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AbstracLThethermal quenchingof (A%) and(DoX) emissionlinesdue to processes of the 
type (AOX) - AD + X and (D"X) + Dn + X, respectively, is discussed in terms of non- 
radiative phonon-induced transitions. The onset and the strength of the quenching are 
determined by the exciton-impuritybindingenergy aswellastheamount oflattice relaxation 
accompanying these transitions. The latter effect, which has obviously been overlooked in 
earlier discussions, depends upon the degree of localization of the 'persistent' particle (hole 
or electron, respectively) and is relatively strong in the case of the 'deep' acceptors (such as 
CU, and Ag,,inCdTe). Thequantitative correlationofthequenchingparameten(and also 
of the capture coefficients related to the inverse processes) with the ionization energies of 
An and Do, which is expected on this basis, is conlimed by experimental results for CdTe 
and InP. 

1. Introduction 

There are many discussions of the mechanisms responsible for the thermal quenching 
of bound exciton emission. Starting from the first papers on this subject in the early 
1970s (e.g. [I]), these discussions have been based on approximating the temperature 
dependence of emission intensity (I) by expressions of the type 

I ( T )  - (1 + cexp(-E/kT))-' 

I ( T )  - (1 + C, exp(-E,/kT) + C2 exp(-&/kT))-' 

(14 

(16) 

or 

and relating the energy values (E, E,, E,) to processes which involve the removal of 
certain electronic particles from the impurity centre [2]. 

With very few exceptions [3] the magnitudes of the pre-exponential factors 
(C, C1, C2), which should contain information on those processes, have not been 
analysed. Such an analysis seems particularly important when an attempt is made to 
answer the old question of why, in certain materials including CdTe [MI, the (AOX) 
emission lines are quenched earlier than the lines due to donor bound excitons, although 
the exciton binding energies are larger in the former case. This question was also not 
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Table 1. Parameter values for CdTe. 

Cued A m  PT. Li/Na, D 

E, (mew 17.81 146 107.5 68.2 58158.7 14 
EB (mev) 17,81 6.54 7.62 7.13 6.87J6.94 3.1 

er, (K-") 30 20 0.04 
W3'9 36.9 45.9 8.35 2.37 0.12 

7 (10-8cm3s-') 130 130 26 7.7 2.6 

discussed in detail in our recent publication on CdTe [6], in which we determined 
the temperature dependences of bound exciton intensities using a decomposition into 
Lorentzian lines. 

In the present paper we give a general discussion of thermal quenching for the 
'classical' (AOX) and (DoX)-type bound excitons in terms of phonon-induced non- 
radiative transitions. On this basis we perform a quantitative analysis of our earlier 
quenching data 161 for CdTe and of new experimental results for Id'. 

2. Discussion of non-radiative transitions 

In itsgeneral aspects, the following discussion applies to most semiconductor materials; 
quantitative argumentswill begivenforCdTe. Themost probable mechanismofthermal 
quenching from the physical point of view is the thermal release of an exciton, i.e. 

(AOX) + Ao + X (2) 

(DoX)-+ Do + X (3) 
because the energies (EB)  involved in these processes (6-7 meV for (2) and 3.1 meV for 
(3), see table 1) are muchsmaller than theenergiesrequiredforreleasingsingle electrons 
or holes (or other combinations of particles). 

To be specific, let us first refer to processes of type (2), which we now discuss on the 
basis of a configuration coordinate diagram (figure 1). The important point, which has 
been overlooked in earlier discussions (e.g. [2]), is that there should be appreciable 
lattice relaxation (shift of the minima of the configuration curves) when going from 
(AOX) to Ao + X (and also from (AOX) to Ao), because the orbital of the hole 'persistent' 
at the acceptor is much more strongly localized in the final state. This is immediately 
obvious from electrostatic considerations and from the fact that, in general, the orbital 
radii in the A" (ground) states should be considerably smaller than the effective-mass 
value of about 1.3 nm. Thesecondargument appliesparticularly to the deeper acceptors 
as Cu, Ag and P, whose ionization energies (E,) are much larger than the effective-mass 
value of about 57 meV (table 1). 

