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In this research, the ranges of the localized states in which the recombination and the trapping rates of free carriers dominate the
entire transition rates of free carriers in the bandgap of the p-type semiconductor are described. Applying the Shockley-Read-Hall
model to a p-type material under a low injection level, the expressions for the recombination rates, the trapping rates, and the
excess carrier lifetimes (recombination and trapping) were described as functions of the localized state energies. Next, the very
important quantities called the excess carriers’ trapping ratios were described as functions of the localized state energies.
Variations of the magnitudes of the excess carriers’ trapping ratios with the localized state energies enable us to categorize the
localized states in the bandgap as the recombination, the trapping, the acceptor, and the donor levels. Effects of the majority and
the minority carriers’ trapping on the excess carrier lifetimes are also evaluated at different localized energy levels. The obtained
results reveal that only excess minority trapping affects the excess carrier lifetimes, and excess majority carrier trapping has

no effect.

1. Introduction

Carrier transition through the localized state of the indirect
band semiconductor involves the capture of electrons from
the conduction band by the localized state, followed by the
recombination with holes in the valence band at the localized
state or the reemission of electrons or holes back to their
original band [1]. When electron-hole pairs recombine at the
localized state, energy is released through phonon emission,
and the localized state is called the recombination center
[1, 2]. This type of recombination of electron-hole pairs is
called Shockley-Read-Hall (SRH) recombination [1]. If the
localized state captures free carriers temporarily and then
reemits them back to their original band, the localized state
is called a free-carrier trap [1-5]. These properties depend on
the shallowness and the deepness of the localized state in the
bandgap of the material [6-14]. Different localized states
have different capture coeflicients for free carriers. Different

measurement methods also give widely differing values of
the free-carrier capture cross sections for the same material
or device structure [5, 15]. Values for the free-carrier capture
cross sections ranged from 102! cm? to 10~ '3 cm? which
have been reported by several researchers in silicon-based
devices and different materials [6-14, 16-19]. Dudeck and
Kassing [10] determined the temperature dependence of the
capture cross section of negatively charged gold centers in
n-type silicon for holes in the temperature range of 55 to
340 K from the temperature-dependent breakdown voltage of
gold-compensated PIN diodes showing a negative differential
resistance region. Based on a simplified analysis of the kinetics
of filling of the traps in the slow regime of filling, Stievenard
et al. [13] presented a new technique of measuring capture
cross sections in semiconductors. In his work on a new radio
frequency-based pulse rise time method with a single non-
contact direct measurement, Kamieniecki [14] also reported
the effect of charge trapping on the transient behaviors of the
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effective carrier lifetime in compound semiconductors. The
investigations of Hangleiter [16] on the deep levels induced by
transition metal impurities in silicon and those of Schroder
[19] on various recombination mechanisms in silicon are also
the most reliable sources on silicon.

Several researchers have tried to describe the effects of
free-carrier trapping on the photoresponses of semiconduc-
tors analytically [1-5, 11, 15, 18, 20-22]. Macdonald and
Cuevas described the validity of Shockley-Read-Hall statis-
tics for modeling carrier lifetimes in crystalline silicon [15].
Roosbroeck [20] also derived fundamental differential
equations that admit trapping under the unrestricted ap-
proximation of electrical neutrality in which the general
transport equations hold without explicit reference to detailed
trapping and recombination statistics. In his work on the
description of nonradiative capture and recombination by
multiphonon emission in GaAs and GaP, Henry and Lang
[11] reported the exponential variation of capture cross
section with temperature and activation energy. Schroder and
Mitonneau et al. [5, 21] formulated the expression describing
the variation of the free carriers’ capture cross sections of the
localized states with temperature and activation energies with
respect to the valence and conduction bands. However, to our
knowledge, there are no detailed statistical and numerical
reports on the explicit ranges of the recombination centers,
the excess hole, and electron trapping centers in the bandgap
of semiconductors. No detailed analytical reports are also
present on how the majority and the minority carrier trapping
can affect the photoresponses of semiconductors.

This research starts its presentation with the description of
the accumulation rates of the photogenerated carriers in the
conduction band, the valence band, and the localized states in
the bandgap of p-type silicon under the low injection level.
Using the low injection level system makes the trapping ratios,
all the excess carrier lifetimes, the normalized trapping, and
emission rates of excess carriers to be independent of the
illumination parameters and leaves only as functions of the
thermal properties of the material. Macdonald et al. [23] also
realized this fact by stating that photoluminescence-based
measurements were found to offer some distinct advantages
over traditional photoconductance-based techniques in de-
termining recombination parameters from low-injection
carrier lifetimes. Silicon (Si) is selected due to its indirect
bandgap ranged from 1.17eV at absolute zero to 1.12eV at
room temperature [5] and the large number of localized states
identified in its bandgap [16-19]. The low injection level
steady-state conditions of these accumulation rates give
simplest expressions for the excess carrier densities in the
conduction band, the valence band, and the localized state in
terms of the thermal equilibrium majority carrier density, the
thermal equilibrium minority carrier density, the localized
state density, the activation energy of the localized state, and
the illumination rate. This is followed by the descriptions of
the excess electron trapping ratio y,, given by the ratio of the
density of the excess electrons in the localized state to that of
the excess electrons in the conduction band and the excess
hole trapping ratio y, which is the ratio of the density of
excess holes in the localized state to that of the excess holes in
the valence band. Using the curves of the localized state
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energy dependences of y, and y,, one can clearly show the
ranges of energies where the trapping, the recombination, the
donor, and the acceptor effects become dominant. The excess
carrier lifetimes corresponding to the recombination and the
trapping of excess carriers at the localized states can be de-
scribed by dividing the excess carrier densities at the re-
spective bands and the localized states by the recombination
and the trapping rates at the bands and the localized states.

