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We report time-resolved studies of luminescence excited in nominally pure single-crystal MgO

by short pulses of 500-keV electrons at sample temperatures from 10 to 500 K. The principal

luminescence bands have peaks at approximately 4.9, 3.3, and 1.7 eV. The decay kinetics and

spectral shift of the 4.9-eV luminescence band can be accounted for by the theory of tunneling

recombination between randomly distributed hole and electron traps. From prior work, the

hole trap has been identified as a magnesium ion vacancy. The electron trap has not been iden-

tified, but there is some evidence to suggest that a substitutional OH2 molecular ion could be

the neutral donor. The temperature dependence of the luminescence decay has been modeled

by including thermal ionization of one trap as a de-excitation channel in parallel with tunneling

recombination. Depending on conditions, this thermally-induced hopping of charges can

enhance or quench the luminescence,

I. INTRODUCTION

%hen nominally pure magnesium-oxide crystals
are excited by ioniiing radiation, characteristic broad
luminescence bands are observed with peaks at ap-
proximately 4.9, 3.3, and 1.7 eV. Lee and Crawford
recently made a study of the 4.9- and 3.3-eV bands
under x-ray excitation and in thermoluminesccnce for
various treatments and dopings of the MgO samples. '

The 4.9-eV luminescence was found to be correlated
with the concentration and thermal stability of V

centers, i.e., holes trapped at magnesium ion vacan-
cies. It was proposed that the 4.9-eV luminescence is

associated with the recombination of an electron with

a hole located on an oxygen ion which is adjacent to
a Mg + vacancy. The term Vcenter will be used
generically to denote a hole trapped at a Mg2+ vacan-

cy, including those associated with impurities, e.g, „

VpH, VAt, as well as the unassociated V center. A
review of defect centers in simple oxides including a
discussion of the V center and impurity-associated
hole centers is given by Hughes and Henderson. '
Theoretical studies of the V center have been made. "

A luminescence band at approximately 3.3 eV has
been described by hertz et al. ' and Sibley, Kolopus,
and Mallard. This band persists in the steady-state
spectrum at higher temperature than the 4.9-eV
band. It can usually be observed, though weaker, in
crystals lightly doped ((100 ppm) with transition
metal ions. Transition metals readily quench the
4.9-eV luminescence, presumably by competing with

the Vcentcrs as hole traps. The 3.3-eV luminescence
exhibits glow peaks in therrnoluminescence which are
correlated with the release of holes from Vcenters,
and have been suggested to be associated with radia-
tive capture of a hole at an impurity or defect site. It
has been suggested, 6 based on correlation of 3.3-eV
luminescence with EPR data, that the site for radia-
tive hole capture is Fe2+. Yet the data of Lee and
Crawford indicate that doping with iron suppresses
rather than enhances the 3.3-eV luminescence. '

Newton and Sibley' found that blue thermolumines-
cencc centered spectrally near 2,9 eV is associated
with recombination at deformation debris. Thus,
identification of the recombination center giving 3.3-
eV luminescence remains uncertain.

A structured luminescence band is commonly ob-
served near 1.7 eV in MgO. It has been satisfactorily
identified with radiative capture of holes by Cr'+ im-

purity ions. This band will not be addressed in

the present study.
In this work we have measured luminescence excit-

ed in MgO by 3-nsec pulses of 500-keV electrons, at
temperatures from 10 to 500 K. Decay kinetics and
the spectral shift of the 4.9-eV band at low tempera-
ture are in good agreement with the donor-acceptor
pair model as developed by Thomas, Hopfield, and
Augustyniak9 (and references cited therein). Decay
kinetics at higher temperature are described qualita-
tively in terms of thermal ionization and redistribu-
tion of the charges among trapping sites. For the
4,9-eV luminescence, the acceptor is taken to be the
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Similar spectra and temperature-dependent yields
have been measured as a function of time after exci-
tation by a short pulse of energetic electrons. Figure
2 shows luminescence spectra for pure MgO at 10,
50, 200, and 1600 p, sec after pulse excitation, at a
temperature of 78 K. The spectra have been scaled
by arbitrary factors to facilitate display on the same
figure. Thus Fig. 2 shows changes in spectral shape
with time, but not the change in relative intensity
with time. Data for intensity versus time at specific
wavelengths are given in Figs. 3 and 4.

The intensity at 4.9 eV (253 nm) following electron
pulse excitation of pure MgO at temperatures from

10 to 453 K is shown in Fig. 3. The decay curves are
displaced by arbitrary scale factors to give approxi-
mately uniform spacing along the logarithmic intensi-

ty axis. Typical curves cover about four decades in

time and intensity. Corresponding data for 3.3 eV
(376 nm) are given in Fig. 4. Relative intensities as
a function of temperature for times of 1 and 500 p,

sec after excitation are sho~n in Fig. 5, providing
scale factors for the decay curves in Figs. 3 and 4,

It is evident that the broad bands in Fig. 2 are
composite in nature. At the earliest times, the peaks
are at higher energy than the corresponding broad-
band peaks observed under continuous excitation.
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FIG. 3. Luminescence intensity at 4.9 eV is shown as a
function of time after electron pulse excitation at the tem-
peratures indicated. Both axes are logarithmic; the data for
different temperatures are displaced arbitrarily along the
vertical (intensity) axis for convenient graphical presenta-
tion. Relative intensity vs temperature is given in Fig. 5.

