizing beam intensities were also
measured.
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E. Excited-state absorption

For the region near to the photoionization threshold,
the excited-state absorption (ESA) was measured in paral-
lel to the two-step photoconductivity. The ESA was
measured as transrnitance in the presence and absence of
the pumping pulse. Then the ESA cross section at a par-
ticular wavelength was calculated from the intensity, the
dimension of the pumping beam, and the Ti + ground-
state absorption cross section. (The pumping power em-
ployed here is below the reported saturation fluence. ")

In another experiment, the ESA measurement was ex-
ended into the UV region (down to 240 nm) with 532-nm
laser pulse for pumping and the xenon lamp as the prob-
ing source. The lamp output was tightly focused to en-
sure that only the pumped volume was probed.
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III. RESULTS AND DISCUSSION

A. Optical absorption

The room-tempeature absorption spectra for the two
samples are shown in Fig. 1. The visible absorption con-
sists of two bands, which are due to the Jahn-Teller split

T2 —+ E transition of the Ti +.' The Gaussian-fitted
half-widths and peak positions are shown in Table I. The
results agree well with those reported in the litera-
ture. ' ' The other optical properties are also included
in Table I. According to the 490-nm absorption cross
section (9.3+1.0X10 cm ) found from magnetic and
optical measurements, ' the Ti + concentrations are
0.044 mo1% (2. 1X10' cm ) in sample A and 0.013
mo1% (5.9X10' crn ) in sample B.

If the UV absorption were due to Ti + alone, then the
ratio of the UV absorption to the visible absorption
should be consant for different samples as both are direct-
ly proportional to Ti + concentration. Using a thinner
slice of sample A, the normalized o polarized spectra of
the two samples are plotted together in Fig. 2. It can be
seen that while the d-d band in the visible region has a ra-
tio close to three, above 41000 crn ', sample B has a
linear absorption coefticient that is about 35 times less
than for sample A. It has been mentioned in the previous
section that sample B was grown in a reducing atmo-
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FIG. 2. d-d band-normalized o.-polarized absorption spectra
for the two differently grown Ti:A12O3 crystals at 300 K.

FIG. 1. 300-K polarized absorption spectra for the two
Ti:Alz03 crystals. The absorbance [ln(IO/I)] is normalized into

per unit thickness. (a) sample A. (b) sample B, showing the
UV absorption to 55000 cm
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sphere and therefore should have a lower concentration
of Ti +. The strong absorption in sample 3 is therefore
due to Ti +, which has a d closed-sheH electronic
configuration. Its absorption is the result of a strongly al-
lowed charge-transfer process. This is consistent with the
previous results based on annealing. Further support
for this assignment can be found from the magnitude of
photoconductivity below and trapping results in part II.
As shown in Fig. 1(b), other than the 270-nm band
(which originates from Ti +, see Sec. III B below), there
are two broad absorption bands at 220 and 180 nm.
These are tentatively assigned to be the 0 2p to the
Ti + 3d(t2) and 3d (e) CT transitions, respectively.

B. Assignment of impurity-bound exciton

In addition to the strong UV absorption just associated
with Ti +, there is a weaker band we call band E begin-
ning at about 290 nm and peaking at 270 nm. Figure 1(b)
shows this band at 300 K in relation to the visible d-d
band for the more reduced sample B. Tippins assigned it
to the Fe + charge-transfer band. ' However, a survey of
published spectra of Ti:A1203 in the literature' shows
that for different samples, the ratio of this band to the
d -d band is nearly the same as for our sample for the
same crystal orientation. For unpolarized light propaga-
ting along the c axis, only the o. spectrum is seen, and the
ratio IE/Id d=2. In the ~ spectrum, IE/I„d=0. 6.
Thus, it seems that band E is associated with Ti +.
Based on EPR and Zeeman measurements, the lowest
Kramers doublet of the electronic ground state T2 of
Ti + in Alz03 (C3 site symmetry) belongs to the E3/2 rep-
resentation. ' The other two doublets &E&/2 and 2E&/2
are 37.8 and 107 cm ' higher than the lowest E3/2 ~ At
300 K all three components of the ground multiplet are
nearly equally populated. At 10 K, where only the lowest
E3/p componet is populated, the absorption polarization
ratio was found to be only slightly higher. Therefore it
appears that the electric dipole transition strength is de-
rived mainly from the E3/2 component. A transition
E3/2 ~E»2 is allowed in o- polarization. The E band has
Iz/IE =3, which is partially in support of an assignment
of E,/2 for the upper state. A state having E, /2 symme-
try can arise from an s-like wave function coupled to the
electron spin. Such an assignment was suggested by Reis-
feld, Eyal, and Jorgensen. However, it does not seem
likely that the upper state wave function resembles a
Ti +4s state since that state lies at 10 eV in the free ion,
and it has been shown that the d ~s transitions for ions
in crystals are near to their free ion values at least for di-
valent transition metal ions. It seems more likely that
this s-like state is orthogonal to the 4s Ti orbital and
would be better described as a molecular orbital on the
nearest-neighbor 3s orbitals of the Al + ions. Such a
description would help to explain why the intensity of the
E band is not very different from that of the d -d band
since the overlap of the Ti 3d with the Al 3s is small (the
shortest Al-Al distance is 2.63 A).