The shift of configuration curve minima implies an increase of vibrational overlap 
and should thus enhance the transition rate (2). This effect should tend to decrease with 
decreasing .Ei and should further decrease when going to the (DOX) case (3), since the 
Do radius is rather large (close to the effective-mass value of about 5.6 nm). 

The effects contributing to the variation of the transition probability can bevisualized 
in more detail by relating the parameters of the electronic states to the phonon spectrum 
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Figure 1. Configuration coordinate diagram for an 
acceptorcentreillustrating the lattice relaxationcon- 
nected with the change in the degree of localization 
of the orbital of the 'persistent' hole. 

Figure 2. Phonon dispersion curves in the P L  direc- 
tion (a) and phonon density of states (b) for CdTe 
after [9] illustrating the range of phonon states which 
contributes to the thermal release [and capture) of 
excitons ( R  orbital radius of Ao or D", EB exciton 
binding energy). 

(figure 2) [9]. The transition probability should be dominated by contributions of 
phonons with 141 S 1/R (q is the phonon wavevector, and R the orbital radius of 
the hole (electron) in the A' (Do) state); so the number of phonon states making a 
contribution will decrease with growing R (figure 2(a)t). There is a second limitation 
with respect to the energies of the phonons involved in processes (2) and (3); these 
should be comparable to, or smaller than, the exciton binding energies (EB).  As a 
consequence, in the (AOX) and (DOX) case we are concerned with maximum energies 
above and below, respectively, the main TA peak (figure 2(h)) .  

Hence, from the viewpoint of the strength of electron-phonon interaction, process 
(2) is favoured compared to (3) in the twofold respect. We expect that the effects 
considered will manifest themselves in a tendency of decreasing pre-exponential factors 
in expressions such as (l), in the sequence, deeper acceptors- shallower acceptors- 
shallow donors, and that this can overcompensate, in many cases, the influence of the 
decreasing binding energies of excitons. 

An analogous trend should appear for the capture coefficients for the capture of 
excitons by the impurities (processes inverse to (2) and (3))$. As discussed in section 4 
the trends in the two sets of data are really observed experimentally. 

t A trend based on the same effect is found in the relative strengths of LO phonon satellites of the bound 
exciton emission lines due to radiative transitions of type (A%)- An (for CdTe see [7] figure 1). The 
significance of lattice relaxation effects as considered here is also evident from [integral) HuankRhys factors 
of the order of unity for acoustic phonons as estimated from the strength of corresponding sidebands in the 
caseofCdS(101. 
$ An adequate theoretical treatment of these nomradiative transitions seems not to be available. An obvious 
difficulty lies in the fact that, for (A%), the lattice relaxation energy hwS (where hw is the characteristic 
phonon energy, and S the integral Huang-Rhys factor) is comparable to the transition energy E.. This is a 
case to which the general treatments of non-radiative processes performed so far are not applicable [lll  
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3. Kinetic considerations 

In our experiments on CdTe 161 and InP (section 4.2) we have studied the thermal 
quenching of bound-exciton photoluminescence under excitation in the interband 
region. In discussing such data one is faced with the problem of eliminating the tem- 
perature dependence of the concentration of free excitons, from which the bound 
excitons are primarily formed [12,13] by capture processes inverse to (2) and (3). We 
have done this by considering ratios ( V )  of bound to free exciton line intensities (areas 
of zero-phonon lines) 

V = I / I x .  (4) 
We think that this procedure is more reliable than analysing I-values measured under 
intra-impurity (dye-laser) excitationaspractised, e.g. in [3] (see also [2]). Thisis because 
the results of such an analysis depend on whether the rates of the capture processes 
referred to above are large or small against other types of annihilation rates of free 
excitons (includingnon-radiative annihilation at other kindsof defects) [3], which should 
vary from sample to sample. 

