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Abstract In this paper, model effects of
localized trap energy on the photoluminescence at different
radiative trap level. Wherever possible, the concepts are
augmented with data, with particular emphasis in the case
of Gallium nitrate. By using illumination and lifetime, the
intensity of light in each band is determined by assuming
one incident photon ejects one electron at a time. From
this at different temperature, illumination, doping
concentration and impurity densities of states the intensities
of light vary for all radia-tive recombination mechanisms.
By varying illumination and impurity densities of states
at room  temperature, the dominated  radiative
recombination mechanisms are studied from the three
radiative recombination mechanisms. At high values of
illumination, the intensity of light in band-to-band radiative
recombination mechanism dominates for all values of
localized trap 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
localized trap energies.
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1 Introduction

The abundance of gallium in the Earth’s crust is small, gen-
erally less than 19 parts per million. Gallium does not exist in
elemental form in nature, and the few high-gallium minerals
that do occur are too rare to serve as a primary source of the
element. Fortunately, gallium occurs in low amounts in many
minerals where it substitutes for elements of similar size and
charge. Gallium is found in small amounts ( 50 parts per mil-

lion) in many bauxite deposits, and it occurs in zinc deposits
in about the same amounts as in bauxite deposits. Currently,
gallium is obtained mainly from mining and mineral process-
ing of bauxite ore for aluminum, although some gallium is also
derived from the processing of sphalerite ore for zinc. Gal-
lium is also recycled from scrap generated in the manufacture
of GaAs- and GaN-based devices [1].

The GaN compound semiconductor have had a surprisingly
long history despite the recent increase in activities of LED
and lasers emitting in the blue and ultraviolet (UV) wave-
lengths and Devices capable of operation at high temperatures,
i.e. > 300. Until recently the vast majority of semiconductor
optical devices operate from IR to green wavelengths. If this
range could be extended into the blue and UV region of the
electromagnetic spectrum, the ability to generate the three pri-
mary colors would allow a range of display applications to be-
come viable. In addition, the shorter wavelengths would allow
increased densities for data storage. The wurtzite poly types of
GaN form a continuous alloy system whose direct band gap is
3.4eV for GaN, This potential for fabricating optical devices
has recently been realised and is progressing rapidly although
there remain areas of material and device physics that are still
controversial [2]. The large band gap means that the associated
intrinsic carrier density is small. The intrinsic carrier density
of GaN at 1300 is 10'¢m 3. This makes GaN suitable for
applications in high temperature environments, such as in car
engines, and in devices where self-heating causes the device
temperature to rise. Such systems normally require sophisti-
cated cooling which adds both to the cost and the weight. How-
ever, the temperature dependence of the hole carrier density
currently observed is likely to limit bipolar device operation
[3].

Semiconductor device performance depends upon the con-
trollability of the electrical properties of the constituent ma-
terials. In GaN, even in the absence of any intentional dop-
ing and independent of the growth technique, a high back-
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ground electron concentration (> 10'7c¢m™3) has been re-
ported [4]. Recently reported that, the N vacancy is one of
the major sources of carriers when the carrier concentration
(n < 2 x 10'7e¢m™3) , but the main source should be other
defects when (n > 2 x 10'7em™3). In order to overcome the
large lattice mismatch they grew thick (> 100um) GaN lay-
ers on sapphire. By this approach they succeed in reducing
the background concentration from 10%¢m =2 to 1017em 3.
They performed temperature dependent Hall measurements
from 10K to 900K on GaN having a room temperature back-
ground electron concentration (n = 3 x 10*7em=3). However,
it should be noted that due to the range of edge dislocation den-
sities in such epilayers the non-uniformity makes interpretation
of the transport measurements more difficult [5].

Gallium nitride (GaN) is a semiconductor compound ex-
pected to make possible miniaturized, high-power wireless
transmitters. These transmitters will be combined with sen-
sitive receivers into telephone sets capable of directly access-
ing communications satellite. The compound can also be
used in light-emitting diodes (LED s) and other semiconduc-
tor devices. The advantages of GaN devices include high out-
put power with small physical volume, and high efficiency in
power amplifiers at ultra-high and microwave radio frequen-
cies. The main problem with GaN technology is cost. A spe-
cial process is required to grow a GaN crystal or wafer on
which transistor s and integrated circuits (IC’s) can be fabri-
cated. Once the process is implemented on a large scale, the
cost should come down [6].

