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Abstract. The temperature dependence of the luminescence of the ZnTe:O iscelectronic trap is
presented for different excitation energies and is interpreted within a simple model. Interactions
that are responsible for the temperature dependence of the lifetime at different excitation energies
are discussed. :

1. Introduction

In this paper we discuss the photoluminescence (PL) of the isoelectronic trap oxygen in
ZnTe. Besides their relevance in their own right, its characteristics are related to the gain
spectra recently observed for ZnTe:O. In fact, for moderate concentrations of oxygen centres
of about 10'7 cm~3, a large optical gain has been observed both at 2 K [1] and at room
temperature [2] in the spectral region between 0.64 um and 0.72 um. The data were
interpreted within a four-level vibronic laser model, which was derived from a microscopic
model [3,4]. Apart from its potential usefulness for laser applications of ZnTe:O, a study
of its optical properties shows a number of interesting results concerning the physics
of the material. Bound-exciton luminescence that persists up fo room temperature and
luminescence with oxygen radiative decay times whose temperature dependence varies with
excitation energy are two of the most surprising features observed for this material. As we
will show in the following, the analysis of luminescence relies heavily on the formalism
already used when discussing luminescence from the isoelectronic trap AgBr:I {5,6]. The
comparison between theory and experiment is satisfving for both traps. This indicates that
the model of [5] is suited for the discussion of the optical properties of different isoelectronic
traps. We concentrate here on luminescence and on radiative lifetimes of oxygen-bound
excitons and their temperature dependence. The features of absorption by ZnTe:O have
already been analysed in [7].

In section 2 we give a short account of the experimental arrangement used for the
measurements. In section 3 the results on luminescence for both low and high temperatures
as well as for resonant and band-to-band excitation are presented and discussed within the
model of [5]. In section 4, we discuss the experimental results for the relaxation times
measured under the same conditions as mentioned in section 3. Concluding remarks are
contained in section 5.
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2. Experimental details

ZnTe crystals were synthesized from the élements (99.9999% purity) and doped with oxygen
in an open system under He gas flow by adding 0.5% Zn0. This doping produces an oxygen
concentration of about 10'7 cm™ which seems to correspond to the solubility of oxygen in
ZnTe [8]. ZnTe:0 is then transported by a mixture of sublimation and chemical transpoi't
under Ar pressure with addition of some ZnTe along a temperature gradient from 1100 to
1040 °C and crystals of typical dimensions of 1 cm length with 1 cm diameter are produced.

For PL-integrated intensity and PL-decay-time measurements, ZnTe:O single crystals
were mounted on a copper finger of continuous-flow liquid He cryostat equipped with a
heat exchange chamber for the samples. To monitor the sample temperature, a calibrated Pt
resistor was mounted in the sample holder, next to the crystal. Temperature was measured by
means of an automatic resistor bridge and it could be varied from 5 K. to room temperature.
For measurements at 2 K, samples were immersed in a pumped liquid He bath.

The optical excitation was performed with the continuous wave 478 nm line of an argon-
ion laser for excitation into the band edge and with a thodamine 6G dye laser {pumped by
the argon laser), tuned at 587 nm, for resonant excitation within the oxygen absorption
band. Neutral density filters were used when necessary to prevent excitation saturation.
The emitted light was collected from the front surface of the crystal (at 7/2 with respect to
the incident laser beam) and focused on the entrance slit of a 1.5 m focal length scanning
spectrometer with a resolution slightly better than 0.5 A, The signal was detected with a
cooled (—20 °C) photomultiplier, and a standard photon-counting system including a PC
was used to record and correct data for the spectral response of the detection $ystem.