FIG. 4. Luminescence intensity at 3.3 eV is shown as a

function of time after electron pulse excitation at the tem-
peratures indicated. Both axes are logarithmic; the data for
different temperatures are displaced arbitrarily along the
vertical (intensity) axis for convenient graphical presenta-
tion. Relative intensity vs temperature is given in Fig. 5.
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FIG. 5. Instantaneous luminescence intensity {proportion-
al to photomultiplier anode current) is plotted as a function
of temperature for the 4.9- and 3.3-eV bands. The measure-
ments were made 1 p,sec (a) and 500 p.sec (b) following
electron pulse excitation.

The spectra in Fig. 2 at longer times agree more
closely with the steady-state results, which represent
time-integrated data. By assuming that the low-

energy band is symmetric, we can make an approxi-
mate separation of the two broad bands. The "aver-
age energy" of each band, corresponding approxi-
mately to the first moment, can be defined by

El(E)dE
F. =-

I EdE

where E is photon energy and 1(E) is the spectrum
of luminescence intensity in a given band. It is
found that both composite bands shift about 0.25 eV
to lower energy within 50 p, sec after excitation.

We attempted to correlate measured transient ab-
sorption in the V band with luminescence decay
times. At low temperature the absorption induced by
an electron pulse is mostly stable on the time scale of
our observation. However, a substantial transient
component of optical absorption was observed at
temperatures above 300 K. The decay times of 3.3-eV
emission and 2.3-eV absorption are roughly compar-
able, but no quantitative correspondence has been es-
tablished. The difficulty is that there is also substan-
tial absorption which is stable on the 10 msec scale at
all temperatures up to 500 K, so that the transient
absorption can be followed only over a limited range.

An indication of the role of mobile holes was ob-
tained from photoluminescence experiments in which
we excited Vcenters with chopped 2.3-eV light while
the crystal was x-ray irradiated at 78 K. The spectra
of total luminescence and of modulated luminescence
in phase with the optical excitation were recorded.
Similar modulated spectra with temperature-
dependent decay times were obtained when the crys-
tal was bleached with chopped V-band light after x-
ray irradiation had ceased. It is known that the V-

type centers can be bleached by optical excitation
near 2.3 eV, apparently by thermal ionization out of
the relaxed excited state. The photoluminescence
data indicate that holes optically released into the
valence band from V centers enhance the 3.3-eV
luminescence but have no siginificant effect on the
4,9-eV luminescence. These data support the conclu-
sions of prior thermoluminescence studies. '

IV. DISCUSSION

A. 4.9-eV band at low temperature:
donor-acceptor pair recombination

The luminescence decay curve for T =10 K in Fig.
3 cannot be fit as a power law nor as a simple ex-
ponential decay. An attempt to fit the data over the
full four decades with a sum of exponentials requires



20 KINETICS OF RADIATIVE RECOMBINATION IN MAGNESIUM. . . 1691

at least four components (i.e. , eight adjustable
parameters). The form of the experimental decay
curve is strongly suggestive of curves for recombina-
tion among randomly distributed donors and accep-
tors in semiconductors, as calculated by Thomas,
Hopfield, and Augustyniak. The model is based on
an assumption that the rate of radiative recombina-
tion of an electron trapped on a donor with a hole
bound to an acceptor is

W(r) = W,„exp ( r/R)—

~here r is the distance between the donor and accep-
tor. R is half the donor (or acceptor) Bohr radius,
with the acceptor (or donor) radius considered to be
much smaller. H, „ is a constant related to the tran-
sition rate of the closest pair. It was shown by Tho-
mas et al.9 that for donors or acceptors in excess,
with N being the concentration of the majority consti-

tuent, the total intensity of light emi. ted at time t is

(3)

where
)

OO )

(Q(r)) = exp 4m N J Iexp [—W(r) tI —I)r' dr

is the probability that an electron initially on a donor
surrounded by randomly distributed acceptors
remains on the donor at time t.

