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Abstract In this paper, the Photoluminescence intensity
of Zinc oxide compound semiconductor in conduction band
to valence band, Ioy , conduction band to localized trap
centre, Ior and localized trap centre to valence band, Iy
radiative recombination mechanisms are discussed in different
temperatures. By varying temperature, the dominated radiative
recombination mechanisms are studied from the three radiative
recombination mechanisms. At high values of temperature,
the intensity of light in band-to-band radiative recombination
mechanism dominates for all values of energies. For high
values of impurity trap density, only the intensity of light
in conduction band to trap level radiative recombination
mechanisms dominates for all energies.

Keywords Radiative Recombination, Photolumines-
cence, Temperature,Zinc Oxide (ZnO),Localized State Energy.

1 Introduction

The beginning of semiconductor research is marked by Fara-
day’s 1833 report on negative temperature coefficient of resis-
tance of Silver sulfide . This is the first observation of any
semiconductor property. In his 1833 paper, “Experimental
Researches in Electricity” Faraday disclosed this observation.
This observation was in distinction from the usual properties of
metals and electrolytes in whose case resistance increases with
temperature. The next significant contributor to semiconductor
field is the French experimental physicist Edmond Becquerel.
In 1839, he reported the observation of photovoltage in the sil-
ver chloride coated Platinum electrodes. In his experiment, a
AgCl coated Platinum electrode was immersed in an aqueous
Nitric acid electrolyte solution. Illumination of the electrode
generated photo-voltage that altered the electromagnetic field
produced by the cell; in fact, it produced a reductive (cathodic)
photocurrent at the AgCl coated electrode. This was the first

reported photovoltaic device. Photovoltage was generated at
the Ag/AgCl metal semiconductor contact, Ag at the junction
was formed by the absorbed silver clusters in the AgC1 elec-
tronic states [1].

Luminescence is one of the fastest growing and most useful
analytical techniques in science and technology. The applica-
tions of luminescence can be found in various subject areas
as materials science, microelectronics, clinical chemistry, bi-
ology, physics, environmental science, chemistry, toxicology,
biochemistry, pharmaceuticals, and medicine. The term lumi-
nescence includes a wide variety of light-emitting processes,
which originate their names from the varied sources of exci-
tation energy that power them. Photoluminescence (PL) spec-
troscopy is a sensitive nondestructive technique, suitable for
identifying point defects including extrinsic and intrinsic de-
fects in materials [2]. It is a useful tool to evaluate the qual-
ity and to study the physical parameters of semiconductor ma-
terials in the form of thin films and nanomaterials. Zinc ox-
ide (ZnO) is one of the promising semiconductor materials of
IT-VI group, because of its wider band gap (3.37 eV) and large
excitation binding energy (60 meV) at room temperature [3].
ZnO thin films and nanostructures are increasingly being used
in light-emitting diodes, solar cells, chemical sensors, pho-
tocatalysis, and antibacterial materials, etc., because of their
unique physical properties [4].

In general, defects and impurities are playing an important
role in the semiconductor industry to develop devices. In the
case of ZnO material, it is very difficult to understand and study
the role of defects or impurities in order to develop optoelec-
tronic devices. Native or intrinsic defects are existing in the
ZnO material such as oxygen vacancies (VO), zinc interstitials
(Zni), oxygen interstitial (O1), zinc vacancies (VZn), zinc an-
tisites, and oxygen antisites. Understanding the incorporation
and behavior of intrinsic defects in ZnO material is essential to
its successful application in optoelectronic devices. These na-
tive defects have long been believed to play an important role
in ZnO-based devices. The band-to-band excitation of ZnO
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promotes electrons from the valence band to the conduction
band, leaving holes in the valence band. The holes migrate
from the valence band to deep levels and recombination occurs
between electrons from either the conduction band or shallow
donor levels and trapped holes on deep levels. Basically, the PL.
of ZnO is related to the presence of holes in the valence band
[5]. The PL spectroscopy can help to understand the extrinsic
and intrinsic defects in ZnO materials. Understanding of PL on
ZnO nanostructure/thin films may lead to development of more
efficient ZnO-based optoelectronic devices [6].