For PL decay time measurements, the continuous laser beam was pulsed by means of
a cavity dumper for both above-mentioned optical excitations. The laser pulses had a fall
time of about 9 ns and a repetition rate of 8 kHz (limited by the detection electronics). The
emitted light was focused on the entrance slit of a spectroreter (15 cm focal length) used
as a 200 nm band-pass. An additional low-pass red filter (cut-off 500 nm) was used before
the spectrometer to cut the diffused laser light and the intrinsic PL when exciting into the
band edge. The signal was detected by a fast photomultiplier and sampled by a box-car
integrator, (triggered by the cavity dumper delayed signal), together with a time-scanning
module. The PL signal was recorded and analysed by means of a pC.

3. Luminescence spectra

In this section we present the Iuminescence spectra of ZnTe:O from low temperature (2 K)
up to room temperature and for band-to-band excitation as well as for excitation into the
absorption band of the oxygen isoelectronic trap. In order to stress the peculiarities of the
two temperature regimes we present our results in two separate subsections.

3.1. Low-temperature luminescence

We discuss the luminescence spectrum of ZnTe:O within the scheme of the model of Testa
et al [5], which was first developed for AgBr:I and which allows one to describe the effects
of the coupling to both optical and acoustical transverse and longitudinal phonons (TO, TA
and LO, LA respectively in the following).

In this model we introduce the experimental one-phonon density of states obtained from
calculations and a fit of neutron scattering data. The phonon density of states is divided into
four different regions, each of them consisting approximately of a one-phonon mode. The
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Figure 1. Experimental (solid line) and fitted (dotted line) luminescence spectra at 2 K.

coupling strength is then set for each mode for the best fit of the luminescence spectrum.
The result is shown in figure 1.

This model thus allows a more exhaustive interpretation of the fine structure observed
in the luminescence spectrum when compared with the ones proposed by Dietz et al [9]
and Hjalmarson et af [10]. The result of the fit is rather satisfying as it is shown in figure 1.
However, we have to stress the fact that, in spite of the good agreement with experiment,
the model of [5] gives only an approximate description of ZnTe:O. In fact, according to
group theory, only phonons with £ = 0 can couple to the electronic transitions. Thus, LO
and To phonons are allowed in one-phonon processes, whereas acoustic phonons can only
assist in combinations of at least two whose total momentum vanishes. Since the optical
phonon branches in ZnTe are rather flat, a large manifold of combinations of optical with
acoustic phonons are possible and are responsible for the temperature dependence. The
condition ki = 0 appears in our case as an additional complication to the model [S].
which is otherwise well suited for calculating intensities, and in particular their temperature
dependence, as shown in figure 3. The introduction of this condition into the model [5] is
not obvious and is not the purpose of this paper. Therefore, we have adopted the following
approximation: the optical one-phonon and multiphonon repetitions and their temperature
dependences are treated within the mode! of Testa et af [5]. Furthermore, in order to simplify
calculations, the contributions of the acoustical phonons and their temperature dependence
are calculated disregarding the selection rule ks = 0 and using one-phonon density of
states in full. This rather crude approximation may account for the differences between the
experimental curve and the fit of the acoustical phonons which appears in figure 1.

In order to fit the luminescence spectrum, an energy scaling factor has been introduced,
which is most probably related to the dominant electron~LO-phonon coupling which is not
included in the density-of-states calculations. [t can be seen by inspection of the phonon
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dispersion curves that LO phonons from point I' that couple to this transition are those
of the extreme edge of the one-phonon density of states, some 3 meV higher in energy
than the dominant LO peak. This is exactly the difference between the measured and fitted
luminescence spectra.

In most samples tested, a small shoulder next to the zero-phonon line (ZPL) and its LO
replica is observed in luminescence while it is not in absorption. This shoulder is known
in the literature as the undulation spectrum [11] (see also section 4).

In figure 2 we show the full width at half-height (FwHH) of the ZPL and its LO phonon
replicas for emission spectra. In the luminescence spectrum, the small shoulder of the
ZpL and its LO replicas mentioned above had to be subtracted in order to obtain a linear
dependence on n. It is shown in figure 2 that FWHH ~ #; this is known to hold also for
the case of AgBrl It has been shown by Marquis [12] that this behaviour for a LO mode
is followed exactly for a one-phonon density of states given by a sum of Lorentzians.

al : //1
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J e /
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Replica nummber

Figure 2. The full width at half-height of the zrL for luminescence,

Furthermore, a few additional observations can be added regarding the general features
of figure I. First, at very low temperature, the occupancy of the energetically higher A state
rapidly thermalizes to the jower B state for 4T < 19 K.