On the basis of figure 1 we have, for each type of (AOX) and for (DOX) under 
stationary conditions, 

0 =ti = qnxNa - ( y  + A)* (5) 
(No is the concentration of the specific type of neutral impurity, n the part of I'@ with 
bound excitons, n, the concentration of free excitons, q the capture coefficient; and y 
and A the probabilities of the radiative annihilation and thermal release of bound 
excitons, respectively). Strictlyspeaking, the first termon theright-handsideis -I'@ - n ,  
but this may be replaced by fl at moderate excitation rates [14]. From (5) we get for V 
(see (4)) 

V = yn/xn, = qNQ/x( l  + A/y )  (6) 
(xis the zero-phonon radiative annihilation probability of free excitons). Assuming that 
11, No, x ,  and yare weakly temperature-dependent compared with A we find 

V ( T )  = V(O)(l + A/y)-' (7) 

A = (g'/g'')N,(T)q ~ x P ( - E B / W  (8) 

where A ( T  = 0) = 0 has been taken into account. The detailed balance principle yields 

where g' and g" are the degeneracy factors of the impurity state without and with the 
bound exciton, respectively, and 

N , ( T )  = 8(MkT/i?~fi')~' (9) 
is the effective density of states of free excitons ( M  is the total effective mass of the 
exciton). Hence 

V ( T )  = V(O)[1 + CT3l2 exp( - E , / k T ) ] - '  (10) 

c = 8 ( M k / z ~ f i ' ) 3 n ( g ' / g ' ' ) ( q / ~ )  (11) 

where 

is considered to be T-independent 
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Equation (lo), which is similar to the empirical equation ( l ( a ) ) ,  will be the basis of 
our analysis performed in section 4.  In this analysis we shall (i) regard as a fitting 
parameter in order to demonstrate the trend predicted in section 2; and (ii) (for CdTe) 
giveaquantitativediscussionofcbyrelatingittoindependentexperimentaldata, which 
enables us to eliminate the quantities 7 ,  y. g‘, andg“ from (11). 

To provide a basis for (ii) we now derive the required expression for c. In [14] we 
have deduced the relation 

V i ( l . 8  K )  = a(1.8 K)g’(q/F)(3nomoc)/(2~2e2tw,) 

VI = 1I1A 

(12) 
between the emission line intensity ratios 

and the respective bound-exciton absorption line areas 

a =  /ru(E) dE 

bothtaken at 1.8 K (or isthe absorption coefficient, Ethe photon energy, nothe refractive 
index, F the oscillator strength for bound exciton generation, x1 the probability of the 
one-Lo-phonon assisted radiative annihilation of a free exciton, and Z,, the intensity of 
the corresponding phonon satellite). 

Taking into account that y is related to Fthrough (e.g. 1151) 

y = ( ~ / g ” ) ( 2 e ~  noE2)/(3c3mufi 2 ,  

c = (x1V,(1 .8  K)/a(1.8 K))(2zMk)’fl(c2/zn~E2) 

(13) 

(14) 

@is the line position) we get from (11) to (13) 

which does not contain q ,  y ,  g ’ ,  and g”. 

4. Comparison with experimental results 

4.1. CdTe 

In figure 3 we present the temperature dependence of ratios V (see ( 4 ) )  for two CdTe 
bulk samples based on a decomposition of emission spectra as described in [6] ,  The data 
in figure 3(a) have been reproduced from [6], while those in figure 3(b) have been 
obtained under the same experimental conditions as in [6]. In both cases it is clearly seen 
that (AOX) is quenched earlier than (DOX). 

The acceptors responsible for (AuX) in sample 1 are LiCd (or Naa) and PTe (which 
are separable only at 1.8 K [6 ] ) ,  while for sample 2 we are concerned with the (AOX) 
doublet due to Cu, [7, 141 (1.589 56 and 1.5907 eV at 1.8 K). For the donors, the sum 
of the (D%), and (DOX), line intensities has been used in determining V in figure 3. 