The overall obtained results show that the SRH excess
carrier recombination rate in p-type material dominates at a
localized-state energy far below the midgap and above the
Fermi energy level called the recombination center. The hole
trapping and emission rate between the localized states and
the valence band in p-type material also dominates the
localized states of energy near the Fermi energy level. The
electron trapping and emission rates between the localized
states and the conduction band also dominate the localized
states of energy between the recombination center and the
donor level. It is also confirmed in this work that only excess
minority trapping has a major effect on the performance of
the semiconductor material, and majority carrier trapping
has a minor effect.

2. Theory

Figure 1 shows the energy band structure of a semiconductor
with one localized state. The density of the localized state N
is given by the sum of the thermal equilibrium hole and
electron occupancy, pyr and #yp, of a localized state [1]:

Ny = por + ngr- (1)

The thermal equilibrium hole and electron occupancy,
por and nyp, of a localized state are given in terms of the
Fermi energy level, E, the localized state energy, E;, and the
density of the localized state, N, as follows [1, 2, 5]:

_ Nt
~ 1+exp(Ep — Ep/kgT)

Por

)
Ny

Tor =Ty exp (Ey — EplkgT)

where kj is the Boltzmann constant and T is the temperature
of the system. According to the Shockley-Read-Hall model,
there are four transition processes of electrons and holes via
the localized state described as the electron and hole capture
rates (U, and U_,) and emission rates (U,, and U,,) by the
localized states as shown in Figure 1 [1]. The thermal
equilibrium electron and hole capture rates, U(C’n and U(C’p, are
functions of the densities of the electron and hole in the
conduction and valence bands, ; and p,, and the densities
of empty and occupied localized states, p,r and ngyp, re-
spectively [1]:

0
Ucn = CnTnOPOT’

: (3)
Ucp = CprOn0T>

where C,r and C,; are called the electron and hole capture
coefficients of the localized state described in terms of the
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FIGURe 1: Energy band structure with a localized state.

capture cross-section areas of the localized state for free
electrons and holes, 0,1 and 0,1, and the mean thermal speeds
of free electrons and holes, v,, and v,, respectively, given by

CnT = OtV

(4)

CPT = OPTVP.
The mean thermal speeds of free electrons and holes, v,
and v, are also described in terms of the electron and hole

density of states’ effective masses in the conduction and
valence bands, m; and m;, respectively, as follows:

,8k T
Vn = B* >
m,,

(5)

The carriers’ capture coeflicient of a center which is the
product of the capture cross section and the thermal velocity
of the carrier in the material can be thought of as the volume
swept out per unit time by a charge carrier [1]. The thermal
velocities of the carriers depend on the effective masses of the
charge carriers in the material, whereas the free-carrier
capture cross sections depend on the proximity of the center
to the conduction and the valence bands. The capture cross-
sectional areas of the localized state for free holes and
electrons, o,y and 0,1, are given as functions of temperature,
T, and the activation energies of the localized states relative
to the valence and conduction band edges, E; — E, and
E. — Eyp, respectively [5, 11, 21]:

Er - EV>
Oyr = 0€Xpl ———¢— |5
pT [e¢] ( kBT

E--E
Opr = oooexp(—CkTT),
B

where o, is the maximum capture cross section of the
shallow localized states for free carriers with the value as

large as 10" "°cm? in most of the semiconductors that is
independent of temperature and localized energy level. It
can be shown from the above relations that the capture cross
sections o, and o, are equal at the midgap, and the two
capture coefficients C,r and C,p are also equal at the lo-
calized state of energy:

Ey+Ec kgT (m,
o= BB C—%ln( 5:). )

n

One can see from equation (7) that E_; is located below
the midgap in the p-type semiconductor (m}, >my). The
room temperature value of E.; in the case of silicon is
about 0.406 meV below the midgap. The emission rates
U? and U also depend on ny and pyr and the proba-
bilities of electron and hole emissions, e, and e, re-
spectively [1]:

0 _
Uen = €,Mor>

(8)

0
Uep = epPOT'

According to the principle of detailed balance, the rates
of capture and emission for each carrier are equal. That is,
0 0
Ucn = Uen’

(9)
Ug, = U,

Taking this into account along with equations (3) and (8)

yields
e, = Cy 1y,
T (10)
ep = Cprl’

where n; and p, are the concentrations of holes and elec-
trons in the conduction and valence bands, respectively, for
the case when the Fermi level, Ep, falls at E;- and are given by

(1]
Er - E;
n, = n;exp KT )

pr = e p(EE)
= n;ex .
! kT

The two concentrations »; and p, also satisfy the law of
mass action 1, p; = n?. The thermal equilibrium emission
rates Uy, and U, in equation (8) hence take the form

(11)

0 _
Uen - CnTnanT’

o (12)
Uep - CpTPlPOT'

If the equilibrium is now disturbed by illumination, the
photogenerated electrons and holes are involved in the
conduction processes in the conduction and the valence
bands, respectively. The total free electron and hole densities
in the conduction and valence band n and p become the sum
of the densities of thermal electrons (#,) and holes (p,) and
the photogenerated (excess) electrons (d#) and holes (6p),
respectively:



n=ny+ on,

(13)
p=po+3p.