Only the B line is observed in the luminescence spectrum at temperature lower than ~
19 K although this transition is normally forbidden by selection rules. For the absorption
the situation is different, and only the A state, allowed by selection rules, can be excited
[7]). Following this last remark three interesting observations can be made.

(i) The A line (observed in absorption) and B line {observed in luminescence) have
nearly the same coupling with the lattice, while their angular momenta are different because
the respective states have different symmetries. The same result holds for the A and B zpL
transitions of the exciton bound to iodine in AgBr [9], a host lattice with an indirect gap.
Therefore, as it has been assumed by Testa et al [5], the phonons are preferentially coupled
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to the bound exciton as a whole, rather than to the more strongly bound particle as proposed
in [7].

(ii) As already observed by Dietz et al [9], the absorption and luminescence spectra of
ZnTe:Q are nearly mirror images around the ZPL, i.e. the excited (or vibrational) states of the
crystal ground state, seen in luminescence, and of the oxygen-bound-exciton state, seen in
absorption, are the same, which can be described schematically in a configuration coordinate
diagram., In contrast, in AgBr:I there is a difference of about one order of magnitude
between the strength of the electron-phonon coupling in absorption and luminescence. This
difference, which may be related to a relaxation process as discussed in {14], indicates that
AgBr:I behaves as a deep impurity for emission and as a shallow one for absorption. For
ZnTe:0O no or nearly no relaxation is observed on the bound exciton and, therefore, ZnTe:O
has to be considered as a deep impurity both for emission and for absorption.

(iii} The localization energy is large encugh to separate the oxygen absorption spectrum
almost completely from the shallow impurities and the free-exciton spectra.

The physical properties that determine the appearance of a relaxation effect are not
yet well understood, and we give here only experimental evidence without any further
interpretation,

3.2. Temperature dependence

The temperature dependence of the luminescence spectrum of ZnFe:O has been calculated
within the model of [5]. This approach is justified from the low-temperature results. We
assume that there is no relaxation within the excited state and that the vibrational states
are the same for the crystal ground state and for the oxygen-bound-exciton state. This
assumption is reasonably confirmed by the experimental data and leads to theoretical spectra
that are symmetric around the ZPL. The results of the fit for luminescence are presented in
figure 3,

In figure 4 we present the luminescence and absorption spectra for different temperatures.
The general features of the luminescence spectra are well described by the model in the
temperature range between 2 K and 60 K. In particular, the slow disappearance of the
phonoen fine struciure with increasing temperature is well reproduced. We also notice that
the ZPL and the LO replica disappear more rapidly than the structure related to acoustical
phonons. This feature is also well reproduced in spite of the imprecise fit of the relative
peak strength. Furthermore, the spectra show the following features:

(1) the absorption and luminescence spectra are symmetric around the ZPL as predicted
by the model; ’

(ii) the overlap between absorption and luminescence spectra is negligible over the
whole range between low temperature and room temperature—we will comment on this
point later on;

(iii) above 60 K a shift of the spectral position of the maximum of the luminescence
intensity appears in figure 4.