Zinc oxide is an inorganic compound with the chemical for-
mula ZnO. It occurs as a white powder that is nearly insoluble
in water. It crystallizes in two main forms, hexagonal wurtzite
and cubic zinc blende structures. The wurtzite structure is more
stable than the zinc blende structure. It is a wide-band gap
semiconductor of the II-VI semiconductor group. Zinc oxide
finds applications in the following: It is used for preventing
corrosion in nuclear reactors, It is used as a pigment in paint,
Coatings, Cigarette filters, Medicine etc. [7].

When electron-hole pairs are generated in a semiconductor,
or when carriers are excited into higher impurity levels from
which they fall to their equilibrium states, light can be given
off by the material. Many of the semiconductors are well suited
for light emission, particularly the compound semiconductors
with direct band gaps. The general property of light emission is
called luminescence. This overall category can be subdivided
according to the excitation mechanism: If carriers are excited
by photon absorption, the radiation resulting from the recombi-
nation of the excited carriers is called photoluminescence [8].

Photoluminescence involves the irradiation of the crystal to
be characterized with photons of energy greater than the band-
gap energy of that material. In the case of a crystal scintillator,
the incident photons will create electron hole pairs. When these
electrons and holes recombine, this recombination energy will
transform partly into non-radiative emission and partly into
radiative emission. Photoluminescence consists of impinging
relatively high frequency light onto a material, exciting atomic
electrons. Subsequent relaxation may result in the production
of photons that are characteristic of the crystal or defect site
that emits the light. The luminescent signals detected could re-
sult from the band-to-band recombination, intrinsic crystalline
defects (growth defects), dopant impurities (introduced during
growth or ion implantation), or other extrinsic defect levels (be-
cause of radiation or thermal effects). When bombarded with
photons of energy greater than the band-gap of the material, an
impurity energy level may emit characteristic photons via sev-
eral different types of radiative recombination events, allow-
ing the resultant PL spectra to be used to determine the spe-
cific type of semiconductor defect. This interaction provides a
highly sensitive, qualitative measurement of native and extrin-
sic impurity levels found within the material band gap [9].

The basic difference between direct gap and indirect gap
transitions is that, when the CBM and the VBM occur at the
same value of wave number,k the material is said to be direct
band-gap material. Conversely, when the CBM and the VBM
occur at different values of , the material is said to be indi-
rect band-gap material. Electronic transitions between the two
bands, CBM and VBM in a direct material can take place with

little or no change in crystal momentum. On the other hand,
conservation of momentum during an inter-band transition is a
major concern in indirect band-gap materials. There is a pro-
cess, which involves the capture of electrons from the conduc-
tion band (or holes from the valence band) by the trap, fol-
lowed by the recombination with holes in the valence band (or
electrons in the conduction band). When electron-hole pairs
(EHPs) recombine, energy is released through phonon emis-
sion and the localized state is called the recombination center.
If the localized state captures free carriers temporarily and then
re-emits them back to their original band, the center is called
a free carrier trap. The localized trap states may be created by
deep impurities, dislocations, radiation defects, grain bound-
aries, point defects and their complexes. The presence of de-
fects in a semiconductor crystal due to impurities or crystal-
lographic imperfections such as dislocations produces discrete
energy levels within the band-gap. These defect levels, also
known as traps, greatly facilitate recombination through a two-
step process where a free electron from the conduction band
first relaxes to the defect level and then relaxes to the valence
band where it annihilates a hole [10].

In these work, upon the determination of the steady-state ex-
pressions for the occupation of free carriers at different energy
levels, the relation between excess carrier concentrations is de-
scribed. Then, by using illumination and net radiative recom-
bination rate the luminescence intensity of light is determined
for the corresponding radiative recombination mechanisms by
assuming one photon ejects one electron at a time. Finally, by
substituting the typical values for energy band gap, capture co-
efficients, acceptor energy levels and carrier’s concentrations
of the zinc oxide semiconductor, the photoluminescence inten-
sity of radiative recombination mechanism at different temper-
ature is determined for both localized state and transition ener-
gies.

2 Photoluminescence Intensity of Ra-
diative Recombination Mechanisms

A large concentration of excess carriers can be maintained
in a semiconductor under non-thermal equilibrium conditions
and this alters the conduction properties of the specimen. The
localized states are spatially distributed throughout the volume
of the semiconductors. Therefore, nr, pr and the total density
of the localized states N are given as a number per unit vol-
ume. The total density of the trap levels occupied by electrons,
np and holes, pr must equal to the total density of traps Np
[11].