Gallium Nitride is so called third generation semiconductor
materials with wide band gap. With the rapid developments of
semiconductor technology, it has become the research focus in
semiconductor materials in past decades. The band gap of GaN
is 3.39eV at room temperature. Particularly, the GaN-based
materials have the advantages of wide band gap, fast electron
drift velocity, high temperature resistance and high pressure
tolerance. So they have attracted much attention in the prepa-
ration of short wavelength luminescence device and high power
microwave device. GaN is the core material and basic device of
the new semiconductor opto-electronics industry. The defects
and impurities in GaN have a great influence on the electron
transport and optical properties of materials [7].

The formation energy of the positively (negatively) charged
defects increases (decreases) as the Fermi level moves from
the valence-band maximum towards the conduction band. The
slope of this variation is proportional to the charge state of the
defect. The energy at which the levels corresponding to differ-
ent charge states intersect determines the ionization level of the
defect. self-interstitial and antisite defects have very high for-
mation energies and thus are unlikely to occur in GaN during
growth at least in n-type GaN. Gallium and nitrogen vacancies
may be abundant in n- and p-type GaN, respectively. It must
be noted, however, that electron irradiation or ion implanta-
tion can create the defects which have high formation energy
in large concentrations [8].

Thermal energy induces a vibrational motion to the atoms
around their equilibrium positions. Consequently, as the band
structure is calculated in an idealised static model, a change in
the band structure with temperature is expected. Temperature

can affect the band structure by two mechanisms, the thermal
expansion of the lattice and the electron-phonon interaction.
The former is the dominant mechanism at low temperatures
while the phonon density is small. Theoretical analysis shows
that the band gap of semiconductors in general decreases as the
temperature increases [9].

For different semiconductor devices, one needs materials
with different parameters, like energy band-gap. Physical
properties are very different among different semiconductors
due to distinct characteristics of energy band-gaps and impu-
rities. These impurities play a major role in determining the
electrical and optical properties of semiconductors [10]. Al-
most all of today’s technology involves the use of semicon-
ductors, with the most significant aspect being the integrated
circuit (IC). One of the most commonly used techniques to in-
vestigate properties in semiconductors is Photoluminescence
(PL). PL has become a standard method for the characteriza-
tion of semiconductors properties. It can be used to determine
energy levels, concentration of impurities, defects and funda-
mental properties of semiconductors. One of the most common
examples of photoluminescence is the fluorescent lamp [11].

In this work, a different factor that affects the Photolumi-
nesce intensity of Gallium nitrate (GaN) compound semicon-
ductor for different radiative trap level were studied. These can
be done by varying doping level, localized trap energy, trap
density and illumination.

The remaining parts of this work is presented as follows: In
the remainder of this section a brief theoretical background is
presented. Then, result and discussion is presented. Finally,
summary and conclusion of this study was described.

2 Theory

2.1 Density of carries concentration in semicon-
ductors

The total thermal equilibrium density of electrons and holes
in a semiconductor is given by [12]:

E.— FE
ng = Nce:r;p(—CkTTF) (1)
Ep — E,
= Nyexp(— L% 2
po = Nyexp( T ) 2
Where,
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Where N, and N, are the effective density of the conduction
band states and effective density of the valence band states re-
spectively, m;: is effective mass of electrons in the conduction
band and m;, is effective mass of holes in the valence band.
The values of m;, and m;, for GaN is given by [13]:
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m, = 0.33m, and m; = 0.13m,, 5)

Where, m,, is the rest mass of electron.

Suppose that & is the concentration of electron-hole pairs
thermally generated in the respective bands and R, is the con-
centration of electron hole annihilated after the generation, the
free carrier concentrations in the conduction and valence bands
adjust for the intrinsic semiconductor to be:

ng = N — RNr = n; = po. (6)

The intrinsic carrier concentrations are given as follows:

E. - E;

E; — E,
=< 'Y= N, _
T ) exp(

n; = Ncexp(f kBiT

)
where, E'r is the Fermi level, F; intrinsic energy level and Kp

Boltzmann constant.