From figure 5 we see that the maximum of the luminescence intensity has the same
temperature dependence as the energy gap with a scaling factor for the energy. This shift in
energy of the maximum of the luminescence intensity is essentially due to the natural shift in
energy of the valence and conduction bands and we have introduced the measured shift into
the fit. We therefore conclude that there is no detectable change in the Huang-Rhys factors
with increasing temperature. Despite the imprecise fit of the relative peak intensities, this
latter feature is nevertheless well reproduced by the model, as can be seen from figure 3.
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Figure 3. The fit {thin line (ii)) of the luminescence spectra (solid line (i)) for different
{emperatures,

Plotting the integrated iniensity of the ZPL and of the L0 replicas, figure 6 shows that
they both follow the same exponential law ~ e T where the experimental value for y is
yi = 1 x 1073 K~2. This is in good agreement with the model [5] which predicts, based
on multiphonon processes, that the total intensity of the ZPL and of the LO replicas follows
a lemperature behaviour given by

f [ dE ~ e ¥T", 3.1)

In this model equation (3.1) is obtained with the assumption that the acoustic phonons can
be treated in a Debye assumption.

The same temperature dependence as that displayed in figure 6 has been found for the
integrated absorption in [7]. In fact, the value ¥ quoted above has been determined from
absorption measurements and the few experimental points displayed in figure 6 show that
it applies for luminescence as well. Moreover, it has been shown in [7] that the value of
Y1 is very close to that obtained by scaling the results for AgBr to ZnTe which is given by
Vscalea = 0.8 x 10~% K=2, This agreement supports applicability of the approach of Testa e¢
al [5] to isoelectronic traps.
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Figure 4. Luminescence and absorption spectra for different temperatures and normalized to
each other with respect to the zpL intensity for liquid helium temperature and to their maximum
intensity for higher temperatures.

Moreover, at temperatures above 40-50 K, an exponential dependence of the integrated
unstructured absorption is also expected [15], as shown in [7]. There we have found two
different values for y, y» and 35 <« y;. The change of the ¥ factor of this unstructured
absorption neatr 200 K could not be interpreted within the model and only experimental
evidence is given.

In fact, the integrated luminescence of the unstructured part of the spectra behaves
slightly in a more complicated way: for the resonant excitation case we fit the overall
intensity with the same exponential dependence and with the same 3 and j3 as for
absorption, and the agreement is rather good as can be seen from figure 7.

However, for band-to-band excitation, the overall temperature dependence of the
intensity shows a different behaviour. The intensity decreases from liquid helium
temperature to about 80 K and then increases up to room temperature, finally to reach
the same efficiency as that at >~ 10 K as shown in figure 8, While for resonant excitation
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Figure 6. The temperature dependence of the integrated luminescence intensity of the zrL and
its first Lo replica.

the luminescence intensity is directly related to the absorption coefficient, as borne out by
the above results, the excitation within the conduction band is more difficult to analyse.
We add a few more general remarks.

(i} In the case of resonant excitation there is a symmetry between absorption and
emission with respect to both the spectral shape and the temperature dependence. This
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excitation. The points are fitted with (3.1 and with » = 5.2 x 107 K2 and y3 = 1.3 x
1073 K~2 determined in [7].
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Figure 8. The temperature dependence of the integrated unstructured part of the luminescence
spectra for band-to-band exciton.

means that the matrix element which appears in their expression is the same for both

processes,
(ii) For band-to-band excitation the situation is not as clear-cut as in the resonant case.
The symmetry between the emission and absorption spectra remains, but the temperature
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dependences for T > 50 K of the two processes differ.

(ii) The overlap between absorption and emission spectra remains negligible
independently of the temperature as shown in figure 4. This feature is important in the
context of gain prediction. The absence of absorption in the spectral range of luminescence
indicates that an important gain may be expected, as has indeed been demonstrated in [1]
and [2].

4. Luminescence decay time measurements

In the paper by Cuthbert ¢t ol [8] the bound-exciton lifetimes have been measured in
the sample excited by an electron beam. We show in this section that the temperature
dependence of these lifetimes strongly depends on the excitation energy.