If R is taken as the unit of' length, it may be effec-
tively eliminated from Eqs. (2) and (3) for purposes
of curve fitting. Thus, defining p = r/R yields

w(p) = W„,,„e ~

and

(t))=(4 e J (e)exp) —w(e)tie x)p)exp(4 e J( )exef —w( )iel —))p'de) (5)

where n =MR', The full curve which is fit to the 4.9
eV, 10 K data in Fig. 6 is completely specified within
the above donor-acceptor model by three parameters:
n(=NR ) determining the curvature, W, „determin-
ing the time scale, and an intensity scale factor which
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FKJ. 6, Calculated decay curves corresponding to tunnel-
ing recombination of electrons and holes are superimposed
on experimental data for 4.9-eV luminescence measured at
T =10 K. The full-line curve corresponds to acceptors (or
donors} in excess {N~ )) N&}. The dashed curve ~as cal-

culated for N~.= Nd using the Hartree approximation. The
fitting parameters are WR3 =2 && 10 4,

W~,„=1.4 x 10 sec, and an arbitrary vertical scale factor.

slides the curve vertically. In the case of Fig. 6,
8',„=1.4 &&10' sec ' and n =2 ~10 . The concen-
tration of magnesium ion vacancies in the sample can
be estimated from V-band optical absorption to be
N) =1.3 && 10"cm '. Then R = (n/N) )' ' =5.4 A,
which is not unreasonable for a shallow electron trap
in MgO.

In performing the numerical integration in Eq. (5),
the upper limit has been taken to be po =100 (e.g. ,

ro =500 A when R =5 A). Increasing the limit

beyond 100 produced no significant change in the
curves over the time range of interest. The effect of
varying n (=N R)3when W„„„is constant is illustrated
in Fig. 7. The effect of varying N,. „ is to translate
the curves along a diagonal of the log-log plot.

The model decay curve is independent of tempera-
ture as long as the donors or acceptors are not ther-
mally ionized within the measurement time. In Fig.
3 the luminescence decay curves for T =10 and 78 K
are very similar. If it were supposed that the long
luminescence decay time arises from a model in

which carriers are thermally released from a distribu-
tion of traps of different depths to recombine direct-

ly, then even a small change in temperature should
have a large effect on the decay curve. The observed
insensitivity to temperature at low temperature is
more consistent with the model presently considered,
where thermal untrapping is not a prerequisite for ra-

diative recombination. Thermal ionization of the
donor will be treated in Sec. IVB, as a process com-
peting with radiative recombination.

The energy of D-3 pair emission can be written

e2
E(r) =Eg,p

—Ed —E, +— (6)



1692 WILLIAMS, WILLIAMS, TURNER, AND LEE 20

zis

&o' g-

10 I

10'

WiT)P)(
= I 0 SeC- ~

T

NR3 = variable

Np» Nd

1C' &O4

TINE (sec)
1O3

l I l lllll l I l lllll been observed in MgO, probably because of the
strong interaction with phonons. Equation (6) serves
as an adequate description of the energy of a discrete
(weak-coupling) phonon-assisted D Hem-ission line if
the phonon energy is taken into account. Its applica-
tion to the peak energy of a band which is broadened
by strong phonon coupling is more complex, as dis-
cussed in Sec. IV D. We make the assumption here
that at constant temperature, the strong phonon cou-
pling contributes a constant Stokes shift that would
appear on the right side of Eq. (6) when applied to a
broad band peak.

Since the pairs characterized by small r experience
a higher rate of radiative recombination than distant
pairs, it is expected on the basis of Eq. (6) that the
emission should shift to lower energy at later times.
This shift is observed in both luminescence bands of
MgO between 10 and 50 p,sec. By equating the ob-
served energy shift of about 0.25 eV to e'/er, we ob- .

tain a.value of r which should correspond approxi-
mately to the separation of the closest donor-acceptor

0
pair. Taking e =9.8 yields r =6 A for the distance
between closest donor and acceptor. The lattice con-
stant of MgO is 4.2 A.

In the work of Delbecq, Dexter, and Yuster' the
transition rate for tunneling recombination between
Ag2+ and Ag~ at relative separation r; was written

. 0-I

W(rt) cx

2 2 2
X; pl —Kr,.

e
II

(7)

10'

10

10 10 10' 10
T iNE (se.".)

10 10 10

.FIG. 7. Effect of varying NR3 in the donor-acceptor pair
recombination model of Ref, 9 is illustrated for the time
range 10 to 10 sec {a), and 10 to 10 sec (b). At long
times and relatively low values of NR3, the curves are in

agreement with the t~9 dependence found in Ref, 16.

where Eg p is the band-gap energy, Eq and E, are the
donor and acceptor binding energies, e is the low-

frequency dielectric constant, and r is the donor-
acceptor separation. 9 We hypothesize that in MgO,
sums of such transitions constitute the 4.9-eV emis-
sion band. In semiconductors having the zinc-blende
structure, discrete lines are typically observed
corresponding to the closest D-A pairs, merging into
a broad envelope of lines from many D-A pairs at
larger separation. Such discrete lines have not yet

This is analogous to Eq. (2) [which is Eq. (6) in Ref.
9] except that the angular dependence of the 4d hole
wave function on the Ag2+ ion is included in Eq. (7),
whereas an s-like wave function is assumed in Eq.
(2). The anisotropy of the 4d orbital is important in

the KC1:AgC1 system because the AgC14 molecular-
ion complex (denoted Ag2+) retains a definite orien-
tation at low temperature, leading to polarized
luminescence and a tunneling recombination glow
peak upon thermal reorientation. '