The intrinsic Fermi energy derived from effective density of
electron and holes as follows:

E.—-E, KgT N,
Ei= (=5 + =5 In() ®)
B, +E.  3KgT . m;
Ei= (B2 + 22 w2 ©)

n

which indicates that if m;; = mj, or T=0 the Fermi level in an
intrinsicsemiconductor is positioned at mid-gap. In real cases
m; different from m;, , resulting in small deviation of the fermi
level from mid-gap.

The equilibrium density of electrons and holes in a non-
degenerate semiconductor is constant at a given temperature

and given by: [14].

n; = pono (10)
Ev - Ec
n; = v/ NeNyexp( ) (11

2KpT

Adding donor or acceptor impurity atoms into semiconduc-
tor will change the distribution of electrons and holes in the
material, and as a result, the Fermi energy will change.

E;, — Ep

Bi— Ep Er—Ei
kpT

) and ng = N;exp(— T

)
(12)
As the charge carrier concentrations change, the position of
the extrinsic Fermi energy level varies within the band gap un-
til the system reaches thermal equilibrium. Once m,m;, and
E, are known at a given temperature, one can easily compute
the values of n; and F;. Figure 1 below illustrates the carrier
density and energy band structure for intrinsic semiconductor
(m;, > m,) at (a) zero T, (b) intermediate T and (d) high T. The
intrinsic carrier density increases with increasing temperature.
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Figure 1. Carriers density and energy band structure for intrinsic semiconduc-
tor at (a) low T, (b) intermediate T and (d) high T.

2.2 Statistics of Donors and Acceptors in semi-
conductors

The density of electrons in a shallow-donor state is given by
[15]:

Ny

1+ fexp(—Ezng)

9d
The concentration of ionized donors and acceptors are given
by:

Ny
N+:Nd—nd: (14)
! 1+ gaexp(—FE=72)
_ N,
N = Ny—ny = ST
1+ gaexp(— k5T )

where ng is the density of electrons occupying the donor
level, NV, is the concentration of donor atoms, F; is the energy
of the donor level and g4 is the donor-site degeneracy factor,
P, 1s the density of holes bound to acceptors, N, the concen-
tration of acceptor atoms, E, the energy of the acceptor level
relative to the valence band, N, the concentration of ionized
acceptor atoms and g, is the acceptor-site degeneracy factor.
Most authors set g4 = 2 to account for the spin degeneracy
at the donor sites (only one parabolic band at the conduction
band edge). It is likewise standard practice to argue that the ac-
ceptor sites must additionally reflect the two fold (heavy- and
light-hole) degeneracy of the valence band. Thus, the acceptor
degeneracy factoris g, = 2 x 2 = 4.

According to the principle of detailed balance (R, = Gy ),
the probability of capture and emission for each carrier is equal,
so that we have [16]

Uen =Uep and Ugp = Ugp (16)
where
en =Chrni and e, = Cprpr (17
for,
Er — E; E; — Er

T d = n; T T T
KT ) and p1 = nexp( KT )
(18)
are the concentrations of electrons and holes in the conduction
and valence bands for the case in which the Fermi-level E'r

falls at Er.

ny = nexp(
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The fraction of photo-generated electrons I, and holes I,
are given by [17]:

I = on _ TpoPOT — TnoT0OT

" on Tno(Po + P1 + nor + ON) + 7po(no + n1 + IN)
(19)

I — dpr _ TnONOT — TpoPOT

o= —

6p  Tuo(Po + p1 + 6P) + Tpo(no + 11 + por + 0P)
(20)
where J N is the total excess electron concentration generated
in the conduction band, 7,9 and 7, are time constants for a
given center, § P is the total excess hole concentration gener-
ated in the valence band. The subscripts n and p represent the
electrons and holes concentration.
The total band-to-band radiative recombination rate Rcy
[18].

Reoy = Crnp 1)

where Cr is a constant known as the coefficient of holes.
The band to band photoluminescence effect Iy is given by:

~ Ur  Cgr(podn + ngdp + dndp)
Go Gy

(22)

The conduction band to localized center radiative recombi-
nation rate Rop is:

Rer = Cprnpr (23)

where C,,r is a constant known as the coefficient of holes.
The conduction band to localized state photoluminescence
effect Ior is given by:

Uor _ Cor(pordn + nolpdp + I,6pon)

Gy o 24)

Ier =
The localized state to valence band radiative recombination
rate Rpy is.