Qur resulis on the temperature dependence of these decay times are in good agreement
with the results of [8] for band-to-band excitation, while in the case of resonant excitation
a new behaviour appears with a steep jump in the lifetimes near 80 K,

We should like to stress here that with resonant excitation only the oxygen-bound exciton
is excited while for band-to-band excitation we have to take into account the dynamics of the
possible recombination path and trapping mechanisms of the charges involved. The results
corresponding to different excitation and temperature regimes are presented in different
subsections,

4.1, Low-temperature lifetimes

Faor the low-temperature dependence of the bound-exciton lifetime, the experimental data
basicatly agree with [8], particularly for the band-to-band excitation case. For resonant
excitation the lifetimes are slightly smaller near 50 K and demand a generalization of the
fitting formula which will be discussed now.

Having observed that in the low-temperature region al} optical phonon replicas decay
with the lifetime of the zero phonon A or B lines, the temperature dependence of this
lifetime is related to the energetic splitting AE = 1.6 meV and to the respective lifetimes
T4 and tg. This dependence is governed by the thermalization between the two electronic
states. Using the result from the model of Testa et af [5] that the interaction between optical
and acoustical phonons gives a low temperature a reduction of the ZPL and optical-phonon-
assisted transition probabilities by a factor of &=, we write

1/t = gaNaxa/ta -+ gaNexe/Ts (4.1)
with xa g = exp(—ya s T?) and

¥Ya.B = Sa,p X constant (4.2)
where S g are the Huang-Rhys factor (or coupling strengths) for the LO electron—phonon
coupling with the A and B states respectively. All other quantities are defined as in [8]
with the values 74 =9 ns, 75 = 318 ns, AE = 1.6 meV, and with

NA/NB = C_AE”;T

(4.3)
g=ga/gs=4%.
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Finally, we find that

TA(I + ge'AE/"e—‘n—ys}Tz)
- ((TA/'(B) + ge—AEfkTe-(YA'-m]T’) '

(4.4)

For a fit of the experimental data with (4.4) we use a value ¥4 — s = —0.3 % 1073 K2,
This value is based on y4 = 1 x 10> K~2 found in the last section and on estimated Huang
Rhys factors Sy ~ 2.5 and Sp ~ 3, which are based on the absorption and luminescence
results at low temperature. The fit is shown in figure 9. Measuring the temperature next to
the sample we assumed there was a systematic underestimation of the temperature of the
excited volume of the sample and a shift of about 10 K was necessary to allow a fit with
(4.4) to the experimental data. Comparing this fit to the one of Cuthbert and Thomas [8],
the lower decay times found for high temperatures are determined by the additional factors
xa and xg in (4.1). These low decay times could nevertheless not have been observed by
Cuthbert and Thomas due to their limited time resolution.

Wi =

Liretime (ns)

[ Gﬂ 5
4 100 00 0

Temperalure (K}

Figure 9. The temperature dependence of the experimental decay times (points) fitted with (4.4)
with the values of the parameters quoted in the text for low temperatures, and with (4.5) for
high temperatures,

4.2. High-temperature lifetimes for oxygen-resonant excitation

According to the results presented in figure 9, we propose that the luminescence lifetimes
of the oxygen-bound exciton are different for optical-phonon-assisted (Tehon} and for the
unstructured acoustical-phonon-assisted transitions (7iong). These features could be due to
the limited wavevector of acoustical phonons which, according to the selection rules for
a direct-gap semiconductor, would allow only emission of paired acoustic phonons. This
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could strongly lower the transition probability and consequently enhance the decay time.
Furthermore, since there is an acoustic-phonon-assisted luminescence contribution for ail
temperatures, this implies the existence of a fast and slow decaying component also at low
and medium temperatures (T < 100 K approximately). This is exactly the observation
of Hjalmarson et al [16] who performed measurements in the frequency domain with
a modulated electron beam for the excitation and who reported two decay times, 1/k
and 1/kz, different by about two orders of magnitude, and with absolute values in good
agreement with ours. However, in normal time-resolved experiments, a large difference
between a fast and a slow component of decay times makes the detection of the slower
decay very difficult.