The experimental temperature dependences in figure 3 have been fitted by means of 
(10) using ‘effective’ E, values which take into account that more than one bound- 
exciton level is involved in each case: EB = 6.9 meV for (AOX) in sample 1 (weighted 
average for Li, Na, and P). E, = 5.94 meV for (AOX) in sample 2 (average of the Cu 
doublet binding energies), and E, = 2.8 meV for (D’X) (average of (D%), and (DoX)2 
binding energies). 
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Figure 3. Temperature dependence of bound-exciton line intensities normalized to the 
intensity of the zero-phonon free.exciton line, for a high-resistivity n-type ( U )  and a low- 
resistivity ptype (b) CdTe bulk crystal (experimental points). and 514.5 nm Art laser 
excitation. The data in figure 3(a)  have been reproduced from [6] .  The dominant acceptors 
a~Li , ,Na, ,andP~~(u)andCu,(b) .  Thethincurvesarefitsto(1O);thethickcuwesare 
explained in the text. 

The fits are shown by the thin solid curYes in figure 3. The deviation from experiment 
will be discussed below. The (?values obtained by this procedure are given in table 1 
(*cfic'); they show the trend predicted in section 2. 

In discussing the result in the (DOX) case we have to consider that, different from 
our assumption concerning in section 3, the concentration of neutral donors is 
somewhat temperature dependent, due to partial recharging processes as 

D @ + D C + e  (15) 

which occur as the temperature rises 161. This gives an additional contribution to 
thermal quenching. Hence, the real value of tfiI should be still somewhat smaller, thus 
enhancing the trend under discussion. (? values of even smaller magnitude than for 
(DOX) are estimated for (DIX) bound excitons. For these, lattice relaxation effects as 
considered in section 2 are absent (as for all types of two-particle bound-excitons), and 
we are dealing with rather extended orbitals of the electron and the hole both before 
and after the quenching transition. As already mentioned, (? can also be determined 
from independent experimental results on the basis of (14). (?-values deduced in this 
way ('eac') are listed in table 1 for various impurities in CdTe, using V I -  and a-data 
from [14] and putting M = 0.5 mo, no = 3.0, and Y ,  = lo's-' [14]. The agreement with 
the data is quite satisfactory and the expected trend is demonstrated rather clearly, 
except for the inverse Cu-Ag sequence, which may be due to the effect of the impurity 
atoms on the phonon states. In table 1 we also reproduce 11-values determined in [14] 
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FigurelCo~elation between thethermalquenching 
coefficients C (see (14)) of (DOX) and (A%) and 
the ionization energies E, of donors and acceptors in 
CdTe (see also table 1). 

Figure 5. Correlation between the exciton capture 
coefficients 0 (determined by means of (12)) and 
the ionization energies E, of donors and acceptors in 
CdTe (see also table 1). 

with the aid of (12). Again, we observe the trend predicted earlier. The correlations of 
the c- and q-values with Ei are also illustrated in figures 4 and 5, respectively. 

Let us now discuss the systematic deviations between the fit and the experimental 
points for (AOX) at intermediate temperatures. The fist question to be asked is whether, 
contrary to our assumptions made in deriving (lo), the quantities ?J or are tem- 
perature-dependent in the present case. From general considerations on non-radiative 
capture involving a single impurity level one would expect that 0 increases with tem- 
perature, which should lead, on the basis of (6) and (8), to a deviation in the direction 
opposite to the observed one. On the other hand, taking into account the large E,-values 
(table l), it seems rather unlikely that the neutral fraction of acceptors decreases by the 
amount necessary to explain the observed behaviour. 

In principle, an explanation of those deviations can be given assuming that high- 
lying excited states of (AOX) participate in the thermal release and capture of excitons, 
in addition to the ground state discussed so far. Because optical transitions involving 
such states have not been observed so far, they should have rather small oscillator 
strengths, which is also expected from theoretical arguments [16]. A kinetic model 
including such ststes yields, under certain conditions, an expression for V ( T )  with an 
additional term Cexp(-E"/kT) introduced in the square brackets in (IO), where E* is 
the excitation energy of the bound exciton. On this basis a very good fit is possible as 
shown by the-thick solid curves in figure 3(a) (E* = 3meV, c = 5 0 )  and 3(b) 
(E* = 3 meV, = 70). 