Since the localized state density N does not vary with
illumination, equation (1) holds true for both the thermal
and the nonthermal equilibrium conditions, while the
electron and hole occupancy, n; and py, of the localized state
under illumination are changed by dn and §p; relative to
the thermal equilibrium occupancy, #nyr and pyr,
respectively:

Np=np+ pr

(14)
= (ngr + 0ng) + (por + 0pr),

where dny and §py are the densities of states filled by excess
electrons and holes, respectively, during illumination. One
can see from the equations (1) and (14) that

The negative sign (-) in equation (15) shows that the
trapping of electrons by the localized state removes the same
amount of p; states. In a system with free carriers’ trap, the
net excess carrier density is shared in between the localized
states and the bands as follows:

{ on + dny,
op =
67[ - é\pT’

for the system with the electron trap,

for the system with the hole trap.
(16)

In a system dominated by the transition of the total free
carriers through the localized center, the rate of accumu-
lation of free electrons in the conduction band during il-
lumination is given by

3 -0V U (17)

The total generation rate G in equation (17) involves both
the thermal generation rate Gy, and the illumination rate G,
(or G = Gy, + Gy), and the rates of capture U, and emission
U,, of both thermal and excess electrons by the localized
state are given by

Ucn = U(c)n + CnT [pOT(Sn - (}’10 + 5n)5nT], (18)

Uen = U(e)n + CnTnl(SnT. (19)

These two relations are similar to the one derived by
Macdonald and Cuevas and Wertheim [15, 24]. Applying the
principle of detailed balance to equation (17) gives the rate of
accumulation of excess electrons at the localized state to be

G — Ppordn = (ng + n,)ny
0

TnONT
— = (20)

dén;
Gy _(USRH + T)’

and the rate of accumulation of excess holes in the valence
band is determined following a similar procedure and

>
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applying the neutrality relations in equations (15) and (16) as
follows:

_Mordn + (po + p1 + nor)Ong
TpONT

ds 0 ’
d_tP - (21)
G0 - USRH’

where 7,, and 7, are the values of the excess carrier lifetimes
at the recombination center when the localized state is empty
(por = Np) and filled completely (15 = N ), respectively, as
we shall see later, given by [1]

1
To="T"T
"0 CnTZ\]T
(22)
1
Too = .
P CpTI\]T

Applying the neutrality relations in equations (15) and
(16) to relation (21) give the value of the SRH recombination
rate Ugpyy at the localized state to be

(Po + P1 + 1197)0p = (o + p1)0n
TN )
Usru = (23)
on op

- b
TuSRH T pSRH

where T,gpyy and 7,gpy are the SRH recombination excess
electron and hole lifetimes. One can see that, for a system with
the electron trap, the last term on the right side of equation
(20) contains the SRH recombination rate Uggyy of the excess
carriers through the localized states and the accumulation
rates of excess electrons at the localized state, while the last
term on the right side of equation (21) contains only Ugpyy.

The rate of accumulation of free electrons at the localized
center is obtained by subtracting equation (20) from
equation (21) as

djizT =Ursn = Ugs (24)
where
Uren = %
Tnt
(25)
Ugksn = iﬂ>

ne

are the trapping and the emission rates of excess electrons by
the localized state, respectively, and 7,, and 7, are the
respective lifetimes corresponding to the trapping and
emission of excess electrons by the localized state given by

NTTnOT

0
Ty =—""™"—"" (26)
" TpoLor — TuoMor
N7
Tpe = =r (27)

Tp0 (g +1y) + 7,0 (Po + Py + 1or)
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The rate of accumulation of excess holes at the localized
state in a system with the hole trap is also described using a
similar procedure:

ds
dIt)T = UTé‘p - UE(?p’ (28)

where the respective trapping and the emission rates of
excess holes by the localized state are described as

op
Ursp = —
) Tpt
(29)
Spr
Upsp =—
p Tpe
and 7, and 7, are lifetimes corresponding to the emission

and the trapping of excess holes by the localized state, re-
spectively, given by

NTTnOT

j2
Tyy=—""""> (30)
P T ongr - T po Por
NrT,0Th
Tpe = K (31)

Tp0 (g + 1y + por) + Tuo (Po + P1)

The steady-state conditions of equations (21), (24), and
(28) give

Usru = Gy

on
TySRH (32)

op

(33)

Tpt (34)

Using these steady-state conditions in equations
(32)-(34) along with the steady state conditions of the upper
parts of equations (20) and (21), we get

T (Po + P1 + Mgr) + Tp0 (g + 1)

on=
(Po + 19)Np + porngr

NG, (35)

_ TpoPor ~ Tnollor
(Po +719)N7 + porhgr

ény N1 G,. (36)

Addition of equations (35) and (36) gives the expression
for the excess hole density in the valence band:

Too (Po + P1) + Tp0 (ng + 1y + por)
(Po +19)N7 + porngr

Dividing én and &p in equations (35) and (37) by G,
hence yields

op = NG, (37)

T + Py +1gr) + T (1 + 1
E—_— a0 (Po + 1+ 1) + Tpo (g I)NT> (38)

(po +19)Nr + portor

Too (Po + 1) + Tpo (g +ny + por)
(Po + )N + portigr
The steady-state values of the excess electron and hole

trapping rates Urg, and Uy, in equations (33) and (34) are
hence described in terms of G, as

TpSRH = No. (39)

2 2 2 2
Une = (Tpo”1 = 27,0 T oty = Tnopl)NT ~ Twotor G (40)
Tén — + 0>
Tr0T po [(Po + 1) Ny + portior]
Ursp = { 1+

The ratios of the emission lifetimes to the trapping
lifetimes corresponding to the excess electrons and holes at
the localized states are given from equations (33) and (34) by

(Tiopl = 2TpTyoPo — Tio”l)Nr - T;OPgT G, (41)
TpoTno [(Po +719)Np + portor] v

The _ (SnT _
T_nt - on =Vw
(42)
Tpe _ OPr _
T op P

where y, and y,, are very important quantities named as the
excess electron and hole trapping ratios described as

TpoPor — Tuolor
Vn = , (43)
T (Po + P1 + Mgr) + Tpo (g + 1)