In order to understand the slow component of the luminescence, we propose the
following model: this luminescence emission is strongly acoustic-phonon-assisted and,
furthermore, the emission of phonons is dominant with respect to phonon absorption up to
300 K in this process. The transition probability for phonon processes cannot be, therefore,
expressed in terms of one-phonon processes and we have to consider the emission of two
phonons with opposite k-vectors satisfying the rule £ = (0, These considerations lead to the
following expression for the transition probability for phonon emission:

W~ (ng + 1)%. (4.5)

We take as the relevant acoustic phonon energies those that produce the first peak in the
two-phonon density of states from [17]. The energetically higher LA mode is neglected.
With 7 ~ W~ and using (4.5) we obtain

v =a(l — 2" +e™), (4.6)

A fit of (4.5) with ¢ = 7 meV/&T =~ 90 K/T yields the curve shown in figure 9 where
a has been chosen to best fit the experimental points. Taking into account the particular
simplicity of this model, the agreement is reasonable.

Finally, we should like to stress that for resonant excitation the lifetime observed

represents the true recombination probability of the oxygen-bound exciton since no other
impurities are excited.

5. High-temperature lifetimes for band-to-band excitation

When band-to-band excitation is performed, the lifetime of the excited oxygen traps has a
temperature dependence that differs from the one presented in the former section. We relate
this difference to the presence of acceptors in ZnTe:O. In the following we will indicate
some interactions involving these acceptors that influence the temperature dependence of
the lifetime of the excited oxygen traps.

The material ZnTe, either nominally pure or doped with oxygen, is known to have a
number of residual impurities [18]. Among these impurities, Cu acceptors replacing Zn play
an important role [ 18, 19]. In our samples, Cu acceptors were often found to be dominating
[20]. First of all we have to be sure that an influence of the acceptors on the luminescence
spectrum of the excited traps is present and is different for excitation above and below the
band gap. A consequence of the presence of neutral acceptors, whose activation energy
we call Eg, in uncontrolled concentrations of about 10*15-10%15 ¢m? is the occurrence of
so-calied undulation spectra. These spectra yield a low energy tail of the ZPL of the bound
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Figure 10. Undulation spectra related to the oxygen-bound exciton at 2 K. (a), (b) Higher
Cu-acceptor concentration. (c), (d) Lower Cu-acceptor concentration. The curves in (a) and (c}
comrespond to band-to-band excitation with £, = 2,84 eV, the curves in (b) and (4} correspond
to resonant excitation with Ex = 2.14 eV, £, = 2.39 V. B indicates the bound-exciton zrL, B’
the undulation spectrum, C, C’ the acoustic phonon replicas of the B zrL,

exciton [11] and/or of the ZPL of excitons bound to intrinsic impurities. The latter case is
well studied for GaP:N:Zn [11]. The presence of undulation spectra is a prerequisite for
clarifying some aspects of the interaction of the isoelectronic trap oxygen with acceptors in
ZnTe. _

In figure 10 we show undulation spectra, which appear in the luminescence spectra of
ZnTe:O for excitation energies £y above and below the band-gap energy E;. The spectral
shape of the luminescence is the same in both cases, except for the undulation tail of
the ZPL and of its various LO phonon replicas. The undulation spectrum is not visible in
absorption [7] because it is related to the properties of the interactions in the initial state
of luminescence, These characteristics are in agreement with the known literature and are
understood within the model of [11]. Following this model, pairs composed of isoelectronic
impurity and a neutral acceptor bind an exciton with distance-dependent strength. The
radiative decay of this exciton gives rise to the undulation spectra, which take some of the
oscillator strength of the ZpL. In our case the intensity of the luminescence spectra is larger
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for excitation energies E, < Eg, and acceptors are not excited, i.e. there are no excitons
bound to them and they are neutral at low temperatures. This leads to optimal conditions for
the strength of undulation spectra. In contrast, when exciting the sample via the gap, many
acceptors will capture a bound exciton, or at least an electron which in a second step will
capture 2 hole and thus complete a bound exciton. These acceptors are then not available
for the formation of the oxygen-neutral-acceptor pair states which are responsible for the
undulation spectra. Therefore, for E; > E,, the undulation spectra show systematically a
smaller intensity than in the fonmer case, as is observed in figure 10. These results indicate
that there is a considerable influence of the concentration of neutral acceptors on the oxygen
luminescence,