In contrast, the hole on the V center in MgO
hops among 2p orbitals of the oxygen ions neighbor-
ing the Mg'+ vacancy, even at low temperature. The
hopping rate has been estimated' to lie between
10' sec ' and about 1 sec '. Thus there exists the
possibility that hopping of the hole among oxygen
ions neighboring the magnesium vacancy may affect
the tunneling kinetics in MgO on some time scale
between 10 ' and 1 sec. However, presently there is
no compelling evidence for including such effects in

analysis of data from our work on MgO. The simple
isotropic transition rate in Eq. (2) seems justified for
the V center and a hydrogen-like donor in MgO.

The constant E ' in Eq. (7) is comparable to R in

Eq. (2). Delbecq et aI. chose E ' =1 A as a reason-
able value for the KC1:AgC1 system, noting that
moderate changes in this. parameter made little differ-
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ence in the shapes of the model curves. ' Their
study provides an example of a system where the
tunneling recombination model is successful even for
wave functions of small radial extent. Their data
showed that the luminescence intensity decreased ap-
proximately as t~, where the time t is in the range 1

to 10 minutes. Their model calculation based on Eq.
(7), taking the sum over specific lattice sites, pro-
duced a comparable slope over the same time range.
The curvature which is evident in Fig. 7(a) is not
seen in the plots of Delbecq et al. ' because of the
different time ranges addressed. For the roughly
equivalent time range of 10 ' —10' sec shown in Fig.
7(b), the decay curves can be approximately
described by a t dependence if the effective trap
density is small (NR3 ( 10 5). The KCl:AgCl crystals
used by Delbecq et al. ' contained 0.02 mo1% AgC1.
If half the silver ions were prepared as Ag'+ and half

0
as Ag, and if the value R = K ' =1 A is assumed,
then NR = 1.5 x 10 . In fact many of the silver
ions remain as Ag+, so NR' will actually be smaller
than this, or R can be taken somewhat larger than 1
0
A. The lower curve in Fig. 7(b) demonstrates agree-
rnent of the computational approaches developed in

Refs. 9 and 16.
Equation (3) was obtained by considering the radi-

ative decay of a single neutral donor surrounded by

many hole-bearing acceptors (or vice versa), so that
the hole concentration was constant throughout the
probabilistic decay process being considered. If the
concentrations of donors and acceptors are compar-
able, then some of the hole states available to a given
donor electron will be filled by electrons from other
nearby donors during the luminescence decay pro-
cess, The calculation is then more difficult. Donor-
acceptor recombination luminescence in the case of
exact compensation was addressed by Thomas et al. '
With N; representing the number of electrons (0 or

1) on donor sites i, M& the number of electrons on
acceptor sites j, and H;, the separation-dependent
transition rate,

—(N;),„=—$ WJ (N;(1 —M, )).„d

J
(8)

where ( ),„ is the average over random transitions.
In the special case of a single electron, single donor,
and many acceptors, (N;M, ),„is ze. ro, and Eq. (8)
leads to Eq. (3). As an approximate solution to the
case of comparable donor and acceptor concentra-
tions, where N; M, can depart from zero, Thomas
et al. introduced a Hartree approximation to Eq. (8),
replacing (N;M, ),. „by. (N;),. „(M,),. „. While neglecting
correlations in occupations of specific sites, this ap-
proximation takes into account the decrease with

time of the average concentration of holes available
to each electron.

It was pointed out in Ref. 9 that the Hartree solu-
tion is a poor approximation to the case of exact
compensation at long times and low concentrations
unless the physical system includes the possibility of
hopping of electrons and/or holes from one trap to
another during the decay process, thus tending to
keep the different (M&).,„at the same average value
throughout the sample. If the hopping is rapid com-
pared to the radiative decay rate, as it must be at suf-
ficiently long time and/or high temperature, the Har-
tree average should be a good approximation. Note,
however, that the approximation as given ignores
kinetics of the hopping, and thus contains no explicit
temperature dependence. It assumes that the redis-
tribution of carriers among traps occurs instantane-
ously (on the radiative time scale) at any temperature.