Nt =nr +pr = nor + por (1)
where, N is the total density of traps, np and pr are the non-
thermal equilibrium total density of the trap levels occupied
by electrons and holes respectively. nor and por are thermal
equilibrium density of the trap levels occupied by electrons and
holes respectively. Rearranging Eqn.(2) Yields:

ony = —dpr 2

Equation (2) shows that the trapping of electrons by the local-
ized state removes the same amount of p states.
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If there is illumination, the photo-generated electrons and
holes are involved in the recombination processes. For the con-
centrations of photo-generated electrons (6n) and holes in the
conduction band (4p), the respective changes of the concentra-
tions of pr and nr states of a centre due to illumination, dnr
and dpr are given by:

ony =np + por and Oopr = pr + nor, 3)

where, dn and dpr are excess carriers concentrations of elec-
trons and holes on the trap level respectively.

Suppose that § /N density of electrons and § P densities of
holes pairs generated in the conduction and valence bands, re-
spectively in a semiconductor due to illumination; the total
concentrations of excess electrons (dn) and holes (ép) under
conduction in the respective conduction and valence bands are
then given by:

on=0N —dnp, and Op=0P — dpr @)

For a system with only electron trap,0p = 0N = 0P, so
that from (4) gives the photo-generated charge carrier neutral-
ity equation for the system with an electron trap and hole’s trap
center to be:

on+dnp =9p, dn=0dp+dnr (5)

The distribution probability f,, for the electron occupation of a
trap located at energy E'r in the band gap is given by:

1

1+ exp(iEf(;?F)

fn (6)

The thermal equilibrium electron occupancy ngr and holes
occupancy por of the localized states are given by:

nor = folN1,por = N7 — nor @)

The probability of electron capture by a localized state (U..,,)
at thermal equilibrium is a function of the density of electrons
in the conduction band (nyg), the electron capture coefficient of
the state (Cy,1), and the density of empty traps (por). How-
ever, the probability of emission of an electron (U.,,) depends
only on the electron emission rate (e,,) and the density of traps
occupied by electrons (nor). Thus, one can write Uy, and U,
as [12]

Ucn = UnrNoPor and Uen = enNor (8)

The electron capture coefficient (C,,1) depends on the prox-
imity of the Centre to the conduction band. Similarly, the
probability of holes capture (U, ), and the probability of holes
emission (Uy,,) are given by:

Ucp = CpTPonoT and Uep = €ppPor &)

where ey, is the hole emission rate. The hole capture coefficient
(Cpr) depends on the proximity of the center to the valance
band.

According to the principle of detailed balance (R, = Gip),
the probability of capture and emission for each carrier is equal,
so that we have:

Uen =Uep and Ugp = Ugp (10)

Where, ¢,, and e,, are given by:

en =Cprni and e, = Cprpr (11)
where,
Er — FE; E,— F
ny = niemp(;_T) and p; = niemp(TTT) (12)

are the concentrations of electrons and holes in the conduc-
tion and valence bands for the case in which the Fermi-level
E falls at Ep. The fraction of photo-generated electrons, In
trapped at the localized Centre to the excess electrons in the
conduction band is given by:

I = (sniT _ TpoPoT — TnoTOT

" on TnO(pO +p1 +n0T+5N)+Tp0(n0+n1—|—5N)
(13)

I dpr TroNOT — TpoPOT

= —

dp  Tno(Po +p1 + 0P) + Tpo(no + n1 + por + 6P)

(14
where dV is the total excess electron concentration generated
in the conduction band and § P is the total excess hole concen-
tration generated in the valence band. The subscripts n and p
represent the electrons and holes concentration. 7,9 and 7,9
are time constants for a given center and is in general a func-
tion of the electron and hole capture coefficients of the center
given by:

1

—_— 15
o (15)

Tho = 5——— and Tyo =

Cnr Nt

Photoluminescence intensity of band-to-band ra-
diative recombination mechanism, /-y

The band-to-band radiative recombination is a direct recom-
bination mechanism, in which the electrons in the conduction
band decay to the valence band (i.e. recombine with holes in
the valence band). This is a very efficient process in direct band
gap semiconductors. The energy lost by an electron in making
the transition is released as a photon. The total band-to-band
radiative recombination rate R is directly proportional to the
products of the concentration of electrons n available in the
conduction band and the concentration of holes p available in
the valence band to capture these electrons [13].