Besides the interaction leading to the undulation spectra, we propose a further
mechanistn of interaction between the isoelectronic trap oxygen and acceptors, which
influences the temperature dependence of the lifetime of the excited oxygen trap: for both
oxygen impurities and acceptors a finite probability exists that an electron is bound first.
Therefore, a hole that is bound to the electron of one impurity of one type may diffuse to
one of the other type and either recombine there or retum to the first impurity. As we will
show below, this process manifests itself in the temperature dependence of the lifetime.
As we have seen above we qualitatively expect that this temperature dependence will be
different for different excitation energies.

In order to give a quantitative discussion of this model we consider the process of
ionization of the excitons bound to the oxygen and to the acceptor. let po be the
concentration of holes bound to the excitons of the oxygen trap and p, that of the holes
bound to the excitons of the neutral acceptor. Both concentrations po and pa, are defined
without interaction between impurities such that their ratio po/pa is determined by the
branching ratic of the respective recombination paths. These concentrations are now related
through the rate equation

3po/dt = go — po/tR, — PoDs [fa+ PoPy [fa (5.1)

where go is the generation rate of oxygen-bound excitons and (rgo)“ is the inverse
recombination time for these excitons. The remaining two terms describe the rate of the
diffusion of holes from the oxygen trap to the acceptor and vice versa. On the acceptor
they find electrons with a concentration pf:). On the oxygen the inverse process involving

the electron concentration pg' occurs. For pa 100, a rate equation holds:

3pa/dt = ga — pa/TRy — PAPS /fa + POPY [ fa. (5.2)

In the stationary regime, and after elimination of g, and having expressed go in the limit

1/fa =0, 1/f, = 0 when the acceptors have no influence (as for resonant excitation), i.e.
Na =0, we get

(1/7ro} e = (1/%Ro) [z (1 = Pa€™ " 7o (1/f = 1/£2))- (5-3)

Here thermal equilibrium between the concentrations of bound excitons of the oxygen trap
as well as those of the acceptor and the respective ionized species has been assumed, i..

Wo/kT

~Wa/AT (5.4)

po(e) = poe

pale) = pae
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In this expression the ionization energies Wy and W, of oxygen- and acceptor-bound
excitons have been introduced with the value Wy ~ Wgg = 13 meV respectively [18],
Wre being the free-exciton binding energy. The quantity Wo is a free parameter to be
determined by fitting the experimental data. The choice of the value for Wy is justified
from the low localization energy of the Cu-bound exciton which is of 6 meV only [18].
Similar vatues for hold for most acceptors [18].

The capture cross sections 1/f4 and 1/f, have to be temperature dependent. In order to
account for their temperature dependence we make the following assumptions: the acceptor-
bound excitons are approximately free and are, therefore, described in the effective-mass
approximation as hydrogen-like excitons. The cross section for the capture of an electron
of energy E by a proton is found to vary nearly as E~! for sufficiently low energies [21],
i.e. as E <& Egyg. We modify this result for our purpose by identifying E with kT & Wy at
low temperature. Therefore, the capture cross section via Coulomb forces is approximately
given by W, /kT. At higher temperatures capture of an electron by pure Coufomb forces
is practically impossible due to the kinetic energy of the charge carriers. However, the
interaction with acoustic phonons in a crystal is very effective in reducing the kinetic
energy of charge carriers, as is known from the elementary theory of electronic conduction.
Thus we account for the capture rate at higher temperatures by adding to the capture cross
section a term vkT/k@ with an average value of the Debye temperature 8 = 250 K for
ZnTe:O and an adjustable parameter v. Finally we choose the capture cross section of the
much stronger localized oxygen-bound exciton to be equal to one. Therefore, we get