Further support for an assignment to a bound excited
state of Ti + is that the photoconductivity does not begin
until 260 nm, which is at higher energy than the peak of

k, (T)=k, (0)e

k, (T)=k, (0),

k3(T) =k3(O)e (3)

Hence, the intensity of the red emission is

k2( T)
I„d(T)= pq .

g k, (T)
i=i

The fitting gives a thermal ionization rate constant,
k, (0)= 1.8 X 10 s ' and an activation barrier, E, = 13
cm '. The tunneling rate k2(0) is about 4. 1 X 10 s
k3(0)=1.3X10 s ' and E3=660 cm ' This of. course
is a five-parameter fit to 11 data points, and may not be
physically significant. The present results are significant
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FIG. 3. Exciton band excitation efficiency (in arbitrary units)
of the Ti + E~ Tz luminescence as a function of temperature
from 10 to 250 K.

band E. Band E is thus considered to be due to a local-
ized exciton level. Moreover, this absorption band is ab-
sent from the spectrum of Ti"+, Mg:A1203 (sample C)
and hence it is not related to Ti +.

It was found that exciting the E band at low temper-
ture gives rise to the d-d red emission. Its intensity is
quenched strongly above 120 K. If the E band is indeed a
Ti exciton, then when it is excited at temperatures
below that at which thermal ionization is rapid, it should
decay into the Ti + manifold of levels, eventually giving
the characteristic red luminescence of Ti +. The temper-
ature dependence of the red emission intensity when ex-
cited at 270 nm is shown in Fig. 3. A kinetics model
which fits the data is shown in the inset of Fig. 3.p is the
population rate. q is the quantum yield of the d-d emis-
sion from the E level, which is constant below room tem-
perature. p can be assumed to be temperature indepen-
dent as our absorption measurement indicates that the
optical density of the 270-nm band stays almost the same
from 300 K down to 4 K. k& is the rate of thermal ion-
ization. k2 is the nonradiative tunneling rate from the ex-
citon to the E level. k3 is the thermally activated nonra-
diative decay from the exciton to the T2 level. More
specifically,
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however in providing an example of an impurity ion in
the act of ionizing. Further study of this exciton could
reveal more details of the ionization process.

We also 6nd similar titanium-bound exci%n bands in
other titanium-doped aluminate crystals (YA103, yttrium
aluminum perovskite and LaMgA1&&O&9, lanthanum mag-
nesiurn aluminum hexaaluminate).

C. One-step photoconductivity

The photoconductivity spectra are shown in Figs. 4
and 5. Only unpolarized light (kIIc) and hence the a-
polarized spectrum was measured for sample A since the
signal was weak. Figures 4(b) and 5(b) show the changes
in the photocurrent after UV irradiation at 77 K. It can
be seen that UV irradiation appreciably increased the
photocurrent above 250 nm for sample B but it had virtu-
ally no effect on sample A. The photocurrent threshold

for sample B extends to about 500 nm even before irradi-
ation while it is at about 260 nm for sample A. This
long-wavelength photocurrent component can be erased
either by warming the irradiated sample to 260 K or opti-
cally with 3SO-nm light at 77 K. Here, we relate the
long-wavelength photocurrent component to the filling of
electron traps upon irradiation at 230 nm. Detrapping
can be achieved either thermaly or optically. The mobili-
ty of holes is known to be much smaller than of electrons
in pure sapphire. This is consistent with the effective
masses found from the calculated band structure. Be-
cause of this, the current signal appearing in photocon-
ductivity is mostly due to the electrons from Ti + photo-
ionization, as was verifed by the thermoluminescenc re-
sults to be given in part II. Incidentally, the
phenomenon of thermal erasure was observed before but
no explanation was offered. ' Because of the formation
of these photochemical products, the photoconduction
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FIG. 4. {a)One-step cr-polarized photoconductivity spectrum
for sample A at 300 K. (b) One-step o.-polarized photoconduc-
tivity spectra for sample A at 77 K (before and after 230-nm ir-
radiation).