Rpy = Crypnr (25)

where, Cry is a constant known as the coefficient of holes.
The intensity of light from the trap level to the valence band,
I7y is given by:

UTV _ CTV (nOTép + polnén + Inépén)

e Gy (26)

Ity =

3 Numerical Result and Discussion

3.1 Variation of photoluminescence with local-
ized state energy with various electronic
transition level

3.1.1 The case of fixed doping level and temperature and
varying localized state densities

The trapping of electrons by the localized state removes the
same amount of pr states. Trapping of electrons by the trap

center will reduce the concentration of excess electrons in the
conduction band, so that the probability of holes’ recombina-
tion with conduction band electrons is reduced. This enhances
the concentration of excess holes in the valence band. The rate
at which a carrier moves into the energy level in the forbid-
den gap depends on the distance of the introduced energy level
from either of the band edges. Therefore, if an energy is intro-
duced close to either band edge, recombination is less likely as
the electron is likely to be re-emitted to the conduction band
edge rather than recombine with holes, which moves into the
same energy state from the valence band. For this reason, en-
ergy levels near mid-gap are very effective for recombination.
Lifetime depends inversely on the density of recombination
centers and capture cross sections but does not depend directly
on the energy level of the impurity. It does depend indirectly
on the energy level, because the capture cross section tends to
be highest for impurities with near the center of the band gap
and lowest for near the conduction or valence band.

As impurity density of trap states increases, the thermal
equilibrium concentration of holes and electrons at trap level,
the majority carrier traps in the acceptor level and the minority
carrier traps in the donor level increases. The minority carrier
traps further away above the intrinsic level become more ef-
fective with increasing impurity density of traps. The energy
level measured relative to the minority carrier is equal to the
energy difference between the Fermi level and the majority-
carrier band edge. Defect levels with energies less than this
energy value have a greater probability for emitting a trapped
minority carrier back to the minority carrier band than for cap-
turing a majority carrier to complete a recombination.

The effects of traps are zero in the conduction band to va-
lence band radiative recombination mechanism. It increases
excess concentration of electrons and holes in the conduction
and valence band respectively. As the impurity density of trap
of state increases, the excess concentration of charge carriers’
decreases. This decreases the rate of recombination and hence
decreases the intensity of light. In the conduction band to
trap level radiative recombination mechanism electrons from
conduction band and holes from valence band recombine at
localized Centre. If the impurity density of states increases,
the holes’ capture rate and the electron emission rate also in-
creases. These greatly increases the recombination rates and
hence increases the intensity of light in the bands.

In the localized trap state to valence band radiative recom-
bination mechanism electrons from trap level and holes in the
valence band recombine. Due to the effects of trap, only small
amount of electrons on localized Centre and excess of holes in
the valence band. As impurity density of states increases, more
electrons recombine with holes. This increases the recombina-
tion rates and hence increases the intensity of light in the band.

Figure 2 shows the Variation of photoluminescence inten-
sities due to various electronic transition levels with localized
energies at room temperature in the GaN, when the localized
state densities are adjusted to (a) 10*°cm =3, (b) 107cm =3
and (c) 10'°em 3. It was drawn by using illumination Gy =
1x10%®em=3s™ ', N, =1 x 107em =3 and E, = 0.01eV at
different impurity density of trap.

Figure 2 (a) depicts that the Variation of photoluminescence
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intensities due to various electronic transition levels with lo-
calized energies in the GaN, when the localized state densities
are adjusted to 10'5cm 2. For the increasing intensity of light
in the conduction band to valence band radiative recombina-
tion there is impurity density of trap states decreases. It starts
to increase from 10* to 102 and dominates for all energy val-
ues. The intensity of light in the conduction band to trap level
radiative recombination remains constant for all energies. The
intensity of light in the trap level to valence band radiative re-
combination decreases at low energies due to holes’ trap effect
and remains constant up to 3.2eV values of localized trap ener-
gies. Then, it decreases for the remaining energies.