Following Ref, 9, the ensemble average of the pro-
bability Q(t) that an electron is on a given donor in

the case of exact compensation is found by solving
the equation

f+ oo wt
I(Q(t)).o P=exp'4rrN „exp —W(r) J (Q(t))„,dt —1 r'dr' (9)

dt'
(Q(,) )

following Ref. 9. Then

(10)

1(t)„p= ——(Q(t))„„

With (Q(t)) given by Eq. (3), Eq. (9) may be solved
using the relations

(Q (t))„~p= (Q (~))
where

t j
r = J (Q(t)}„ddt

and

t

Figure 7(a) compares l(t)„„„(dashed lines) with
l (t) (full lines) for several values of NR' at fixed

The curves are similar for early times and/or
low concentrations. At later times or high concentra-
tion the curves for N, = Nq (Hartree solution) lie

above those for N, )& Nq. Comparison of the
curves at early, intermediate, and late times has been
discussed in Ref. 9. In Fig. 6, the 4.9-eV data for
T =10 K have been fit using Eq. (10), as shown by

the dashed line. The full line computed from Eq. (5)
was discussed in Sec. IV A. The values of NR' and
11',„are the same in both cases, and Eq. (5) pro-
vides only a slightly better fit for this concentration
and time range. Thus it is not clear from the data at
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T =10 K alone whether the kinetics of D-3 lumines-
cence in MgO correspond to unequal or nearly equal
concentrations of donors and acceptors.

8. Temperature dependence

ltI

=-g g W(r,) + W'(T)
J

(12)

The simple model for N, & ) Nq discussed earlier

was specifically a low-temperature theory, with no

hopping of charges among the trap sites allowed.

The Hartree solution for the case N, =Nq implied

charge redistribution among traps, but contained no

explicit temperature dependence. As temperature is

increased, the carriers ultimately escape from their

traps and perform a random walk among the trap

sites. There is a position-dependent tunneling proba-

bility, W(rt) r, for radiative recombination on each

step of duration ~ at site j, where r& is the distance

from the donor to the jth acceptor. In general it

would be necessary to include probabilities of step-

ping on a deep trap or a nonradiative recombination

center as well. Then the ensemble average of transi-

tions involving N such hopping charges having

position-dependent radiative recombination probabili-

ties constitutes the observed luminescence,
If all traps are initially occupied, a random walk

among the few traps vacant at early times can have

little effect. For the case N, = Nq at later times,

more of the traps will have been depleted by prior

recombination, and hopping to the vacant sites be-

comes significant. Since the sites closest to the

donors will have been depleted first by the radiative

recombination, the effect of hopping is to replenish

these sites and thus speed up the recombination process.

A thermally activated ionization of the donor or ac-

ceptor with subsequent recombination probability in-

dependent of W(r&) can affect the model for

N, )& N& as follows. Suppose that there occurs

nonradiative thermal ionization of the donor at a rate
W' which is independent of the concentration or dis-

tribution of acceptors

W'(T) =sexp( —E/kT)

Then Eq. (7) of Ref. 9 becomes

Here g is the probability that the electron is on the

donor, and N0 is the total number of acceptors in the

crystal volume considered. In the present work the

relevant crystal volume is the sphere of integration of
radius rp =100 R. Following through the analysis

with this temperature-dependent parallel decay chan-

nel, we find in analogy to Eq. (3)

x(g(t, T))

In treating the case N, =Md, it is useful to rewrite

Eq. (12) in the form

~o
= —Q $ [W(rj) +¹'W'(T)]

dt

r

Performing the ensemble average as in Eqs. (9)—(13)
of Ref. 9, but neglecting to factor the term involving

W'(T) out of the integrand, yields

Q (t, T) = exp 4m% 'j [exp[—'m (r, T) t] —1]r' dr
&0

(i6)

~here

%" (r, T) = lV(r) + Wo
' W'( T)

Here N0 = -, m Nr0, ~here r0 =100 R is the arbitrarily

chosen upper limit of integration. Equations (16)
and (13) yield identical results in fitting the data.

The usefulness of the form given in Eq. (16) is that

the Hartree solution for the case N, = Nq including

therinal quenching follows by analogy to Eq. (9) and

(10) with W(r) +%a ' W'(T) replacing W(r) Thus.
we write an equation for (Q(t, T))„~, the probability

that a donor contains an electron at time t

(g (t, T)) =exp[- W(T) t +4~@

[exp[—W(r)t] —1]r2 dr] . (13)

The luminescence intensity l(t, T) at time t and tem-

perature T is found as the term proportional to the

radiative transition rate W(r) in the time derivative

of (Q(t, T))
ta oo

I(t, T) = 4mN W(r) exp[ —W(r)t]r2dr
~o

1

goo '

( Q( , t)T)„~=e px4nW ~ 'exp —%'(r, T) (Q(t, T))„,dt —1 r dr' (17)

This may be solved by the method of Thomas et al. 9

[see Eq. (10)] with g(7, T) given by Eq. (16).
In Fig. 8, all curves have been computed for

N, =Nq in the Hartree approximation, using only the

parameter values NR' = 2 x 10 " and

W,„=1.4 x 10' sec ' which were determined earlier

by fitting the decay curve for T =10 K. The family

of curves superimposed on the experimental data for

4,9-eV luminescence is then obtained by varying the

single parameter W'(T). Reasonably good agree-
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ment with the experimental data at all temperatures
is obtained. Agreement is not as good when Eq. (14)
corresponding to W, & & Wd is used. The additional
component seen at long times on the higher tempera-
ture (273 and 294 K) curves is ignored for purposes
of this curve fitting. It may be associated with the
overlapping 3.3-eV band rather than the 4.9-eV band.