_ TnoMor — TpoLor
oo (Po + P1) + Tpo (ng + 1y + por)

Vp (44)

When the definitions of free-carrier trapping ratios in
equation (42) are applied to the neutrality relations in
equation (16) for a system with the electron trapping center,
we have

1+vy,

n

0p=(1+y,)0n= ony. (45)

Following the same procedure for a system with the hole
trapping center, we get

6n:(1+yp)8p=1;yp
P

dpr- (46)

Dividing the steady-state value of §p and 67 in equations
(45) and (46) by G, gives the relation between SRH lifetimes



for holes and electrons in terms of the trapping ratios to be as
follows (see equation (32)):

(1+y,)Tusru>  for the system with the electron trap,

TpSRH = 7 SRH
RSl for the system with the hole trap.
1+ Yp

(47)

Taking into account equations (33), (34), and (42) along
with the neutrality relation in equation (15) also yields

. iney , for the system with the electron trap,
Tpe =
Tne( 1+ yp), for the system with the hole trap.
(48)
3. Model and Methods

Since the low injection level excess carrier lifetimes (7, 7,,
Tpo Tper Tnsri> A0 Tpspyp) in equations (26), (27), (30), (31),
(38), and (39) and the free-carrier trapping ratios (y,, and yp)
in equations (43) and (44) are independent of the illumination
rate, G, they describe the thermal equilibrium properties of
the material. The equations governing these quantities are
varying as functions of the doping level, density of the lo-
calized states, and the localized state energies between the
valence band maximum, E,, and the conduction band
minimum, E.. That is, except p,, 1y, #;, and Ny, all the
quantities (variables) involved in all the expressions above are
varying with the energies of the localized states. In order to
study the variations of these quantities with the localized state
energies in the bandgap of the material, we kept the values of
the densities of all the localized states N to be constant at
10" cm™? and the density of the shallow acceptor N, to be
108 cm 3. To avoid the effects of carriers’ compensation, the
magnitudes of the deep-level localized state densities are made
to be less than those of the acceptor density (N < N,) in the
p-type semiconductor. The interaction among different lo-
calized states is also neglected, and only the interaction be-
tween each localized state and the two bands (valence and
conduction) is considered. The equation governing the ion-
ization density N of a shallow acceptor of density N, and
ionization energy AE, is adopted from our previous work
[25]:

i 2N
N, =
L+ 1+ (4g,N /Ny )exp (AE,/ksT)

a

’ (49)

where g, is the acceptor degeneracy and Ny, is the effective
density of the valence band states given by

2mm* kT
_ p"B
NV = 2(T> > (50)

and h is Planck’s constant. The room temperature values of
the ratios of m} and m, to the rest mass of the electron m,,
for silicon adopted from other works are 1.115 and 1.08,
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respectively [5]. The result of N, in this work is determined
at room temperature for a very shallow acceptor (AE, = 0),
and N, = 10'%cm™3. The majority carrier density in the
valence band p, is also described in terms of the intrinsic
carrier density »; and the acceptor ionization density N, by
applying the well-known neutrality relation of one acceptor
level system.

-\ 2

and the minority carrier density is also obtained by applying
the law of mass action, ny = n?/p,.

As one can see from equations (45)-(48), the presence of
the carrier trapping ratios y, or y,, resulted in the variations
of the values of the excess carrier densities and the excess
carrier lifetimes related to the majority and minority carrier
trapping and recombination rates. Hence, detailed de-
scription of the steady-state values of y, or y, at different
localized states in the bandgap of the semiconductor also
helps us to describe the role of localized states in controlling
the performance of the material. One can also see that the
normalized forms of the free-carrier transition rates
Usr/Go> Ursn!Go> and U4, /G, in equations (32), (40), and
(41) are also independent of the illumination. The localized
states that are playing the dominance role in the transfer of
free carriers can be identified upon describing these nor-
malized carrier transition rates as functions of localized state
energies.

4. Results and Discussion

4.1. Trapping Ratios. The localized state, in general, can be
the excess electron trap center only when y,>0 (or
T poPor > Tnotor) and excess hole trap center when y,, >0 (or
TpoPor < Taohgr)- Deep localized state with y, =y, — 0 is
said to be a recombination center, and a shallow localized
state with y,, =y, — 0 is said to be an acceptor or donor
level. Figure 2 depicts the room-temperature localized state
energy dependence of the semilog calibration of excess
electron and hole trapping ratios y,, (red curve) and y,, (blue
curve) in p-type silicon (Si) with a very shallow acceptor
(AE, = 0) and N, = 10"8cm™2 and deep localized states of
uniform densities Ny = 10"7cm™? in the entire bandgap of
the material. The blue and the red curves in Figure 2 rep-
resent the values of y, and y,, respectively. The horizontal
line (with wine color) is drawn to show where the trapping
ratios attain the values equal to unity. The semilog graphs of
y, are drawn using equation (43) for the case when
TpoPor > Taotor and those of y, are drawn using equation
(44) for the case when 7,ypor < T,oMor- Depending on the
interactions of the localized states with the conduction or
valence bands, the region under the localized state energy
dependence of the excess carrier trapping ratio in Figure 2
can be divided into four regions labelled I through IV.