4.2. ZnP 

In figure 6 we show the excitonic emission spectrum of an epitaxial n-type InP layer at 
temperatures between 4.5 and 20 K. The spectrum and its temperature dependence are 
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photon energy[meV] - 
Figure 6. Temperature dependence of the 
emission spectrum of an n-type InP WE 
layer (thickness 14pm, InP substrate, 
647.1 q1 K:,+ ',$er ,,excitation). ,The 
broken curves show the decomposition 
into Lorentzian lines. 

very similar to the CdTe case [6]; in particular, (AOX) is quenched earlier than the 
donor bound excitons. As inferred from the emission spectrum in the (Do, Ao)/(e, Ao) 
transition range, the dominant acceptor impurity is probably C, [17]; the nature of the 
donors is again unknown, The doublet structure of (AOX) should be due to the J = Si2 
and J = 3/2splittingcomponents of the bound exciton ground state (181. 

The spectra have been decomposed into Lorentzians by the same procedure as for 
CdTe [6].  and the ratios Vof line areas (cf (4)) are plotted as functions of temperature 
in figure 7 (experimental points). Here, the (AOX) and (DOX) values refer to sums over 
the (AOX) doublet components and to sums over the (DOX), and (DOX), contributions, 
respectively.Thefitsbasedon(l0) andtheeffectiveEB-valuesEB = 3.5 meVfor(Ao, X) 
and E, = I.7meV for (Do, X) (compare with the values in table 2)  are represented by 
the thin solid curves in figure 7. The resultant Cbt values are also presented in table 2. 

The (AOX) to (D'X) ratio of cfit is again larger than unity, but considerably smaller 
than the corresponding ratios for CdTe (table 1). This should be due to the following 
two reasons: (i) the acceptor to donor ratio of the orbital radii (R)  should be larger here, 
as follows from the effective mass ratio (0.4 compared to 0.25 for CdTe); (ii) the energy 
of the TA phonon peak [19] is higber than both EB(AoX) and EB(DoX). As can be seen 
in figure 6 the (D+X) to (DOX) intensity ratio increases with temperature, indicating 
recharging processes of the type (15). Hence the real E values for (DOX) should be 
somewhat smaller than EAt, similar to the CdTe case. 

There is a deviation of the fitted curve for (AOX) from the experimental points in 
figure 7, which is of the same type as (but smaller than) for CdTe and has probably the 
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Figure7. Temperature dependence of bound-exciton 
line intensities normalized to the intensily of the 
(zero-phonon) free-exciton line for InP (evaluated 

0 ai a2 a3 from the spectra in figure 6). The thin full curves are 
fib to (10); the thick curve is explained in the text. 
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Table 2. Parameter values for InP. 

A(= C,?) D 

E, (meV) 45 7.1 
CB b e v )  3.8 1.6 
G t  W”) 2.5 f 0.5 0.2 

same reason(s) as in that case. The thick solid l i e  in figure 7 shows a fit based on 
the modified form of (10) which takes into account the effect of an excited state 
( E =  2.0 2 0.5, E* = 1.3meV). 

5. Conclusions 

The correlation of the thermal quenching coefficients ?with the impurity ionization 
energies E, (as well as the analogous correlation of the capture coefficients q )  which was 
predicted by us in section 2, has been confirmed by our experimental data. Effects of 
impurity-induced changesin the phononstates (related, e.g. to mass and force-constant 
changes), which might be expected for sufficiently strong localization of the Ao hole, 
obviously only play a significant role in the C-AgCd sequence mentioned before. 

Of course, correlations of the type discussed here should also exist for other semi- 
conductor materials. So far, data of the required kind are only available to us for Si, 
where capture coefficients (at 4.2 K) have been determined for various impurities. 
Unfortunately, there is considerable scatter between the results of different authors 
(typically an order of magnitude). Nevertheless, we get support for our ideas if we 
compare the values for shallow donors (some 10-8cm3 s-l [20-221) with those for the 
deep acceptor In (2 x lo-’ cm3 s-l [U], 2 x cm3 s-’ [24]). 
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