The thermal ionization rate W'(T) which is de-
duced from fitting the data of Fig. 8 has been plotted
against temperature in Fig. 9. Similar data for the
3.3-eV band discussed in Sec. IV E are also shown.

I I 1 t lllli I I ( I llllf I I I I IIIII I I I illll) I 1 I llllll:

LLI

(A

ithin the present model, activation energies govern-
ing the thermal ionization of the shallow traps can be
deduced. The trap whose ionization appears to con-
trol the thermal decay of 4.9-eV luminescence is

described by an activation energy F. =0.06 eV and
pre-exponential factor s =3.4 x 10

The donor-acceptor model is qualitatively con-
sistent with the available data on thermolumines-
cence of the 4.9-eV band. %hen an Mgo crystal is
excited by ionizing radiation at low temperature, elec-
trons and holes trapped at small separations would
undergo tunneling recombination during or shortly
after irradiation, leaving only the distant donors and
acceptors with trapped carriers. Upon warming the
crystal, charges released from the distant traps can re-
populate the depleted close D-A pairs, thereby pro-
ducing a glow peak of donor-acceptor luminescence.
An interesting analogous phenomenon is the glow

peak accompanying thermal reorientation of anisotro-
pic traps as observed by Delbecq et al 's' in ~C
The 210 K thermoluminescence peak observed in

MgO by Lee and Crawford' involves only the 4.9-eV
luminescence, not the 3.3-eV band. Since the 3.3-eV
band is correlated at higher temperature with release
of holes from Vcenters, it was concluded that the
210 K thermoluminescence peak corresponds to
release of electrons which subsequently recombine
with the holes trapped at V centers. Some fraction of
the released electrons also find deep traps or nonradi-
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FIG. 8, Model curves calculated from Eq. (17) are plot-
ted, with the parameters NR3 and W'I, „ fixed at the values
determined from fitting the data for T =10 K. The single
parameter H'(T) is varied to obtain best fits to the super-
imposed 4.9-eV luminescence data at temperatures between
10 and 294 K. The resulting values of W'(T) are plotted in

Fig. 9.

IOOO
( K-I)

T

FIG. 9, Values of the parameter W'(T) obtained by fit-

ting the 4.9-eV luminescence decay curves in Fig. 8 (trian-
gles) and the 3.3-eV luminescence decay curves in Fig. 11
(circles) are shown on an Arrhenius plot.
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ative recombination centers. Thus thermal ionization
of the donors on a time scale faster than radiative
recombination can quench the 4.9-eV luminescence,
whereas on a slower time scale the effect may be to
enhance the 4.9-eV luminescence (glow peak) by
redistributing electrons among the available donor sites.

C. Identifying the traps involved

in 4.9-eV luminescence

Lee and Crawford demonstrated that the intensity
of 4.9-eV luminescence is correlated with the concen-
tration and thermal stability of V-type centers. ' It
was therefore proposed that the 4.9-eV band results
from electron capture by a V center with subsequent
radiative decay to the ground state of V2 (or VM,

where M represents a possible charge-compensating
impurity adjacent to the vacancy). The V center in

MgO is a magnesium ion vacancy with one hole
trapped on a neighboring oxygen ion, and it has an
effective negative charge due to the Madelung poten-
tial. ' Thus the cross section for trapping a conduction
electron in an excited state of the V center is ex-
pected to be very small despite the vacant oxygen 2p
bound state. Thus one might expect that V centers
which are locally charge-compensated (e.g. , by Al +

on an adjacent Mg'+ site or, OH on an adjacent 0'
site) are the effective recombination centers giving
4.9-eV luminescence. This is possible in principle,
but the charge-compensated centers are at best only
neutral with correspondingly modest electron-capture
cross sections, and such an explanation ignores the
evidence for tunneling in the decay kinetics.

If the compensating impurity is close but not im-

mediately adjacent to the V center, then a recom-
bining electron will typically be captured at the posi-
tive impurity rather than the negative V center.
The recombination transition to the V (oxygen 2p)
hole state could then proceed by tunneling. The
transition rate could be effectively enhanced in this

way because of the large electron-capture cross sec-
tion of the positive impurity and its role in holding an
electron in the vicinity of the V center long enough
for tunneling recombination to occur. On the basis
of the data on decay kinetics and peak shift presented
above, we therefore suggest that the 4.9-eV lumines-
cence results from tunneling recombination of an
electron trapped at a charge-compensating donor im-

purity and a hole trapped at a nearby V center.
A second important observation by Lee and Craw-

ford was that the 4.9-eV luminescence is dramatically
enhanced by doping with deuterium (or hydrogen),
and by prior y irradiation. ' This has two implications
for our suggestion involving V centers. Chen et al.
have shown that in hydrogen-doped MgO, the reac-
tion