4.1.1. Region I (Acceptor Region). This region comprises all
the shallow localized states of activation energies less than
100 meV relative to the valence band edge, E;,. Most of the
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FIGURE 2: Room-temperature localized state energy dependence of
y, (red curve) and y, (blue curve) for p-type Si with shallow
acceptor density 1018 cm ™ and localized state density 1017 cm™.

impurities are in the n; state (i.e., ny; = Np), and the hole
emission rate is very high (i.e., p, > po, Ny, n;). The hole
capture coefficient is very much greater than the electron
capture coefficient (C,r > Cyr, Tytor > TpoPor> OF ¥, = 0).
The hole trapping ratio y, in equation (44) in this region is
also negligibly very small and simplified to

Y L T (52)
P

When equation (52) is taken into account along with
equation (46) for a system with the hole trap center, we have
8p =0.9976n, and hence, dpy = 0.0035n. This shows that
only about 0.3% of the density of excess holes is trapped at
this localized state as compared to the density of the gen-
erated electron-hole pairs, and 99.7% of the excess holes are
in the valence band. The region hence acts as an acceptor

region.

4.1.2. Region II (Hole Trap Region). Using the approxima-
tion 7,1y 3> T Por in the region far below the midgap, the
value of the hole trapping ratio y, in equation (44) is
simplified to

Nyt

Po+ Py

Upon using the values of ny; and p, in equations (2) and
(11) and optimizing equation (53) as a function of energy, Er,
the energy E ] (m) at which y » attains its maximum is obtained to
be

Yy = (53)

E" ~ Ep, (54)

and the maximum value of y, at this energy is also found to
be

Ny
yo = 5< 1. (55)

The energy EI(,'”) at which y,, attains its maximum value
yl(,’”) is situated below the midgap very close to the Fermi
energy level (p, = p,>n;). Hence, one can see that most
localized states in this region are partially filled (i.e.,
Hor = por = Np/2). The value ofy(’” in equation (55) in this
case is about 2.8 x 10~2 which is also very small. Using this
along with equation (46) for a system with the hole trapping
center, we have 8p =0.9736n and Op; =0.0276n. This
means, among the total density of the generated electron-
hole pairs, about 2.7% of excess hole densities are trapped at
this localized state, and about 97.3% of the free hole densities
remain in the valence band.

With increasing the energy of the localized states, Er, the
value of y, decreases from its maximum value y(m in
equation (55) to zero at the localized state of energy:

L} -
P 1

as shown in Figure 2. Since 7, por = 7,91y at this localized
state, the values of both y, and y,, in equations (43) and (44)
are zero, and thus, no excess carriers are trapped at this
localized state, dnp =-8pr =0 (see equation (36)).
Therefore, all the captured excess carriers by this localized
state are recombined with the opposite excess carriers.
Hence, the localized state can be considered as the SRH
recombination center and represented by Egpy. Shallow
localized states with energies between the acceptor region
and the SRH recombination center can hence be considered
as the hole trapping region. One can see from equation (56)
that Eqyy is always located below the midgap in highly
doped p-type material (p,>n;) and moves farther away
from the midgap with increasing the majority carrier
density. Egy can coincide with the midgap only if

E, +E- kgT
Fow =757y

Po = niyfmy/my. The location of Egpy in this case is ap-

proximately at 0.405 eV above the valence band maximum
or 0.157 eV below the midgap.

4.1.3. Region III (Electron Trap Region). Electron trapping
region covers the regions above the SRH recombination
center in which most localized states are in the py state (i.e.,
Por = Np), and the electron trap effect becomes the most
dominant for 7, pyr > 7,017 Using these facts along the
above midgap approximations (p,>> p, and n, > n,, nyr),
one can simplify the expression for the electron trapping
ratio y,, in equation (43) in this region as

T,0N
poNT
0 R —— (57)
TnoPo + Tpo'h

and with increasing the localized state energy E; above the
SRH recombination center, the electron trapping ratio y,
increases from its zero value at energy Eggyy until it attains its
value equal to unity (1) at the localized state of energy:

* 2
g - BvtEe KeT) 1m, [P0 )" (58)
n 2 4 |m,\Nr




One can see from equation (58) that E)) at which y,

attains its first value 1 above the energy Egyy; is located above
the midgap in highly doped p-type material (p,> Ny).
When equation (45) is taken into account, we have
on = 0.58p, and hence, én = 0.55 p. This shows that, among
the generated excess electron-hole pairs, only 50% is in the
conduction band, and 50% is trapped at this localized state.

With further increase in the localized state energy E; be-
1)

yond E;,’, the electron trapping ratio y, increases and
reaches its maximum value:
x\ 2/3
YW ~ Nr (2py ™p (59)
o3pg\ o my

at the localized state of energy:

* 4
gom  EvtEe kT [mp <ﬂ> } (60)

" 2 12 “\ n

The pick values y{™ and E{™ in equations (59) and (60)
are obtained by optimizing equation (57) in terms of energy
E; (after describing 7,9, 7, and n; in terms of E;). Upon
applying the properties of p-type materials (m} >m,, and
po > n;) to equations (59) and (60), one can see that yf,"‘) is
extremely larger than unity, and the energy E(™ is always
situated far above the midgap energy. The location of E{™ is
approximately at 0.163 eV above the midgap and 0.400 eV
below the conduction band edge in this case. Relation (59)
also gives a very large value of p ™ which is about 1.19 x 10*
in this case. When equation (45) is taken into account in this
case, we have dn = 0.00010p, and hence, dny = 0.99995p.
This shows that, among the total density of excess electron-
hole pairs generated, only about 0.01% of the density of
excess electrons remained in the conduction band, and
about 99.99% of the density of excess electrons are trapped at
this localized state. Hence, this localized center and the
nearby regions are acting as electron trapping regions. As the
localized state energy Er. is increased above E™, the value of
y,, decreases from its maximum value described in equation
(59) to unity (1) at the energy

N
EY = E; + kT ln<T), (61)
n.

1

as shown on the right side of Figure 2. The energy E..) in
equation (61) is situated above the intrinsic energy level E;
when Ny >n;. In this case, it is located approximately at
0.415 eV above the intrinsic energy level E; and at 0.146 eV
below the conduction band edge E. As the localized state
energy Ey is increased beyond E{! the value of y, dimin-
ishes to very small fraction.