1/ fa = Wa/kT + vkT/ k8

) (5.5)
1/fa=1
The relaxation time is then expressed as
-1
Ty = T |y, o | — Ae™W/HT (Wa/AT + kT /R0 — €*/47) ]
{5.6)

A = patg,

where A = Wo— Wy, and patp, and v are free parameters whose values are fixed by fitting
the experimental data. The result of the fit for the following values of the fit parameters A
= 2.4146 meV, v = 0.143, W = 137 meV is presented in figure 11 and appears to be quite
satisfactory.

The expression (5.6) for the lifetime 1y, is not valid for arbitrary temperatures because
it diverges for T-values much larger than 300 K. As we know from the experiments [8],
for temperatures larger than 300 K the lifetime rapidly decreases as a consequence of the
thermal release of the bound excitons as a whole, This process has not been included in
our considerations and its absence indicates the limits of our model. Within this description
the temperature dependence of the lifetime for oxygen-bound-exciton recombination when
the excitation is above the band gap reduces to the one obtained for resonant excitation
multiplied by a term that includes the effect of the interaction between oxygen-bound and
acceptor-bound excitons, This last interaction is only relevant for excitation above the band
gap as indicated by the weak intensity of the undulation spectra.

We conclude by giving two more arguments in favour of our description. One of the
fitting parameters, namely the energy Wo, has a value of 140 £ 50 meV, which is a large
value but not unreasonably high [22]. Finally we have also fitted the data of [8] using the
same fitting parameter values as in figure 11, with a value of (zr)~' for Ny = O which is
obtained from the (4.4). The fit that is presented in figure 12 is once more very satisfactory.
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Figure 11, Decay times for the oxygen emission at the maximum of the intessity for resonant
excilation (@ @ @) and Band-to-band excitation (4 44). The solid line shows the result of a fit
te (5.6) with parameter values A = 2,4146 meV, v = (143 Wg = 137 meV.

6. Conclusions

The experimental results and their interpretations presented so far allow a better
understanding of the emission praperties of ZnTe:O and confirm the resuits obtained from
the gain spectra {1,2).

The behaviour of the luminescence from ZnTe:O for low temperature is similar to that
of AgBr:l in different respects, as for example in what concerns the temperature dependence
of the spectra, The luminescence from both isoelectronic impurities is well described in
terms of the model of [5]. Therefore, this model seems to be quite useful for describing the
optical properties of isoelectronic traps in different materials. Furthermore, the experimental
results on luminescence match well with that obtained for absorption presented in [7] with
the results for the gain [27] for rescnant as well as for band-to-band excitation.

For higher temperatures we have succeeded in giving a satisfactory description of the
luminescence spectra, which once more coincide with the gain spectra [1,2]. Furthermore,
we have presented results on the temperature dependence of the relaxation times at low
temperature, which complete those given in [8]. We have also been able to give a reasonable
fit of the experimental results for the temperature dependence of the relaxation time for band-
to-band excitation in terms of a phenomenclogical model that accounts for the influence of
acceptors in ZnTe on the relaxation times. For resonant excitation we have given a plausible
fit of this ternperature dependence by introducing the effect of two-phonon transitions. The
influence of these transistors and of the two-phonon density of states on the emission

characteristics has not been studied in detail in this paper and is left as a subject for future
investigation.
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Figure 12. Luminescence decay time versus temperature (poinis) from [8]. The full line is a
guide to the eye from 15 K on. The excitation of the sample is performed with an electron pulse
of energy > E; and width of 30 x 10~7 s with an intensity of 10* A cm™2. The dotted line
gives the fit to Teg = 7(THI — pexp(—e/kT))~! with ¢ = 1.7 and £ = 5.7 meV from [8]. The
points marked MM were fitted to (5.6) with the parameters of figure 11. Both fits use t(7)
from (4.4) because of the limited time resolution in {8].
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