Vox +hole V +H+

proceeds with high efficiency under ionizing radia-
tion. ' The increase of 4.9-eV luminescence in hy-

drogenated crystals' may then occur because the con-
centration of V centers is enhanced through radia-
tion decomposition of Vo~, or because hydrogen is
important in the tunneling recombination, or both.
We speculate that at low temperature, the H+ bypro-
duct of Vop decomposition probably remains for a
while close to the V center which was its source, ex-
isting as OH substituting on a normal 0' site. In
fact, unassociated substitutional OH (or interstitial
H+) seems not to have been observed in MgO. Its
observation might be difficult because it is diamag-
netic. The infrared stretching mode of substitutional
OH not associated with a Vcenter should be observ-
able, but has not been reported. The frequency
might be shifted substantially from the Vo~ mode.
Substitutional OH' or interstitial atomic hydrogen
would be paramagnetic. In neutron-irradiated CaO,
EPR studies have demonstrated the existence of
OH ions occupying 0 sites." The paramagnetic
centers disappear if the crystals are stored in the dark
for a few days, but can be restored by a few minutes
exposure to room light or ultraviolet illumination.
This s'uggests that the OH' charge state may be un-

stable against loss of an electron by slow thermal un-

trapping or tunneling recombination. Halliburton
et al, observed centers produced by x-ray irradiation
of SrO at low temperature which were attributed to
OH' (or possibly OF2 ) molecular ions occupying
02 sites. They also suggested that the radiation-
induced decomposition of Vo~ centers in MgO and
other alkaline-earth oxides may produce OH
molecules in a variety of local environments and

charge states if the temperature is sufficiently low. "
The electron binding energy of a substitutional

OH molecular ion (forming the neutral donor,
OH~ ) may be significantly reduced by proximity of
the negatively charged V center. Equation (6) giv-

ing the energy of donor-acceptor pair luminescence is

usually developed for the case where the donor and

acceptor are both neutral in the initial state and oppo-
sitely charged in the final state —hence the Coulomb
term e'/er In the hypo. thesis we have offered for
MgO, the donor is neutral in the initial state but the
acceptor (V center) has a single negative charge. In
the final state the donor is positive and the acceptor
(bare Mg'+ vacancy) has a double negative charge.
The Coulomb contribution to the transition energy
still includes the term e'/er as in Eq. (6) since both
traps change charge state by one.

D. Strong coupling to the lattice

The form of Eq. (6) is correct for discrete no-

phonon transitions of donor-acceptor pairs. The en-
ergies of resolved phonon side bands can also be
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described by including the phonon energy in Eq. (6).
Phonon-broadened luminescence bands, as in the
case of MgO, are not quantitatively described by the
simple equation, although we found it useful to dis-
cuss the peak shift of the broad band in terms of the
Coulomb energy in Eq. (6). The trap energies Eq

and E, require careful definition when the lattice
coupling is strong.

The configuration-coordinate diagram in Fig. 10 il-

lustrates this. The hypothetical potential curves
represent the combined elastic and electronic energies
of the system comprised of the V center and a
recombining electron. For present purposes, the
elastic energy of the donor is not considered, since it
is removed spatially from the acceptor and interacts
with different lattice ions. It could be represented in
a multidimensional diagram, however. The local
mode coordinate Q represented here is purely

schematic, but would typically be the breathing mode
of the V center.

The zero of energy corresponds to the V center in

its electronic and vibrational ground state, and an
otherwise filled valence band (V +e,,~). The initial
state for luminescence comprises an electron promot-
ed from the valence band to the donor, with the V

center as before ( V + eq,„). The final state reached
in the luminescence transition ( V2 ) corresponds to a

F'IG. 10. Combined elastic and electronic energies of the
system comprised of a V center and a recombining electron
are represented hypothetically in this configuration-
coordinate diagram. The coordinate Q represents the

V

most important local vibrational mode interacting with the
center, typically the breathing mode. Elastic energy of

coordinates interacting with the donor is not represented,
Optical and thermal ionization of the V center and the
recombination luminescence transition to V are represented,

magnesium ion vacancy, the empty donor, and a hole
remaining in the valence band at a large distance
from the V' center. The minimum of the V' curve
is represented as lying outside the ground-state
curve, primarily for convenience. Its actual location
has not been established.