4.1.4. Region IV (Donor Region). This region also comprises
all the shallow localized states of activation energies less than
100 meV relative to the conduction band edge E-. Most of
the impurities are in the p; state (i.e., pyr = Np). The hole
capture rate in this region is negligibly small
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(TpoPor > TuoMor)> and the electron emission rate is ex-
tremely very high (n, > p,, N7). Hence, the excess electron
trapping ratio y, in equation (43) is simplified at the con-
duction band edge E to

N. i}
y, = ;TT =3.55x107°. (62)
1

Again, when equation (45) is taken into account along with
equation (62), we get Jn=0.99656p, and hence,
dnyp = 0.003568 p. This implies that 99.65% of the density of the
generated excess electrons are in the conduction band, and only
about 0.35% of the density of the excess electrons are trapped in
this region. The region is hence called the donor region.

4.2. Excess Carrier Lifetimes. Next, the variations of the
excess carrier lifetimes (trapping, emission, and recom-
bination lifetimes) with the localized state energies in the
bandgap of the semiconductor are described in detail. The
variations of the excess carrier lifetimes with the localized
state energies are drawn using equations (26), (27), (30),
(31), (38), and (39). Figure 3 depicts the room-temper-
ature localized state energy dependence of the semilog
displays of the excess carrier lifetimes corresponding to
(a) the emission of excess electrons and holes by the
localized states, 7,. and 7, (b) the trapping of excess
electrons and holes by the localized states, 7, and 7, and
(c) the SRH lifetimes for electrons and holes, 7,5z and
Tosri> at the localized states in p-type Si discussed in
Figure 2. The blue and the red curves in Figure 3 represent
the lifetimes corresponding to the excess electrons and
holes, respectively. Since 7,, and 7,, are varying oppo-
sitely with the variation of the localized state energies,
they are drawn for the reference in Figures 3(a)-3(c). The
plots under the curves in Figures 3(a) and 3(c) can be
divided into five distinct regions labelled I, II, III, IV, and
V, while the plot under Figure 3(c) can be divided into
three regions labelled I, II, and III. As one can see from
Figures (a) and (b), the values of 7., Tpe, 7, and 7y,
increase from the shallow localized state regions (regions I
and V) towards the deep localized states (regions III and
IV) contrarily to the values of 7,sryy and 7,gzyy depicted in
Figure 3(c).

Near the valence band edge Ey, when the near valence-
band  approximations (y, — 0, nyy =N and
P1>> po» Np» 1) are applied to the expressions of the excess
carrier lifetimes described in equations (27), (30), (31), (38),
and (39), we obtained

pt o>
The = Tpe (63)
N
= P—TTPO,
1
P
TusRH = TpsRH = Tno- (64)
Po



Advances in Materials Science and Engineering

1021
1019
1017
1015
1013
1011
10°
107
10°
103
10!
10!
1073

== IV ==V

p0.

5

Emission lifetime (ns)

: E[(]m)

(1)
E2n

N

(1
E1n>

Eq

A
0.0 0.1 0.2 0.3 04 05 06 0.7 0.8 09 1.0 1.1 1.2
Localized State Energy (eV)

(a)

_ip(m)
EP

1021

10%!

1019 Jelm=—— 11 -
107 3+ N .
10

-

—_ =
(=)
—
- W

10°

R ' '
SN =108 em® S
CiNp= 10" cm3 -

- iT=300K

Capture lifetime (ns)

ol sl ol sl o oo s el ol ol vl o o ol sl vnd o e sl cd ol ol

{Ey ™ By I E

1073 ! |i T T |I T T T T T T T !

0.0 0.1 0.2 0.3 04 05 06 0.7 0.8 09 1.0 1.1 1.2
Localized State Energy (eV)

()

1019
1017
1015
1013

: N,=10"%¥cm :

]
]
—_ h
2 E
= 1
L ]
£ 3
g 10"
= 10 ;
% 10° 11 Ny =107 em3:
_é 107 3i1T=300K
] e
S 10° !
SEBTCE [ St
Z g i e
Z 10" 1 i
qro ot o
10 ip g
107 Ev ™

EQ

- Tno

HEMUEY Eg

In

0.0 0.1 0.2 0.3 04 05 06 0.7 0.8 09 1.0 1.1 1.2

Localized State Energy (eV)

FIGURE 3: Room-temperature localized state energy dependence of (a) 7, and 7

discussed in Figure 2.

Since p, > Ny in this case, 7, > 7,,. as shown on the right
sides of Figures 3(a) and 3(b).

Near the Fermi energy level, E (or E 1(9m))’ where p, = p,
and ny; = por = N¢/2, one can see that y, < 1. The ex-
pressions for the lifetimes in equations (27), (30), (31), (38),

and (39) are hence simplified to

P pe

Tpt = 2T s
Thne = Tpe (65)
N
= JTPO’
2po

TyusRH = TpsRH = 2Tno- (66)
Since 2P, > Ny in this case, still we see that 7, > 7, as
depicted on the right sides of Figures 3(a) and 3(b).
Near the recombination center, Egpyy, we can apply the
near midgap approximations pyr = N, p, > p;, 1, so that

pe> (b) Ty and 7y, and (¢) Tygpy and T gy for the system

Tye = Tpy — 00,
N, (&)
The = Tpe = TpO
Po
TusRH = TpsRH = Tho- (68)

One can see that 7, > 7,
in Figures 3(a) and 3(b).