FIG. 5. (a) One-step photoconductivity and absorption spec-
tra for sample B at 300 K. The photoionization threshold is
determined by the rising edge of the current and the falling
high-energy edge of the exciton absorption band. (b) One-step
unpolarized photoconductivity spectra for sample B at 77 K
(before and after 230-nm irradiation).



CHARGE-EXCHANGE PROCESSES IN. . . . I. 5687

threshold may not be equal to the photoionization thresh-
old for Ti +. Sample A did not exhibit this photochemi-
cal behavior perhaps because of the presence of abundant
deep trapping centers, due to the higher Ti + concentra-
tion. Note that the o.-polarized photoconductivity spec-
trum of sample B [Fig. 5(a)] is stronger than the m-

polarized spectrum. It is the same polarization ratio as
band E, which we identified as the exciton band.

As shown in Fig. 2, the concentration of Ti + in sam-
ple A is about 35 times higher than in sample B. Based
on the recently reported absorption cross section of
Ti +:A1203, it follows that 1 and 10% of the Ti exists
as Ti + in sample B and sample A, respectively. Ti + has
two effects on the photocurrent: it reduces the light in-
tensity, and acting as a deep trap it reduces the electron
path length. Thus we can write for the value of the pho-
tocurrent (photopolarization)

P(A, )=IoF)(1—e ' ' ' ' )ez

=IoF&(1—e ~)ez,

where

aiNiFi=
a)N) +a2N2

a,N, x

p(A, )

and is the fraction of the light absorbed by Ti + (species
1) in a sample of thickness x. The total optical density is
p(A, ) and the electron path length is z. In sample B, p is
small and Ti + has little effect on the light distribution in
the sample. In sample A, most of the light near the ab-
sorption peak at 47000 cm ' is absorbed in the first 0.1

mm, thus reducing the number of Ti + able to participate
in the photoionization and overcoming the effect of the
higher Ti + concentration in this sample.

At about 47000 cm ' near the first Ti + absorption
peak [Fig. 1(b)], the photocurrent ratio is Pz /B~ =1/6.
The light distribution can account for a ratio of 1/2 and
the remainder must be due to the shorter trapping dis-
tance in sample A.

The photocurrent spectra for the two samples are simi-
lar but not identical. The Ti + can affect the spectral
shape of sample A, especially at the higher energies, but
the precision of the data may not be high enough to justi-
fy drawing any special conclusions as to the small
difference between the two samples.

The magnitudes of the photocurrent at 300 and 77 K
are nearly the same (Fig 4 for sample A and Fig. 5 for
sample B). This result means that the ionization is rapid
and is not competing with a nonradiative return to the
ground state. Near the threshold, however, the photo-
current is reduced measurably at 77 K compared to 300
K.

The photoionization threshold is determined by the ris-
ing edge of the photoconductivity spectrum and the fal-
ling high-energy edge of the exciton band [Fig. 5(a)]. Its
value is thus bracketed by these two spectroscopic indica-
tors, and appears to be 38000 +500 cm ', 4.71 eV. The
presence of the exciton band makes it possible to elimi-
nate most of the error in the threshold value due to the
photoionization of trapped electrons. This value is to be
compared with the 4.25-eV ionization limit for Ti +

found previously from a high-temperature conductivity
experiment. '

D. Two-step photoconductivity
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(532 and 360 nm) for sample B at 300 K. Also shown is the
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In two-step photoconductivity, the dopant of interest is
selectively excited and then a second photon is used to
ionize it from the excited state. The delay between the
two pulses can be varied to verify the identity of the ion-
izing species. In addition, two-step photoconductivity is
particularly helpful when the spectral region where pho-
toionization occurs is highly absorbing in the ground
state. In some cases, the high optical density will lead to
the signal being dominated by the property of the sample
surface or carrier-carrier interaction. ' In two-step
condition, the excited species can be generated more uni-
formly inside the sample, making the study of bulk prop-
erties possible. Also, two-step photoconductivity can be
used to access the high-energy region when conventional
light sources become too weak to be used.

