Advanced Topics on Spectroscopy
14 time resolved spectroscopy 2 ~rate equation~
Usually, decay curve of luminescence is decayed by exponential. Here, it is explained that why the decay curve is

decayed by exponential and how to analyze the decay curve.

: n(t)

14.1 simple model " E,,

A number of electrons at excitation condition of E, is
defined as n(t) (1/cm®). It is assumed that electrons at g () — Z
ground state of E; is excited to E, per unit time 4
g(t) (U/em® - sec) and the excited electrons are £
radiative-recombined ~ with  transition  probability  of ’
y =1/t (1/sec). Where, a reciprocal number of the transition Fig. 14-1 simple model

probability is assumed as radiative life time of 7 =1/y (sec),
that is, 7 this is a time during luminescence intensity decreasing from an initial intensity to 1/e = 36.8% of the
initial intensity.
In this case, varying of the electron density per unit time can be expressed a an rate equation as shown in eq
(14.1),
dn(t)
dt

The electron density is assumed as ny, if the electrons are excited at t =0 within a time much shorter than life

=g(t)—yn(t). (14.1)

time. The excitation is finished at a moment, therefore it is assumed that g(t) =0,

J-%dn(t) =j —ydt. (14.2)
From eq (14.2)

Inn(t) =—yt+const=Inn(t) = -t/z +const = n(t) = Cexp(-t/7). (14.3)
Whereat t=0, n(0)=n, issatisfied, therefore

n(t) = ny, exp(-t/z). (14.4)

In this simple model, it is assumed that all excited electrons are recombined and the luminescence intensity is
simply proportional to a number of the recombined electrons, and then time dependence of the luminescence
intensity is expressed by eq. (14.4). Therefore the luminescence exponentially decreases. From eq. (14.4), the
graph, which vertical axis is natural log of the luminescence decay curve and horizontal axis is time, becomes

straight line and a reciprocal number of a gradient of the graph becomes the life time of the luminescence.

14.2 example of actual observation result

In actually, as show in Fig. 14-1, luminescence process contains not only excitation and radiative recombination
processes but also many other processes. Figure 14-2 shows steady state excitation luminescence (excited by
continuous wave laser) and pulse excited luminescence (the sample is excited by very intense excitation source
momentarily) from CuGaS,. By the pulse excitation, since spectral width is widen, therefore free
exciton-polariton luminescence and bound exciton luminescence become one lump. One the other hand, by the
steady state excitation , free exciton (FE)- pulariton(upper branch porariton (UBP), lower porariton (LBP)) and

bound exciton luminescence I, |, are separated. Figure 14-3 shows time resolved spectrum of free exciton and
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bound excitons from CuGas,. As shown in Fig. 14-3, radiative life time of free exciton is shorter than that of the
bound excitons. Figure 14-4(a) and (b) shows temperature dependence of the luminescence decay curve of I, and

Ic bound excitons. It is found that both life time decreases as temperature increasing.
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Fig. 14-4 temperature dependence of decay curves of (a)l, and (b) I bound excitions

Let consider the rate equation concretely. Here, parameters are assumed as follows. ng, ny; (i=b or ¢) : density of

the free and bound excitons, wg; : ratio that the free exciton is captured by capture center (such as impurity) and

becomes the bound exciton, wr : ratio that the bound exciton becomes free exciton again by thermal excitation,

g(t) : ratio that the free exciton generation by pulse laser excitation, s : ratio of free exaction recombination that

is sum of free exciton radiative recombination ratio %, (= T[:r-l) and non-radiative recombination ratio y (=

rpm'l) 7i - bound excition recombination rate that is sum of bound excition radiative recombination ratio y;; (=

r.i,'l) and bound excition non-radiative recombination ratio i (= r.im'l), E)i : binding energy of the bound

excition I;, ng : a number of carriers at the ground state,

n
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Fig. 14-5 exciton generation and annihilation model

Nai : density of free exciton capture center.