Near the energy, El(il), the value of the electron trapping
ratio is equal to unity (y, = 1). The expressions for the
lifetimes in equations (26), (27), (31), (38), and (39)

become

and 7., > 7, at Eqzyy as shown

T
o _ _ TpsRH _
Tne = Tnt = TuSRH = 2Tpe - 2 = Tho- (69)
Thus, 7, attains a maximum value of 7,/2, and 7,y
attains a minimum value of 27, at energy E,. as shown in
Figures 3(a) and 3(c), respectively.
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Near the energy, E(™, the excess electron trapping ratio
y, reaches its maximum value given in equation (59). Ap-
plying this to equations (26), (27), (31), (38), and (39), we get

Tpe =Tt
TI]C

= 70
1+ ynm) ( )

= Tho»

T =7 (1 + ("’))
pSRH = TnSRH Yn

_ Ny (71)

=T,
po P

The lifetime related to the emission of electrons by the
localized state 7, attains the maximum value of
(1+y)7,, and that related to the electron SRH recom-
bination 7T,y attains  the minimum value of
(1+ypm)” INTTpO/PO at energy E!™ as depicted in
Figures 3(a) and 3(c).

Near the energy, Ez(,ll), when the value of y, =1 is used
along with the approximations py;r = Ny and 7,por >
T,oMor i equations (26), (27), (31), (38), and (39), we get the
values

The = Tnt

=21, (72)

= Tho»

TpsRH = 2TpsRH
2n, (73)

o*
Po

Izlgre, we see.that Tne > Tpe find TpsrH > Tyspy s illustrated
at E;, on the right side of Figures 3(a) and 3(c).

Near the conduction band, E (in the donor region), we
apply the approximations pyr = Ny, 1y > pg, and 7, > 7,9,
and thus,

Tht Tho>
The = Tpe (74)
NT
= n Tho>

1

TusRH = T pSRH
o (75)

Since N <n,; in the equation in this case, 7, > 7, as
shown on the right sides of Figures 3(a) and 3(b).

Since the value of the hole trapping ratio is always less
than unity (y, <1) as depicted in Figure 2, when equations
(47) and (48) are taken into account in this case, we have

Tpe = Tne and Tgpy = Ty gy Thus, the majority carrier trap
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cannot affect the values of the emission lifetimes (7, and
7,.) and the SRH recombination lifetimes (7 sz and 7,,5p51)
of the majority and minority carriers as shown in
Figures 3(a) and 3(c). In the localized states of energies
below E{Y and above E{Y, the value of the electron trapping
ratio is less than unity (y, < 1) as depicted in Figure 2, and
thus, when equations (47) and (48) are considered in this
case, we see that 7, = 7, and T,y = T,spyy as shown in
Figures 3(a) and 3(c). This also shows that the minority
carrier trapping cannot affect the free-carrier lifetimes in the
regions below E&) and above E). Between the localized
states of energies E\") and E{!) where y, > 1, the SRH lifetime
of free electrons 7,z shown in Figure 3(c) is decreased by a
factor of 1 + y,, as compared to the SRH lifetime of free holes
Tsri- Nevertheless, the free-electron emission lifetime 7,
by the localized states between E{!) and E{! is increased by a
factor of 1 + y,, as compared to the emission lifetime of free
holes by the localized states 7,,. as shown in Figure 3(a). This
shows that minorit?l carrier traps in the localized states
between E'} and E{! in the p-type semiconductor reduce
the lifetime of free electrons in the conduction band and
enhance the lifetime of holes in the valence band as reported
by other researchers [1-5, 15]. Shallow and deep traps of
energies below E{! and above ES} cannot affect the excess

carrier lifetimes of free carriers in the p-type semiconductor.

4.3. Dominant Transition Rates. Since the excess carriers in
the conduction and the valence bands are directly involved
in the rates of the recombination and the trapping at the
localized states, the SRH recombination and the trapping
rates at the localized states are competing. The dominance of
one transition rate of excess carriers over the other can be
described directly by evaluating the variations of the SRH
recombination and the trapping rates of excess carriers over
the given ranges of energy. The dominant excess carrier
transition rate at a given localized state can be identified using
the graphs of the localized state energy dependence of the
excess carrier trapping rates (U, and Urg,) in equations
(40) and (41) and the SRH recombination rate Ugyy in
equation (32). The excess carrier transition rate with the
largest value among U, Ursp, and Uggy is considered as the
dominant. Figure 4 shows the room-temperature localized
state energy dependence of the semilog drawings of (a) the
normalized trapping rates of excess electrons (blue curve) and
holes (red curve) by the localized states and the normalized
SRH recombination rate (green line) and (b) the excess carrier
lifetimes corresponding to the trapping of excess electrons
and holes by the localized states 7, (blue curve) and 7, (red
curve) and the SRH lifetimes for electrons and holes 7,qpy
(green curve) and 7 gy (wine curve) through the localized
states for the system discussed in Figure 2.

The energy level dependence of the curves of the excess
carriers’ transition rates in Figure 4(a) can also be divided into
three main regions labelled I to III. Region I in Figure 4(a) is
the combination of regions I and II in Figure 2. Near E,,, the
normalized trapping rates of excess holes by the localized state
described in equation (41) acquire the following extremely
very large value (where p, > p, and 7,4 > 7,):
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@ = Tno P1 > 1. (76)
Gy Tpo Po

The values of the normalized hole trapping rate de-
scribed above decrease with increasing the localized state
energy (with decreasing the values of p,/p, and 7,,,/7,) in
region I and become zero at the recombination center Egpyy
as depicted in Figure 4(a). Hence, when the hole trapping
rate by the localized states Ur;,/G, is compared with that of
normalized Ugpyy (which is unity) in region I of Figure 4(a),
the hole trapping rate by the localized states Ur;, is greater
than the SRH recombination rate Ugpy. Thus, Urs, domi-
nates the entire excess carrier transition process in all the
localized states in region I of Figure 4(a). The SRH re-
combination rate dominates the free-carrier transition rate
at the energy Egpy, where the values of Urs, and Uy,
diminish to zero as shown in Figure 4(a).