The photocurrent versus time delay between the pump
pulse and ionize pulse for sample B is shown in Fig. 6.
The E~ T2 emission decay is also plotted in the same
figure. It can be seen that the electrical signal decreased
exponentially with a rate that is close to the 300-K life-
time of the Ti + excited state, proving that the signal
originated from the excited Ti +.

Furthermore, the effect of light intensity on the photo-
current and ESA was measured to confirm the ionization
mechanism. It was found that the signal was linearly
dependent on the intensities of both the pump and the
ionizing laser pulses.

The 300-K two-step photoconductivity spectrum for
sample B is shown in Fig. 7. the 77-K data are similar
and not shown. As in the case of one-step photoconduc-
tivity, the signal obtained from sample A gave the same
threshold and trend but a photocurrent smaller by a fac-
tor of about 100. This ratio is inconsistent with the one-
step photocurrent ratio and is not understood. While the
larger amount of Ti + present in the sample will reduce
the average range of the free electron and hence the



5688 WING C. WONG et al. 51

Wavelength (nm)
420 400 380 360 340

I I I
[

I I &

[
I I I

)
I I I

320 300
F. Comparison between one-step
and two-step photoconductivities

second —step photocurrent
+ excited state absorption

fit
0 ratio (current/ESA)

0.25

0.20

C
(D

C3

0 0 0QO0 00 O 000 0 0 +0+-

0000 0~~,s ~ cR&~o

0.15 ~
C3

0.10
&C

LJJ

0.05

Og
2.

+ +
++
+.+M+

'+ +Is-'+~+++++
I

' si
4 2.6

Wave

+~++ ++
I

2.8 3.0
number (10 cm )

3.2

0.00
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E. Excited-state absorption

The ESA measured in parallel to the two-step photo-
conductivity was found to begin and increase with the
photocurrent signal (Fig. 7). Note that the noisy but no-
ticably increasing ratio of photocurrent to ESA is a result
of the increasing ionization quantum yield as the photon
energy increases. The ESA measurement extended to 250
nm is shown in Fig. 8 where the xenon lamp background
was used for the second step. The absorption cross sec-
tion increased with the energy of the probing photon
monotonically. This is consistent with a previous result
reported (to 280 nm).

current, the excited-state absorption should not be
affected. This in in fact the case since the Ti + ESA cross
sections are found to be the same [10 ' cm at 305 nm
(o ) ] for both samples. The second-step threshold was lo-
cated at 3.19 eV by nonlinear least-squares fitting of the
signal with a truncated second degree polynomial (Table
II). Due to the weak absorption, the ESA signal was
rather noisy. To allow the trend in the ESA to be seen in
a clearer manner, a fitted line was drawn in Fig. 7.
Despite the selectivity, the photoionization threshold
cannot be located precisely from the two-step signal be-
cause of the small Franck-Condon factor at the threshold
(Fig. 9 inset).

In both the one-step and two-step photoconductivity
spectra, a steady rise was found. This is due to a com-
bination of the increasing ionization efficiency, density of
states in the conduction band, ' and the Franck-
Condon factor.

It is important to realize that the information which
can be obtained from one-step and two-step photocon-
ductivies is not all the same. This is illustrated by the
simplified e vibrational mode configuration diagram of a
Ti + ion in an octahedral site of the host lattice (inset of
Fig. 9). The intraelectronic vibrational relaxation from
the

~

E ) ~
n ) state to the

~

E ) ~0 ) state was found to be
about 3.5 ps. The laser pulses used in this study have a
FWHM of 10 ns. Therefore, the excited-state ionization
from the

~
E) ~0) state was measured. One might expect

that the photoionization threshold from the one-step
photoconductivity should be the same as the sum of the
second-step photoconductivity threshold and the
T2~ E zero-phonon energy.

However, if a comparison is to be made between the
photocurrent signal in the region above the threshold en-

ergy, it can be seen that the signal is shifted by an amount
determined by the displacement of the Ti + E excited
state adiabatic potential curve relative to that of the Ti +

T2 ground-state potential curve, both projected onto the
Ti + '2

&
potential curve as shown in the inset of Fig. 9.

