Does the low-temperature Arrhenius plot of the photoluminescence
intensity in CdTe point towards an erroneous activation energy?
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Several experimental photoluminescerifd) bands of different energies for variously prepared
CdTe samples are compared. Temperature variation of the PL intensity is modeled with two
nonradiative thermal activation energies, of whieh is dominant for abouT <60 K, andE, for

the upper temperature range of the measurement. The sizg &f invariably of the order of a few

meV and, although of unclear origin, its magnitude is usually interpreted as an electronic energy
level difference over which the carriers escape by thermal excitation. In CdTe the existence of such
a small energy level differende; is not easy to explain. On the contrary, we find clear evidence
that, at low temperature, the PL intensity reduction with increasing temperature in fact results from
the approximatelyT 2 temperature dependent capture cross sections of the carriers at the
recombination centers, and not from a genuine thermal activation efgigy © 1997 American
Institute of Physicg.S0021-897@7)07503-9

I. INTRODUCTION lo
(T)= .
The temperature dependence of the photoluminescence 1+ a; exp(—Eq1/kT) + a, exp(—Eq,/KT) ,
(PL) spectrum, intensity in particular, has been used to ob- @
tain information about electronic gap levels in various semi-  In CdTe quite detailed PL quenching studies have been

conductors. It is recognized that a host of different processegported for the 1.4 eV PL barfd* Recently thermal PL
contribute to the reduction of the PL intensity as temperaturgiuenching experiments were done also for deeper PL bands
increases.In CdTe, thermal release of trapped carriers, fol-in CdTe® The results obtained for the various bands are sum-
lowed by capture in a nonradiative recombination center, isnarized in Table I.
proposed as the principal mechanism of thermal quenching. It is clear from Table | that the two quenching processes
In some cases the thermal quench is pictured as being esseire characterized with entirely different parameters. The low-
tially due to a transition from the excited state directly to thetemperature quenching, with a small valuef,, always
ground state via the so-called internal mecharfism. has an extremely low value of the parametgr, and it is
intriguing to ask why this is so. There is general agreement
in the literature that the donor-acceptor p@AP) model is
Il. DISCUSSION the best model for the 1.4 eV PL band, aIthc_)ugh the precige
nature of the DAP defects may not be quite the same in
Irrespective of the specific quenching mechanism, thelifferent samples. The deep donor—deep acceptor model also
temperature dependence of the integrated inted$ify of finds good experimental support for the PL bands in the 1.1
PL bands in CdTe is most often described by the expressioaV spectral regioﬁ.lt would seem natural to assume that the
low values ofa; and Et; should be explained as a result of
donor ionizatiort* The high-temperature quenching is then
(1) due to the thermal release of trapped holes from the accep-
tors. Unfortunately all the available data do not support this

_ o explanation. First of all, there is similar magnitude of the
with the process rate parameter and activation energy low-temperature parameters, and Eq; for different PL

Er. As arule, expressiofl) does not fit the experiment data pands. |t has been shown that the 1.1 eV PL bands in CdTe
correctly over a large temperature range. Although, in the, s rejated to deep donor levelnd 1.4 eV band to shallow
high-temperature range of a measurement, a well definegdonor |evels. Therefore, it is hard to understand why the
value forEy is obtained, there may still be some ambiquity yegjting activation energi, for both bands should be the

in the low-temperature region. To manage this situation, zme The second problem is the absence of the so-called
“better” fitting function has been introduced, with two dif- ee to-hound emission features in the PL spectra within the
ferent activation energies, of whidr, is dominant for the  q,enching temperature region. After donor ionization, the
low-temperature regiofl ~5 g_b;o K andEr, for the high-  yagting free electron may be captured by the same acceptor
temperature regiofir>60 K): which is a member of a donor-acceptor pair, and as a result
of new PL band should appear at higher energy. These kinds
dElectronic mail: Heikki.Collan@hut.fi of bands are well known in other II-VI compounds and they
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TABLE I. Thermal quenching parametess, a,,andEt;, andE, of the PL intensity in CdTe, obtained from
fitting experimental (T) with Eq. (2).