Region II in Figure 4(a) covers the localized state en-
ergies between the recombination center Egpy and the en-
ergy of the maximum excess electron trapping ratio E{™.
The magnitude of the normalized trapping rates of excess
electrons by the localized states Urps,/G, in this region
approaches unity or U4, = G,. Hence, both Uy, and Ugpy
are dominating the transition process of excess carriers
equally in all the localized states in region II of Figure 4(a).

Region III in Figure 4(a) covers all the localized states
between the energy E/™ and the conduction band minimum
E.. The normalized excess electron trapping rate Urs,/G,
described using equation (40) increases from its unity value
near E{™ to its extremely very large value near the con-
duction band minimum E (where n; > p; and 7, > 7,):

@ = Do ™ > 1.
Gy Two Po

Hence, Uy, dominates the entire transition process of
excess carriers through the localized states in region III as
shown in Figure 4(a).

(77)

Since the free-carrier recombination and trapping rates at
the localized states described in equations (32)-(34) involve
the free-carrier densities in the conduction and valence bands,
the dominant recombination rate can also be evaluated by
comparing the reciprocal values of the excess carrier lifetimes
Too Tpo Tasrio A Tpgpyy described in equations (26), (30),
(38), and (39), respectively. The excess carrier lifetime with the
smallest value is hence considered to be the dominant excess
carrier lifetime corresponding to the dominant transition rate.
The region under the localized state energy dependence of the
excess carrier lifetimes can also be categorized into three parts
labelled I to IIT as shown in Figure 4(b). The ranges of these
regions are similar to the corresponding regions in
Figure 4(a). The value of Ty is less than the values of the SRH
lifetimes 7,,gpy; and 7 gy in region I of Figure 4(b) so that 7,
dominates the entire excess carrier lifetimes in the region. The
values of 7, and 7, are extremely larger than the values of
Tusru and T,gpyy near the recombination center Egpyy. Thus,
both 7,5y and 7,y dominate the entire excess carrier
lifetimes near the recombination center Eggyy. In the first half
of region II of Figure 4(b), the three excess carrier lifetimes 7,
Tusri> aNd T ,gppy dominate the entire energies between Egpy
and E{"; and only 7, and 7,,sps; dominate the entire energies
between El(,ll) and E\™. In region III of Figure 4(b), the value
of 7, is less than that of the rest excess carrier lifetimes so that
7, dominates the entire excess carrier lifetimes between E ™
and the conduction band minimum E. The dominance of 7,
and 7, over the other excess carrier lifetimes and that of Ur,
and Uy, over Ugpy increase while traversing from the deep
localized states toward the band edges as shown in
Figures 4(a) and 4(b).

The dominance of Urs, in the localized states below the
recombination center (Eqry) and that of Uy, in the localized
states above Egpyy are in complete agreement with the report
of several researchers on the existence of the dominant
shallow and deep trap localized states in silicon
[6-15, 20, 21, 26-31]. Localized states with energies closer to
Eqy (where y, =y, — 0) do not involve in the free
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carriers’ trapping and hence act as recombination centers.
Since Yp < 1, the values of the excess carrier lifetimes are not
affected by the majority carrier trapping in the highly doped
p-type semiconductor. Only minority carrier trappin%
(y, > 1) at the localized states between energies E{") and E{}
reduces the value of 7,y and increases the value of 7,,, by a
factor of 1 +y, when compared to the values of 7z and 7,,,
respectively. This also approves the premise that only mi-
nority carrier traps and lifetimes play a very decisive role in
controlling the performance of the semiconductor [1, 2, 15].

5. Conclusions

For the differentiation of the free-carrier trapping and re-
combination centers in the bandgap of p-type silicon, first, the
expressions for the excess carrier accumulation rates at the
localized sates in the valence and the conduction bands are
formulated. This enables us to describe the expressions for
Usrit> Ursp> Ugsps Ursns and Ugg, and those of the corre-
sponding excess carrier lifetimes. Upon applying the steady-
state conditions to the rates of accumulations of excess
carriers in the localized states and the valence and conduction
bands, the expressions of én, §p, 1y, and & py are described.
Next, the expressions for y, and y,, are determined for the first
time in this work. The steady-state values of the excess carrier
lifetimes are also determined by dividing the steady-state
values of the excess carrier densities in the bands and localized
states by the corresponding transition rates.

The values of y, and y, are found to be very crucial and
important in the categorization of the localized states in the
bandgap as the recombination, the trapping, the acceptor, and
the donor levels. The result applied to p-type silicon in this case
investigates that Ugy,; dominates the entire free-carrier tran-
sition rate at a very narrow deep localized state energy band far
below the midgap and far above the Fermi energy level around
the energy Eqy; that can be called as the recombination center.
The hole trapping emission rate dominates the localized states
between the valence band edge and the recombination center
with the hole maximum trapping ratio very much closer to the
Fermi energy level E. The electron trapping emission rate and
Ugpyy equally dominate the localized states between the re-
combination center and the energy level of maximum electron
trapping ratio E(™. The entire localized states between E(™
and the conduction band edge E are dominated by only the
electron trapping emission rate.

Even though the excess carrier trapping emission rates
are highly dominant in the very shallow localized state
energy ranges closer to the band edges, the majority carrier
(hole) trap has no effect on the excess carrier lifetime
(performance) of the highly doped p-type semiconductor.
Only very deep minority carrier (electron) traps with en-
ergies between E\} and Eéyll) play vital roles in determining
the performance of the semiconductor.
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