R=Cecynp (16)

where Ccy is a constant known as the coefficient of holes in
the valence band for the capture of electrons from the conduc-
tion band. The capture probability Cv, is described for direct
band gap materials by van Roosbroeck and Shockley, using
experimentally determined values of the optical absorption co-
efficient and the intrinsic carrier concentration as [14]

300
T

3 mpy Mn 2
e TIE]
a7
where e is the elemental charge and k., the high frequency
dielectric constant of the material. The respective net excess

Coy = emy /&J#
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photo-generate negative and positive charge carrier densities,
on and dp during illumination can be calculated by the dif-
ference between non-thermal equilibrium and thermal equilib-
rium charge carrier densities as:

on=n—ng and op=p—po (18)

The above recombination mechanism is written under non-
thermal equilibrium circumstances. At thermal equilibrium,
these recombination rates are given by:

R™ = Ccynopo (19)

The net band-to-band radiative recombination rate, Uy of
free carriers is given by the difference between the band-to-
band non-thermal equilibrium recombination mechanism, and
the band-to-band thermal equilibrium recombination mecha-
nisms:

Uosy = R— Rt = Ceov (podn + nodp + dpdn) (20)

Assuming a system with no free carrier trapping center (only
band to band transition), the steady-state band to band free car-
rier’s generation lifetime is given by:

_ 0N
Ucv

_ _TROTk @1
TRO + Tk

Tg

where 7o and 7 are time constants related to low and high
injection band to band free carriers generation rate given by
[15]:

1 d TRO
TRO — &~ an Tk =
CCV(”O +P0) V1 +4CRGQTIQ%O
where G| is optical generation rate of charge carriers. The ratio
of the band to band recombination rate, Ucy to the free carrier
generation rate, Gy which is a direct measure of the band to
band photoluminescence effect is given by:

(22)

Ucv  Cov(podn + nodp + dndp)
Icy = =

G() GVO

(23)

Photoluminescence intensity of conduction band
to localized center radiative recombination mech-
anism, /o7

The conduction band to localized center radiative recombina-
tion rate Ro is directly proportional to the product of the con-
centration of electrons n available in the conduction band and
the concentration of holes pr states available in the localized
state to capture electrons from the conduction band:

Rer = Cyurnpr (24)
where C,,1 is a constant known as the coefficient of holes in
the localized state for the capture of electrons in conduction
band is given by [16]

wo,my . s ,300
s ()R

1
HEe - B
72 )? () 1B = Exl

Ceor =0.69 x 10~

(25)

The recombination mechanisms in (16) can be rewritten at
thermal equilibrium as:

R = Cornopor (26)
where, R is thermal equilibrium conduction band to trap
level radiative recombination rate.
The net conduction band to localized trap center radiative
recombination rate of free carriers are given by:

Ucr = Rer — R = Cor(pordn+nodpr +6pron) (27)
Or
Ucr = Cor(pordn + nol,op + I,0pon) (28)

The ration of the conduction band recombination rate of free
carriers to the total optical generation rate of the free carriers,
G| is given by:

[ Ucr  Cer(pordn + nol,op + I,6pén)
cr = =
Go Go

(29)

Photoluminescence intensity of localized state to
valence band radiative recombination mecha-
nism, Iy
The localized state to valence band radiative recombination
rate Rpy is:

Rry = Crypnr (30)
where, C'1y is a constant known as the coefficient of holes in

the valence band for the capture of electrons in the localized
states and it is given by [17].

Cry = 0.69 x 10*12%(mn/m;)5/2(300/T)1/2(ET — By)

(€29)

The recombination mechanisms in (16) at thermal equilib-
rium, this recombination rate is given by:

Rt = Cryponor (32)

The net localized trap center to valence band radiative re-
combination rate of free carriers are:

Ury = Ry — R{;L = Cry(podnr + nordp + dpénr) (33)
Or

Urv = Crv(polndn + nordp + 1,0pon) (34)

The intensity of light from the trap level to the valence band,

Iry is given by:

Ury Cry (n0T5p + pol,0n + In5p5n)

Ity = G a
0 0

The total concentration of excess electrons generated in the

conduction band is given by:

(35)

_ G()TgTCTg
Tg + TCTyg

SN (36)
The total concentration of excess holes generated in the va-
lence band is also given by:

(5P _ GOTgTTVg

(37)
Tg+ Trvyg
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3 Numerical Result and Discussion

3.1 The competition between the Photolumines-
cence Intensity of different radiative recom-
bination Mechanisms at different tempera-
ture

Temperature has its own effects on the luminescence in-
tensity of radiative recombination mechanisms for zinc ox-
ide compound semiconductor. The following figure is plot-
ted for the three radiative recombination mechanisms under
different temperature. It uses doping concentration of N, =
1.25 x 10'8¢em =3, illumination Gg = 1 x 102°¢m =35~ 1, im-
purity density of trap Ny = 1 x 10'7¢m =2 and E, = 0.01eV/
for different temperature.

Figure 1 (a) [llustrates that the intensity of light for band-to-
band radiative recombination mechanisms at different temper-
ature. The intensity of light in band-to-band radiative recom-
bination decreases as temperature decreases. It decreases from
106 to 10! for a temperature range of 60K to 900K . Increasing
temperature in the conduction band to valence band increases
number of electrons in the localized Centre. Due to the effects
of trap, only small number of electrons recombine with holes
in the valence band. These decreases the rate of recombination
and hence, the intensity of light in the bands.

Figure 1 (b) Shows that the intensity of light for conduction
band to trap level radiative recombination mechanisms at dif-
ferent temperature. The intensity of light in this band decreases
with increasing temperature. At very low temperature it has
high values of intensity of light and at high values of temper-
ature (T = 900K) it starts to increase from 0.5¢V" values of
localized trap energy. As temperature increases the electrons
in the conduction band increases and becomes ionized donors.
The intensity of light is more effective at low temperature than
high temperature. In the localized trap to valence band radia-
tive recombination, the increasing of temperature increases the
number of electrons in the localized Centre. Due to the effects
of trap, the rate of recombination and intensity decreases as the
temperature of the sample.

Figure 1(c) Shows that the intensity of light for trap level to
valence band radiative recombination mechanisms at different
temperature. The intensity of light decreases up to 0.5eV val-
ues of trap energy and remains constant up to 3eV and again
start to decreases for the remaining energies.

3.2 The Photoluminescence Intensity of radia-
tive recombination Mechanisms at different
temperature in both localized energies and
transition energies.

Figure 2 below, shows variation of photoluminescence in-
tensities with localized energies at (a) 90 K, (b) 300 K and (c)
600 K in zinc oxide (ZnO)samples. It is plotted for the three
radiative recombination mechanisms under different tempera-
ture. It uses doping concentration of N, = 1.25 x 10'7em =3,
illumination Gy = 1 x 102°cm~3s~1, impurity density of trap

10" o w—T=60K

m— T=200K

Y- T=500K

-z | e T=900K
b |

10 T T T T T T T T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
(a) Localized State Energy(eV)

10™ T T T T T
0.0 0.5 10 15 2.0 2.5 3.0 3.5
(b) Localized State Energy(eV)

10

o —T=900K

4] = T=500K
103 T=200K
] —T=60K

2

10" 3

Ity

=T

1074

10 T T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
(© Localized State Energy(eV)

Figure 1: Luminescence Intensity at different temperature for
zinc oxide (ZnO)samples in (a)conduction band to valence
band, (b) conduction band to trap level and (c) trap level to
valence band radiative recombination mechanisms.
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Ny =1x 10'7em =2 and E, = 0.01eV for different temper-
ature.

Figure 2 (a) Illustrates that the variation of photolumines-
cence intensities due to various electronic transition levels with
localized energies at temperature of 60K and equal values of
doping and impurity density. The intensity of light in band-to-
band radiative recombination decreases from 10* to 1071, At
high localized state energy, intensity becomes low. At high lo-
calized trap energy, there is excess of ionized donors in the con-
duction band. Band-to-band radiative recombination becomes
dominant for all energies. The conduction band to localized
trap level radiative recombination decreases from 10° to 102 .
At low localized state energy, intensity becomes high. At low
localized state energy there is excess of ionized acceptors in the
valence band and at high localized state energy there is excess
of ionized donors in the conduction band. Both the intensity
of conduction band to localized trap level and localized trap to
valence band radiative recombination’s are almost all the same
at very low temperature and does not dominate for all energies.