From Fig. 14-5 rate equations of excition generation and annihilation are expressed as

dng

dt

n
9(t) - 7ene _WFlc(l_ﬁ
Ac

n
V1M + Weie| 1——% |ng
NAC

Nip
JnF + WieeNye = WFlb{l_N_
Ab

= WierNye
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dn, Nip

— =—7,Ny, + Weyp| 1——— [N — W, 2Ny, 14-7
at VAT Flb[ N a F 1bF b ( )
dng

e =g() + 7 ,cNie + 7Ny + 7ENE- (14-8)

Here, as a representative of equations, eq. (14-5) will be explained.
dng S I
o e : a number of free excition increment per unit time

@ g(t) :itis assumed that all excited electrons are converted into free exciton. Sign of this parameter is pulse
because a number of free excition increases.
@ —y.n. : free excitons are annihilated by recombination with transition ratio y. Sign of this term is minus
because a number of free excion decreases.
.—WF,C[l—%]nF . free exaction becomes bound excition Ic by captured capture center with ratio wg.
Ac
Since the capture center can capture only one free exciton, a number of the capture center must be decreased
by one as the capture center captures one free exciton. When the capture center captures free exciton and the
free exciton becomes a bound exciton, a bound exciton capture ratio to a number of all capture centers N 5,
is n, /N . Ifall of the ratio is 1, that is 100%, the remained free exciton capture ratiois n,,/N,.. Since
free exciton is decreased by capture, sign of this term is minus.
@® w,.n,. : the bound exciton becomes free exciton again by thermal excitation with ratio w,. Sign on this
term is pulse because a number of the free exciton increases.

You can understand other egs. (14-6)~(14-8), if you consider theses equations like the above.

14.3 solution of the rate equations
@ intensity of the time integrated exciton luminescence spectrum

If excitation intensity is week, a number of free exciton is little, and therefore n,, << N,., N, << N,, are
satisfied. In this case, egs. (14-5)~(14-8) become linear differential equations. Therefore, time integrated PL
(variation of PL is summed in time domain) is as same as steady state PL. In the steady state PL process,
excitation and recombination are always occurred, that is this process is equilibrium state, therefore dn/dt=0
is satisfied. From the above, in the steady state with weak excitation, it is assumed that n,, << N,, and
N << Nac,

0=g(t) — 7eNg = WeicNg + Wiy — Wiy Ne + WipeNy,

=9g(t) = (Weie +Wep + 7E)NE + Ne + WigeNye + WipeWieeNyp, (14-9)
0 = =7eNy¢ + WeicNg — WieeNye, (14-10)
0= —71pNip + WeipNg — WipeNy .- (14-11)

From eq. (14-8)

0=—9g(t) + 7eNe + 71cNic + 71N,

_ 9O = 7ieMe = VM (14-12)
VE

Into eq. (14-10), eq. (14-12) is substituted,

Ne
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t) = 71N —71pN
0=—71cMic = WieeNyc +WFIc(g() Picthe ~ 7o Ib]- (14-13)
VE
[7|c - WFlc?’lcjnlC 4 Weic? 1b Ny = WFIcg(t). (14-14)
VE VE VE
Into eq. (14-11), eq. (14-12) is substituted
t) = 7N —7ipNn
0:_7Ibnlb_WIbFnIb+WFIb(g() Ticte ~ Ib)- (14-15)
VE
[7”) Wy + WFle/lb)nlb + Ve e n, = Weip 9(1) . (14-16)
YE VE VE
From eq. (14-14),
Nie = Weye g(t) 1 = _WFlcylb 1 - N
VE Vie + Wy +—Felle VF V1o + Wy +—Flelle
VE VE
- L (g(1)- 7N
Vi 7k Vie + Wier o7
C
Wi
= A(9(t) = 71" )- (14-17)
Where A= ! T
Y
Vie +7g
Fle density of levels
From (14-15), /\
= (9D~ M)
10 Yib T Winr et D H
Yib 7

Fib
= B(g(t) = 71cMie)-

free excition

N
=

energy

%

(14-18) K
Where, B= }l/ v
Yib TVE L
Flb
From (14-17) XBy.— (14-18),
Ay, -1 1- Ay
Ny = BY(t) 2= = Bg(t) .
Ay By -1 1- Ay By
From (14-17)—Eq. (14-18) X A%,
By, —1 1-By
N = Agt) — 0= = Ag(t) - 1B
Ay By -1 1- Ay By

Fig. 14-6 density of state of electrons in semiconductor

(14-19)

(14-20)