Figure 2 (b) shows that the Variation of photoluminescence
intensities due to various electronic transition levels with lo-
calized energies in the GaN, for the localized state densities
of 101"em 3. The intensity of light in band-to-band radiative
recombination Iy increase from 10% to 10~ and dominates
only for low values of energies up to 2eV. Above 3.2eV it
starts to increase because of electrons in the conduction bands
becomes ionized donors. The intensity of light in Conduction
band to localized trap level radiative recombination constant at
low temperatures and Start to decrease from 2eV — 3.2¢V. and
dominates for these values of energies. The intensity of light
in localized trap level to Valence band radiative recombination
decreases up to 0.2eV localized trap energy and decreases for
the remaining energy.

Figure 2 (c) shows that the Variation of photoluminescence
intensities due to various electronic transition levels with lo-
calized energies in the GalV, for the localized state densities
of 10'7em 3. The intensity of light in conduction band to trap
level radiative recombination increase from 10% to 10~3 and
dominates only at very low energies. The intensity of light in
Conduction band to localized trap level radiative recombina-
tion from 10° to 102 at low energy and decrease up to higher
energies due to electron trap Centre. At energies all electrons
in the conduction bands becomes ionized donor and these in-
creases the intensity. The intensity of light in localized trap
level to Valence band radiative recombination decreases from
102 to 10'. It decreases starting from 0.5¢V" values of localized
trap energies.

b
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Figure 2. Variation of photoluminescence intensities with localized energies
at room temperature in the bulk of Ga N, when the localized state densities are
adjusted to (a) 10"5em =3, (b) 10 7cm =3 and (c) 10'°cm 3. The doping
level is taken to be 1017 cm =2 for all the samples.

3.1.2 The case of fixed doping level, temperature, local-
ized state density and varying injection levels

For high photon energy carriers gain energies greater than
their thermal energies. This reduces the rate of ionized impu-
rity scattering as the carriers spend less time in the neighbor-
hood of the scattering centers. If the energy levels are shal-
low enough for thermal excitation, the number of electrons in
the conduction band increases. The net rate of electron-hole
recombination is dependent on the excess carrier concentra-
tion. The rate at which holes and electrons recombine is pro-
portional to the excess carrier concentration. The more excess
carriers there are, the less time it takes for an electron and hole
to meet and annihilate each other. In the I~y recombination
with increasing illumination, the photoluminescence intensity
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increases. In the conduction band to trap level and trap level to
valence band radiative recombination, photoluminescence in-
tensity increases as illumination decreases.
The variation of illumination has its own effects on the in-
tensity of luminescence light. Figure 3 shows that the local-
ized state energy dependence of photoluminescence intensities 5

due to various electronic transition levels in the GaN (a) when N =107 em?®
there is no illumination, (b) when illuminated with photons of ] EJ =10% cm®
Go = 10*22em™3s71 and (¢) Gy = 10%2cm=3s~1. The figure 2
was drawn by using, doping levels and the localized state den-
sity of 10'%c¢m =2 and 10'7e¢m 3, respectively at 7' = 300K .
Figure 3 (a) illustrates that the localized state energy depen-
dence of photoluminescence intensities when there is no illu-
mination. When there is no illumination there is no movements
of carriers and they are located in their respective bands. So,
the intensity of light in the conduction band to valence radia-
tive recombination decrease from 10% to 10~2 and dominates
only at very low energies. The intensity of light in Conduction
band to localized trap level radiative recombination increases ]
from 10° to 10! at low energy and decrease for the remain- ] T =300K
ing energies. The intensity of light in localized trap level to 10 . . - . .
Valence band radiative recombination decreases from 10! to o i ) s = e 2
10~3. It dominates from 0.25eV to 3.1eV values of localized (@) Localized State Energy, E, (eV)
trap energies.
Figure 3 (b) depicts that the localized state energy de-
pendence of photoluminescence intensities at illumination of
Go = 10?2em 3571, The intensity of light in the conduction
band to valence band radiative recombination decrease from
103 to 10° and again start to increase for higher energies be-
cause the conduction band electrons becomes ionized donor. It
dominates for all energies. The intensity of light in Conduction
band to localized trap level radiative recombination increases
from 1073 to 10! and does not dominates for all localized en-
ergies. Due to holes traps effects, the intensity of light intensity
of light in localized trap level to Valence band radiative recom-

Photoluminescence Intensity

10° 3 G,=0

bination increases from 10* to 10" . Starting from 0.25¢V val-
ues of energy it decreases.