The Jahn-Teller splitting in the Ti + E state is con-
sidered to cause the largest displacement. As a result, the
Jahn-Teller active e normal mode will account for most
of the shift in the photocurrent spectra. The displace-
ments in the a and e vibrational modes of Ti + have al-
ready been estimated to be 0.0442 and 0.409 A, respec-
tively. The actual value of this shift in energy depends
on the force constant of the eg mode in the (Ti +-06 )

moiety. This information can be obtained from Raman-
scattering studies. Because of the higher Coulombic po-
tential, a rough approximation will be to use —', of the e

mode force constant in Ti + for Ti +. Then the energy
shift will be —', of the Jahn-Teller energy in the E state of
Ti +. This calculation results in a shift of 4100 cm

In Fig. 9, the one-step and two-step photocurrent spec-
tra are plotted together. The ZPL (zero phonon line) en-
ergy was added to the two-step signals. The vertical
scales were adjusted until the curves have almost the
same rising slope. Only 300-K data were used because as
mentioned, the one-step 77-K data was affected consider-
ably by the trapped species in the region of interest. The

TABLE II. Sums of PI and CT thresholds as compared with the E~ of the oxide crystals.

One-step
photoionization

threshold
(eV)

4.71

'Reference 48.

Ti4+

charge-transfer
threshold

(eV)

4.17

Second-step
photoionization

threshold
(eV)

3.19

Sum of
PI and CT
thresh olds

{eV)

8.88

Optical band gap
energy

Eg
(eV)

9 4R
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FIG. 8. ESA for sample B at 300 K extended to the UV re-
gion. The abscissa is the experimental energy scale.

shift in the energy coordinate is about 5000 cm '. This
is not very different from the predicted value of 4100
cm ' based on the assumptions made above.

G. Charge-transfer transition

The Ti + CT band has a high oscillator strength, yet
the relatively large change in the adiabatic potential
curve between the ground and excited states gives rise to
a very large Stokes shift so that the zero-phonon line is
not observable. Blue luminescence from titanium-doped
Alz03 excited by UV light has been reported by different
workers. ' They attributed the emission to the radia-
tive relaxation from the Ti + charge-transfer transition.
The emission spectrum excited at 240 nm and the Auores-
cence excitation spectrum were recorded and shown in
Fig. 10. Unlike the absorption spectrum, the blue emis-
sion excitation spectrum showed a peak at 230 nm.

The electronic origin of the charge-transfer band as the
mean of the 420-nm emission peak and the 230-nm exci-

I

FIG. 9. Comparison between one and two-step photocurrent
spectra for sample B at 300 K. For the two-step photocurrent,
16 200 cm ' is added to the abscissa.

tation peak is 4.17 eV (Table II). This value is vey close
to the estimation of the lowest charge-transfer band using
Jorgensen's optical electronegativity:

VCT =30000[A»,(O )—y,~,(Ti +)] cm

With g, ,(O )=3.2 and y, ,(Ti„+„h,d„&}=2.05, the
charge-transfer band is predicted to be at 4.3 eV.

A more detailed treatment of the charge-transfer states
will be given in the next paper, where the emitting state
will be assigned as a triplet. This new assignment causes a
slight change in the zero-phonon energy of the charge-
transfer state.

H. Born cycle model for the localized levels
of Ti in the band gap of the host

Photoionization and charge-transfer energy thresholds
for a dopant can be calculated based on thermodynamic
cycles involving the following steps:

(1) Ti +(site)~Ti (vacuum), E& =eV3,

(2) Ti +(vacuum)~Ti +(vacuum)+e (vacuum), E2=I&(Ti),

(3) Ti +(vacuum)~Ti +(site), E3= —eV4,

(4} e (vacuum)~e (bottom of CB), E&= —g,
where e is the charge of electron, '

V3 and V4 are the total potential at the Al + crystal site for Ti + and Ti +, and
6V(site) = V4 —V3; I4(Ti) is the fourth ionization potential of Ti (43.268 eV); g is the electron amenity of the crystal.