Sample(PL band a E+r; (MmeV) a, E+r, (meV) Ref.
CdTe:Cl(1.08 eV 1.57 4.0:2.5 2.0x10° 174+7 a
CdTe:Cl(1.17 eV} 3.6 5.7:2.5 2.2}<10° 113+5 a
CdTe:In(1.4 eV) 3+0.2 5+1 (1.5+0.1)x10° 95+10 b
CdTe:l (1.4 eV) 8 15 1.4¢<10° 125 c
CdTe:Cu:Cl(1.4 eV) 22+7 18+2 (4.5+3.5x10° 206=7 a

aJ. Krustok, V. Valdna, K. Hjelt, and H. Collan, J. Appl. Phg8, 1757(1996; the data for CdTe:Cu:GlL.4
eV) are from our own previously unpublished measurements.

bW. Stadler, D. M. Hofmann, H. C. Alt, T. Muschik, B. K. Meyer, E. Weigel, G, IMu-Vogt, M. Salk, E.
Rupp, and K. W. Benz, Phys. Rev.H, 10619(1995.

€. Lee, N. C. Giles, D. Rajavel, and C. J. Summers, J. Appl. PIg§/5669(1995.

are quite easily detected. As far as we know, the free-tofl) empty DA pairs with concentratioNg,

bound band corresponding to the 1.1 eV DA bands in CdT&2) DA pairs with a trapped hole with concentratibly, and

has not been detected. (3) DA pairs with both an electron and a hole with concen-
The third problem is the low value of the parametgr tration Ngp.

In an electronic transition from a localized donor level to a

delocalized band the transition probability is expressed as

w:VD(I)D eX[I—ED/kT), (3)

wherevp is the escape frequenc® is a parameter which
takes into account the probability of finding an empty level,
and Ep is the donor depth. For a continuous band, as an  dNg

order of magnitude, ¥, ~ 1 and at 10 K gt~ CoaNen=PCpeNe+ ANy =0, ®)
vp ~ 3 X 10" s71.° The parametew, is proportional tow

and quite high values af, are expected—but are not found dNep
experimentally. To overcome this problem a two-acceptor-  dt
levels model was proposed by Co#dlal. in Ref. 6. In this
model the low-temperature quenching was explained as ; : o
thermal transition of holes from one level to another. The A pa.'rS’CPE Is the probaplllty of hole c'a.pture on the empty
transition between two localized levels may indeed have &% PaIr (Coe = vope),Cop is the probability of electron cap-
very small transition probability because of a low value oflUre on a DA pair with a previously captured hol€,

the parametefb, . There were also two PL bands visible in — vopn), v is the thermal velocityope and oy are the
the spectra of Cotaét al® thus, additionally, giving justifi- capture Cross sectionsp andw, are the thermal ionization
cation to the assumption of two different activation energies.pmbab'I't'e.S of electrons and holes, andand p are the
It is worth noticing, however, that in the low-temperature concentrations of free electrons and holes, respectively. The

region activation energies generally of the ordeEgf~ 10 DA emission |ntensEyc)|s tr:jen p;rppoglonjl MghCDA' At
meV have been found in widely different materials, such adOW temperatures), ~ 0 and, solving Eqs4)—(6), we get

The total concentration of DA paif¥, is then
NOZNE+Nh+Neh' (4)

According to this model we can write down the following
kinetic equations:

= —CpaNen— @pNep+nC,pN,=0. (6)

ere Cp, is the radiative recombination probability within

ZnSe’ Cds® and GaP. It is not likely that a transition be- NoCoa

tween two localized acceptor states would be the right expla- | =NefCoa=—¢ C . (7)
nation for the low-temperature quenching of the PL intensity 1+ CDA + CDA + CD

in all these materials. N%nh PLpe NTan

We focus our attention on the low-temperature quenchTo somewhat simplify the analysis, in the followingandp
ing of the PL in CdTe and show that the temperature depernare assumed to be independent of temperature; i.e., the life-
dence ofl (T), reminiscent of an activation ener@;, of a  times of free electrons and holes are determined by the non-
few meV and a low value for the rate parametgr is quite  radiative recombination centers. This is equivalent of assum-
easily explained if we take into consideration the temperaing a low luminescence efficiency, the assumption of which
ture dependence of the capture cross sections of both the further supported by our direct observation that when the
donor and the acceptor defects, in a way similar to that sugintensity of a luminescence band is reduced, none of this

gested by Maeda. intensity appears to be carried over to some other lumines-
In [I-VI semiconductors the recombination via DA pairs cence band. This indicates that the nonradiative recombina-
involves three steps: tion mechanisms play a dominant role. In addition, CdTe is

known to have a lower luminescence efficiency than other
II-VI materials, so this assumption appears to be justified.
We also takeCp,, the radiative recombination probability
within DA pairs, to be independent of temperature in the low
Accordingly, we have to consider three types of center:  temperature limit. The temperature dependenceS,gfand