Into eq. (14-12) , egs. (14-19) and (14-20) are substituted,
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Ne :ﬂ_i(ylcnlc +715Mp)
VE VE
_ 9(t) 7By —DA+yp(Ayc —1)B g(t)
VE 7e(ABy 7 — 1)
_ 9O Aric + By — AByieyin —1_9(t) (A Arc)A-Bry) (14-21)
Ve ABy iy —1 Ve 1- AByc71p

Where, an intensity of the exciton luminescence is a product of the radiative recombination ratio of the free
exciton and density of the free exciton, therefore the luminescence intensity of the free exction and I, I, bound

excitons are

1-A 1-B
PLFE :7/|:r g(t) x ( }/|C)( ylb) , (14_22)
YE 1-ABy 71
1-Byy,
PL,. = Ag(t) ————, 14-23
Ic 7/Icr g( )1_ AB7/|C7|b ( )
1-A
PLy, = 710 BY() Zte (14-24)

1- ABy /1

@ deducing wg; and we
Now, let consider the wg; and w,. Hereiisb orc. It can be assumed that a ratio of rate wg; and w,- do
not depend on y. and y, because this process is elementary step(a process only converting between bound
exction and free exciton).
From in a case of detailed balance with - =0 and ,,=0and egs. (14-6) and (14-7),
WFIi[l_ijnF = W;ieny;. (14-25)
NAi

Here, let consider a distribution of electrons in a semiconductor, before considering distributions of free exciton
and bound exciton (1) .

In the case of that as shown in Fig. 14-6 levels a number of which is Np’ are overlapped at energy Ep and
higher than energy 0 the electron is free, it is assumed that there are continuous levels which has density of state
shown in eq. (14-26) ,

47V

h3

2m°EdE  (V : volume of the semiconductor , m : weight of electron h : Planck constant) .

(14-26)
The level of —Ep is in the semiconductor and an electron is captured by an atom D. If the atom D is ionized
and the electron can be move in the semiconductor, the electron occupies the level which energy is E=0. That is

reaction equation is expressed as
D D" +free electron. (14-27)

If it is assumed that a number of free electron is N¢ and a number of electrons at level —Ep is Np, following is
satisfied,
N¢ + Ny = N =anumber of all electrons. (14-28)

The distribution of the electron is Fermi-Dirac distribution, therefore
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N 0
Np = = D , (14-29)
exp(_ kDT— ﬂj +1
N¢ = i; (14-30)
E-0 E-u
=Vexp T +1

where, u is Fermi energy.

In this case, a number of all electrons N is not so large, that is Nc =N, and the electrons can be dealt as

Boltzman gas, therefore eq. (14-30) becomes

_ ge (22mkT)*?
h) h®
where ge and gp are spin degeneracy of the free electron and the captured electron , respectively.

From eq. (14-29)

N E
— - exp(—D + i) (14-32)

N¢ V exp(u/kT), (14-31)

From egs. (14-31) and (14-32) uis eliminated, and a number of the atom which lost electron is defined as Np",
that is
Np" =Ng° = Np, (14-33)
therefore
Np"Ne g (272mkT)%?
No g b

No, Np"and Nc per unit volume are defined as np, np° and nc, respectively, and then

V exp(~E / KT). (14-34)

Np'Ne _ ge (2amkT)*?
Np Op h?

The free exciton is constructed with an electron and a hole these are combined by Coulomb force, and the free

exp(—E, / KT). (14-35)

exciton can move in crystal freely. On the other hand, the bound exciton is generated by connecting free exciton
with an impurity or a lattice defect, and therefore the bound exciton cannot move in crystal freely. The exciton is
Boson, but at low density, a distribution of the exciton can be dealt as Boltzman distribution.

From the above, the free exciton can be considered as same as the electron which can move in crystal freely,
and the bound exciton can be considered as same as the electron which captured the atom D.