The photoionization threshold is given by

Ti&3,
~
~Ti~,

~
+e (bottom of CB)

with energy

Ep, =I4(Ti) —b, V(site) —y . (5)

The corresponding processes and quantities for the charge-transfer transition are
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(1) Ti +(site)—+Ti +(vacuum) E, =eV4,

(2) e (top of VB)~e (bottom of CB), E2=E

(3) e (bottom of CB)~e (vacuum), E3=y,
(4) Ti +(vacuum)+e (vacuum) —+Ti +(vacuum), E4= —I4(Ti),

(5) Ti +(vacuum)~Ti +(site), E5= —eV3,

EcT =Eg + b, V(site) —I4(Ti)+y . (6)

It is to be emphasized that the quantities in Eqs. (5)
and (6) are for the relaxed thermodynamic states at 0 K
(i.e., zero-phonon-line energies). A test of the thermo-
dynamic model calculations is to compare the measured
Ept or ECT with Eq. (5) or (6). Stoneham, Sangster, and
Tasker have modeled these comparisons for divalent
transition metal ions in MgO where shell-model poten-
tials and an energy minimization using the HADEs pro-
gram were used to find the energies analogous to our V3
and V4. Instead of this excellent calculation we approxi-
mated V4 —V3=AV by the electrostatic potential at an
Al + site (neglecting relaxation at the impurity site).
This was calculated by the Madelung sum performed
with the Ewald method. For the (12c) site in Alz03 the
value was found to be —36.58 eV. The electron afBnity
of sapphire y was reported to be about 1 eV. The band
gap energy of A1203 reported from diFerent sources show
va1ues from 7 to 10.35 eV. The lower values must be due
to the impurities in the sample. Although the quality of
contemporary synthetic sapphire is good, erroneous as-
signments for E are still given. The optical Eg should be
above 9 eV since the exciton absorption of pure sapphire

where E is the band gap energy of the host crystal. The
charge-transfer threshold is given by

Ti~, l
+e (top of VB)~Tii, l

with energy

peaks at 9 eV. A more recent determination based on
high-temperature electrical conductivity gives 9.4+0.2
eV as the thermal band gap at 0 K. This energy coin-
cides with the absorption minimum just above the exci-
ton band, so we believe this is the correct value to use.
(In Ref. 10, we incorrectly took E to be 8.5 eV.) When
these values are used in Eqs. (5) and (6), the photoioniza-
tion and charge-transfer thresholds are found to be 5.69
and 3.82 eV, respectively. These values are not very far
from the experimental values (4.71 and 4.17 eV).

The sum of Eqs. (5) and (6) gives the deceptively simple
result

E =Ep(+EcT . (7)

Ti4++ h„+ e„

Figure 11 shows that the zero-phonon energies for
photoionization and charge transfer add up to the band
gap, provided the electron and hole are far from their
sources. In a spectroscopic transition the latter condi-
tions are never fulfilled so that special corrections must
be made to find thermodynamic energies from the spec-
tral ones.

In the present case of Ti +, Ti + in A1203, our mea-
surements given in Table II show that the sum is
9.4—(4.71+4.17)=0.5 eV short of the band gap energy.
We have made other such comparisons which show a
similar level of agreement. '
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IV. CGNCLUSIONS

Titanium exists in more than one charge state in sap-
phire. Together with the exciton band, the photoioniza-
tion energy thresholds of Ti + were located from one-
step photocurrent measurements. The uncertainty of us-
ing one-step photoconductivity alone to locate the thresh-
old energy is illustrated. The identification of the exciton
band, however, enables a good estimate of the threshold
to be made. The selectivity of two-step photoconductivi-
ty is demonstrated. The shift in the photocurrent spectra
in the two-step from the one-step signal is explained by
the change in the equilibrium Ti-0 distance in the
configuration energy diagram. The charge-transfer transi-
tion energy threshold for Ti + was obtained through op-
tical measurements. The calculated values of photoion-
ization and charge-transfer thresholds using the local
electrostatic potentials at the cation site were in reason-
able agreement with the experimental values. Quantita-
tively, the sums of the two thresholds are found to give
approximately the band gap energy of the host crystal.

This o8'ers a convenient way for material characteriza-
tion. Provided that the band gap energy of the material
is known and the charge transfer can be observed optical-
ly, the photoionization threshold can be estimated. One
reason that Ti +:A1203 is a good vibronic laser material
is that the second step photoconductivity threshold is
greater than the E~ T2 zero-phonon energy as has
been shown in detail in this paper.
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