Figure 2 (b) that the variation of photoluminescence intensi-
ties due to various electronic transition levels with localized
energies at temperature of 300K . The intensity of light in
band-to-band radiative recombination decreases from 10? to
1071, At high localized trap energy, the intensity again in-
creases due to the electrons in the conduction band becomes
ionized donors. It dominates for low values of energy up to
2eV . The intensity of light in the conduction band to localized
trap level radiative recombination increases at very low energy
due to hole trap effects. Then, it start to decreases from 100
to 10! and at high localized trap energy it start to increase be-
cause of electron s in the conduction bands becomes ionized
donors. The localized trap level to valence band radiative re-
combination mechanism there is the effects of holes and elec-
tron trap. Due to these trap effect it’s intensity decreases for
low energies up to 0.2eV and start to increase from 0.2eV" val-
ues of localized state energies. It dominates for energies be-
tween 2.25eV — 3.2eV.

Figure 2(c) depicts the variation of photoluminescence in-
tensities due to various electronic transition levels with local-
ized energies at temperature of 900K . The intensity of light in
band-to-band radiative recombination dominates for low local-
ized state energy up to 0.75eV . The intensity of the conduction
band to localized trap level radiative recombination dominates
for the energy range from 0.75eV to 2.5eV. The intensity of
the localized trap level to valence band radiative recombination
dominates for the energy starting from 2.5¢V.

Figure 3 Shows the variation of photoluminescence intensi-
ties with transition energies for the samples used in Figure 2.
Figure 3(a) depicts that the variation of photoluminescence in-
tensities at 7' = 60K . As shown in the figure, the luminescent
band is conduction to valence band radiative recombination.
Due to the effects of intra band transition, the intensity of the
conduction band to localized trap level radiative recombination
decreases from 1072 to 10° and at high transition energy it be-
comes ionized donors. The intensity of the localized trap level
to valence band radiative recombination decreases from 10° to
1072 and at very low energy it becomes ionized acceptors.
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Figure 2: Variation of photoluminescence intensities with lo-
calized energies at (a) 60K, (b) 300K and (c) 600K in zinc
oxide (ZnO).
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Figure 3(b) illustrates that the variation of photolumines-
cence intensities at 7' = 300K . The luminescent band is con-
duction to valence band radiative recombination. The intensity
of the conduction band to localized trap level radiative recom-
bination decreases at low transition energy due to hole capture
effects. It starts to increase for the remaining energies and at
high transition energy it becomes ionized donors. The intensity
of the localized trap level to valence band radiative recombina-
tion decreases up to the recombination Centre for low energies
and again start to decrease for higher energies due to electron
trapping effects.

Figure 3(c) depicts that the variation of photoluminescence
intensities at 7" = 600K . The luminescent band is again band
to band radiative recombination. It’s photoluminescence in-
creases from 10% to 10! and shown at transition energy of
3.2eV.
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Figure 3: Variation of photoluminescence intensities with tran-
sition energies at (a) 90 K, (b) 300 K and (c) 600 K in zinc
oxide (ZnO) sample.

4 Conclusion

In these work, we studied the effects of temperature on the
photoluminescence of zinc oxide compound semiconductor.
This effect is studied through different radiative recombina-
tion by varying temperature. The intensity of light depends
on the amount of illumination and lifetime of excess electrons
in the corresponding recombination mechanisms. It shows the
amount of light in the bands and the more luminescent bands.
Since there is no effects of traps in the conduction to valence
band radiative recombination, rate of recombination is high and
photoluminescence intensity becomes high. It was shown that
due to trap effects in the conduction band to trap level radia-
tive recombination, the recombination rate reduces and hence
decreases the intensity of light in the band. Due to the effects
of trap, only small amount of electrons on localized Centre and
excess of holes in the valence band. These decreases the re-
combination rates and hence decreases the intensity of light in
the Trap level to valence band radiative recombination.

Increasing temperature in the conduction band to localized
state increases number of electrons in the localized Centre. At
very low temperature, the electron trap becomes high and hole
trap too small. Due to the effects of trap, only small number
of electrons recombine with holes in the valence band. These
decreases the rate of recombination and hence, the intensity of
light in the bands. In the localized trap to valence band radia-
tive recombination, the increasing of temperature increases the
number of electrons in the localized Centre. Due to the effects
of trap, the rate of recombination and intensity increases as the
temperature of the sample increases.
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