For Franck-Condon transitions, the final-state en-
ergy of the electronic recombination is at approxi-
mately 2.8 eV (= E~,~

—0.06 eV —4.9 eV) relative to
the vibrational ground state of V +e„,~, The 2.3-eV
excited state (V +e„,~) and its 17-meV thermal ion-
ization' to V' are represented in the figure. The
unrelaxed final state of the radiative recombination is

the same as the optically ionized state of the V

center before relaxation. The 2.8-eV energy. of that
state as deduced here from the luminescence energy,
band gap, and donor energy, is quite reasonable in

comparison to the 2.3-eV bound-state transition ener-
gy. The thermal trap depth of the V center (i.e. , the
activation energy of the reaction V + valence elec-
tron V' ) is thought to be approximately 1.6 eV."
Lower energies of activation, e.g. , 0,7 eV, ' and 1.13
eV, 26 for thermal release of holes are suggested to be
characteristic of impurity-associated centers such as
VpH or VA~. The value E = 1.6 eV was reported as
the activation energy for V annealing in high-purity
MgO powder. 25

Because of the nonlocal nature of some of the
states represented in Fig. 10 (i.e., including valence-
band and donor electron energies in addition to the
V center), some of the apparent curve crossings re-

quire comment. For example, although thermal ioni-
zation ( V +e„„—V' ) of the hole trap is possible
by capture of an electron from an adjacent oxygen
ion, the reverse process requires the presence of a
hole and is unlikely to occur except under conditions
of ionizing radiation or thermally released holes.
Thus the crossing of the V +e„,~ and V potential
curves will not, as the diagram suggests, lead to rapid
depopulation of V' .

E. 3.3-eV band

The decay of 3.3-eV luminescence at temperatures
from 10 to 498 K is shown in Fig. 11 with superim-
posed curves calculated from Eqs. (13) and (14).
The parameters NR and H, „which specify the
curve superimposed on the 10 K data are the same as
those determined for the 4.9-eV band at 10 K. The
data can be decomposed approximately into the curve
shown and an additional exponential component
(r = 1.5 msec) accounting for the hump near 10 '
sec. At higher temperature, this feature decays faster
and becomes less notable relative to. the donor-
acceptor model curve. Thus above 78 K, the donor-
acceptor model curves shown are in moderately good
agreement with the early portions of the experimental
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decay curves. In all cases the parameters NR' and
8',„remain the same as for the data at 10 K. The
only variable parameter aside from the vertical scale
factor is W'(T). The 3.3-eV data are better fit using
F.q. (13) for N, » N~ than Eq. (17) for N, =Nq
Resulting values of W'(T) are plotted in Fig. 9.

The long tails of the decay curves at high tempera-
ture in Fig. 11 grow in approximate correspondence
to the 3.3-eV thermoluminescence reported by Lee
and Crawford. ' Since it is known that Vcenters an-
neal by ionization in the same temperature range, it
seems likely that the high-temperature features near
10 3 sec in Fig. 11 are associated with the hole

release from V centers. Note the corresponding rise
of 3.3-eV luminescence intensity in Figs. 1 and 5.

The case for the 3.3-eV luminescence being due to
tunneling recombination is much less compelling
than for the 4.9-eV band, but the approximate curve
fits in Fig. 11 are at least suggestive of such a hy-

pothesis. However, there is presently little evidence
to indicate the identities of the traps involved. The
temperature dependence of the decay at early times
can be interpreted to yield the energy of one of the
traps relative to a band edge. From Fig. 9,
E =0.13 eV and s = 5 x 10 sec '.
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FIG. 11. Model curves calculated from Eq. (13) are plot-
ted, with the parameters NR and 0 m, „ fixed at the values

determined from fitting the data for T =10 K. The single
parameter N '(T) is varied to obtain best fits to the super-
imposed 3.3-eV luminescence data for early times at tem-
peratures between 10 and 498 K. The resulting values of
H '(T) are plotted in Fig. 9.

IV. SUMMARY

The decay kinetics and spectral shift of the 4.9-eV
luminescence band can be accounted for by the
theory of tunneling recombination between randomly
distributed hole and electron traps. Utilizing prior
work, the hole trap is identified as a magnesium ion
vacancy and a possible electron trap is suggested to
be the OH molecular ion. Further experiments on
the role of hydrogen are in order. The magnesium
vacancy in MgO retains an overall negative charge
even when binding a hole on an adjacent oxygen ion.
This would appear to make tunneling the preferred
channel for recombination with an electron, and
raises interesting questions of partial charge compen-
sation of the donor by the acceptor in the initial state.
Unlike most of the semiconductor systems in which
donor-acceptor recombination has been studied, the
traps in MgO are strongly coupled to phonons.

The temperature dependence of the luminescence
decay has been modeled by including thermal ioniza-
tion of one trap as a de-excitation channel in parallel
with tunneling recombination. Under certain condi-
tions this thermally-induced hopping of charges can
enhance rather than quench the luminescence. %e
suggest that this is the mechanism of the thermo-
luminescence glow peak of the 4.9-eV band, and pos-
sibly also the higher-temperature glow peak of the
3.3-eV band.

Experimental data for the 3.3-eV band are present-
ed, but the origin of that band and interpretation of
the decay kinetics are rather uncertain. The lumines-
cence is enhanced by release of holes from V centers,
and has been suggested in the literature to result
from hole capture at Fe2+. The decay kinetics are
mildly suggestive of donor-acceptor tunneling recom-
bination for this band also.
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