(1) capture of a free hole by an acceptor level,
(2) capture of a free electron by a donor level, and
(3) recombination of a bound electron with a bound hole.
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FIG. 1. Theoretical temperature dependence of the PL intensity calculatefy'G- 3- Presentation of_thefunctld)(]T) = lo/(1 + ¢T*)with different val-

using Eq.(9) with ¢,=0.1 and¢,=100 and with the donor activation en- Ues Of parametes (solid curves over the temperature range 10<R<70

ergy varying fromE,=10 to 320 meV K, shown together with the corresponding least-square fits using the func-
e ' tion 1(T) = 15/[1 + a exp(— E;/kT)] (dashed curves; see also Tablg II

Apart from the low temperature end of the graph, 10 K<20 K, these two

functions do not differ appreciably.

Cpe in Eq. (7) are essentially determined by the thermal

velocity v of free carriers ¢ ~ T?) and by the temperature o o .

dependence of the capture cross sections of the defects. A§- if exp(— Ep/kT) ~ 1, then the ionization of donors will

found by a detailed calculation of Ascarelli and Rodrigifez remarkably affect the intensity of the PL emission but, nev-

for n-type Ge, and Supported by experimenta| data on CdSI’the'eSS, the slope will again lme=3/2. In between these

by Colbow and Nyberé} it is a reasonable approximation to two Ilmltlng cases there is a transition region, and within this

write opg, Tp ~ T2, so we have temperature region a steeper'dep.endence Wwitt8/2 should
3 be detectedlsee curve$l)—(3) in Fig. 1]. Just these general
Can~Cpe~T 7% ® features seem to be observed in the low-temperature region
Finally, for I(T) we get of the PL intensity of CdTe and, in fact, of various other
semiconductor materials.
I(T)= - IS(;Z _ (9) To compare the agreement between the theory presented
1+ ¢ T75+ T exp( —Ep /kT) above and recent experimental observations, the measured

It is obvious that if we are dealing with relatively deep donortémperature dependenber) for three different PL bands in
levels, i.e., if exp( Ep/KT) < 1, then the temperature depen- CAT€"® are shown in Fig. 2 as I§g/I(T) — 1] vs log (T).
dence of the PL intensity is essentially determined by thé~omparison of Fig. 2 with Fig. 1 shows that H§) appears
capture cross sections,e and o, In this case the mea- 1O fit experimental data quite well. _ _
sured PL intensity, presented as|ligdl(T) — 1] vs log (T), To clarify our case further, the theoretical function
should result in a straight line with a slope=3/2[see curve | (T) = lo/(1 + ¢T¥[cf. Eq.(9)], with various values of pa-
(4) in Fig. 1]. If, on the other hand, the donor depth is small, 'ameter¢, was least-square-fitted with the more commonly

applied function I(T)=14/[1+ a exp(~E;/kT)]. The re-

sults are plotted in Fig. 3, and show that in practice it is quite

difficult to draw a distinction between these two functions.
T T T T T T An intercomparison of the resultant fitting parameters is
given in Table II.

Thus this kind of analysis seems to give just the same
numerical range for parametess and E;; as has been re-
ported in the literaturgcf. Table I, supporting the notion
that the particulaflow) values of these parameters, usually

] obtained when the fitting formul@) is used, may be just an
—— 1.4 eV band ] . . . . . g .
o—o 1.08 eV band ] artifact without genuine physical significance. Accordingly,
o—— 1.17 eV band

[}

log (I /I(T)-1)

Ak

_2- 1 I 1 L L 1 1

1.0 ' 1.2 14 1.6 18 ' 2.0 TABLE II. The least-squares fitting paramete#sand E;, obtained by

fitting the theoretical functioh(T) = 1,/(1 + $T¥?)with the functionl (T)
=1o/[1+ a exp(— E;/KT)]; seealso Fig. 3.

log (T, K)
@ E;, meV
FIG. 2. Measured temperature dependence of the PL intensity of the 1.08
eV, 1.17 eV(see Ref. band 1.4 eV(see Ref. #PL bands in CdTe, plotted 0.001 1.61 7.37
as lodly/I(T) — 1] vs log (T). The lines through the experimental points are 0.01 9.94 6.63
drawn as visual aids only. The straight line with the slope3/2 is in- 0.1 25.03 6.08

cluded for comparison.
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