Figure 3 (c) depicts that the localized state energy de-
pendence of photoluminescence intensities at illumination of
Go = 10*cm =357, The intensity of light in the conduction
band to valence band radiative recombination decrease from
103 to 10! and again start to increase for higher energies. It
dominates for all energies. The intensity of light in Conduction
band to localized trap level radiative recombination increases
from 1073 to 10!, There is holes’ trap effect in the inten-
sity of light in the localized trap level to valence band radiative
recombination. Due to this effect, it decreases from 10~ to

Photoluminescence Intensity
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T =300K
10° 4 T T T T 1 T T i T " T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

(b] Localized State Energy, ET (eV)



Universal Journal of Physics and Application 13(4): 69-76, 2019 75

10° 5 ==
: N =10" cm’
N =10"cm”

[y
[=]
o
L

cv

Photoluminescence Intensity
[
(=]
/|

1
10'1 i CT
107 26 3 -1 IW
G,=10" cm’s’
o T=300K
10° y T T T y T T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0

Localized State Energy, E_I_ (eV)

Figure 3. Localized state energy dependence of room temperature of photo-
luminescence intensities in the GaN (a) when there is no illumination, (b)
when illuminated with photons of Gg = 10%2¢m~=3s~1 and (¢c) Go =
1026¢m—3s~1. The doping levels and the localized state density are taken
to be 101%cm =3 and 1017 em 3, respectively for all the samples.

4 Summary and Conclusion

This work has discussed the photoluminescence of Gallium
nitrate compound semiconductor in different radiative recom-
bination mechanisms are analyzed by considering different fac-
tors that determines carriers density. The concentration of elec-
trons in valence band n4 and holes in the conduction bands p1,
are calculated based on localized trap energy. From the calcu-
lations, the concentrations of electrons in the valence band in-
creases as trap energy increases and vice versa. Moreover, the
concentration of holes in the conduction band increases with
decreasing trap energy. Based on the total density of states and
carries concentration, the thermal equilibrium electrons occu-
pancy nor and thermal equilibrium holes occupancy pyr, are
obtained at room temperature. With increasing localized trap
energy level, por increase and ngr decreases.

The three radiative recombination lifetime was extracted as
a function of trap energy using a steady-state carrier’s density
of states. The Conduction band to Valence band recombination
lifetime remains constant as a function of trap energy. Conduc-
tion band to Trap level recombination lifetime decreases with
increasing trap energy. The Localized Trap level to Valence
band recombination lifetime decreases as localized trap energy
level increases.

The net rate of electron-hole recombination is dependent
on the excess carrier concentration. It was shown that as the
carrier concentrations increase, the rate of recombination in-
creases. Upon the determination of excess electrons lifetime,
the net radiative recombination mechanisms in the correspond-
ing radiative recombination mechanism are determined. It was
seen that Carrier’s lifetime greatly reduce the net recombina-
tion rate.

The intensity of light depends on the amount of illumination

and lifetime of excess electrons in the corresponding radiative
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 re-
combination, rate of recombination is high and photolumines-
cence intensity of light becomes high. The intensity of light
decreases with increasing localized trap energy in this band. It
was shown that due to trap effects in the conduction band to
trap level radiative recombination, the recombination rate re-
duces and hence decreases the intensity of light in the band.
The intensity of light increases with increasing localized trap
energy in this 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 recombination rates
and hence decreases the intensity of light in the Trap level to
valence band radiative recombination. Under different illumi-
nation and impurity density of states, different radiative recom-
bination mechanisms are dominated. At low values of illumi-
nation, the intensity of light in band-to-band radiative recombi-
nation mechanism dominates only for low values of energies.
But at low values of illumination, it dominates for all values of
localized trap energies. For low values of impurity trap den-
sity, only /¢y dominates and for high values of impurity trap
density only /o7 dominates for all energies.
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