Here, we discuss the exciton again. It is assumed that in the condition of %=0 and »;=0, the exciton systems are
thermal equilibrium condition (ng +n,; = const ) at temperature T. The atom D is considered as the bound exciton,
the free electron is considered as free exciton, that is nc—ng, np—n;;, nD°—>NAi, Ep—E; (binding energy
between free electron and captur center), ge—gr (degeneracy of spin of free exciton), go—g; (degeneracy
of spin of bound exciton), and if mass of the free exciton is assumed m, followings are satisfied,
_9¢ (Zﬂka)slz N

14-36
Qii h? ( )

Ne
B /KT ulkT (14-37)
Nai =i

from egs. (14-25), (14-36) and (14-37) a relation between wg;; and wjie is
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n
nF(l— I j E;
WIiF NAi — gF (zka)slz e7k7'|'ll (14-38)
Wi n; g h®Ny

A paper which discusses free and bound exciton in a GaAs/Al,Ga; xAs quantum well(2), a ratio is expressed as

B
KT

Wge _ g (272mKT)*"2
Weg  Og hZNA

where, the subscript of B corresponds the subscript of li. The quantum well is two dimensional, and the ratio
mentioned above converts into three dimensional corresponds to (14-38). Therefore the eq. (14-38) is reasonable.
Next, a relation between wg;; and collision cross-section o the cross-section is between one free exciton
and one free exciton capture center. An average velocity of the free electron is assumed v, following is satisfied
Weii = 0NV, (14-39)
where, i = ¢ or b, and g; is a cross-section which related to bound exciton I;. If the free exciton is distributed as

Boltzman distribution, the average velocity of the free exciton is expressed as
R 0 NI .U (14-40)
2 2 m
therefore wgj is expressed as
3kT\"?
Wy = 0NV = 0Ny, (?) - (14-41)
From egs. (14-38), (14-41),

g_F31/2 (272_)3/2 m(kT)2 ,ﬂ

Wiig = g H3 oie K
li
_Ei
=CuiT e 7 (14-42)
where
c _g_F31/2 (272_)3/2 mk2

i h3

@ life time of the bound exciton luminescence
After excitation by weak pulse (n; << Ng;),

ane _

TS —(Wge + Weip + 7E)NE +WieeNye + Wipeyp, (14-43)
dne _ 14-44
T (71c + Wige)Nje + Weehg, ( )
any __ 14-45
T (71b + Wipe)Njp + WeppNe. ( )

If parameters are substituted as Wgy, + Weyp + 7 = V> Wiee +71c = Zic> Wibr + 71 = Z1p » €Quations mentioned
above are rewritten as

dng

T:_7FnF +WiceNic + WipeNip (14-46)
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dn
d—tlc ==71cNic + WricNg» (14-47)
dn
d—tlbz—ﬂflbnn) + WeipNg- (14-48)

From egs. (14-46) and (14-47), (itis definedas n=dn/dt,fi=d?n/dt?)
A +7cNie . Mg +7icNie
W & Wric
e + (71c +7e)Ne + (VeV1e = WricWige )N = WeicWipeNyp -
Ifitisassumedthat o =y + /g, A =7eVic = WacWiees @3 = WecWipe »
e +aNe +a,N =agn. (14-49)
From egs. (14-46) and (14-48),
fip + (Yo +7e)0 + (PEV b — WepWipe )Ny = Wepp WieeNjc -

Itisassumed that By =y +7es Lo =7VeVib — WenWipr» Bz = WrpWiee »

A + Bl + BoNip = B3Ny (14-50)
Where, it is assumed that n,, = Aexp(—4,.t) , N, =Bexp(—4t),

(Ao’ — Qe + ) Aexp(=Act) = s B exp(—2pt), (14-51)

(" = By + o) Bexp(=Appt) = By Aexp(=A,.t). (14-52)
From sum of egs (14-51) and (14-52),

(Ae” = e+ = B) AXP(=Aict) + (A" = By + By — at3)Bexp(=Apt) =0. (14-53)

To satisfy eq. (14-53), following must be satisfied,
ﬁ“lcz -yl ta, = =0, ﬂ“lbz =B+ P —a3=0.

Aty —4(a; - )

A
Ic 2
_ (7ic +7¢) i\/(7/|c +76)° =47 eV1e = WrcWiee — WeipWie )
2
(e +76) i\/(?ﬁc = 78)% + AWt Wige + Wep Wige )

2
where, the rewritten parameters are returned to original of Wg,. +Weyy + 7 = 755 Wige +71c = Vie»
Wye + 71, — 71, above equation is rewritten as
1 = (Wiee + 71c + Weie + Wep7)
lc —
2

2
- Ve — -W + 4(Wg W g + Wep W
N \/(chF Vi = VE — Wgi F2|b) (WeicWier FibWicr) . (14-54)

In this chapter, the example of the observation is carried out very low temperature (W, ~0) and the observed
decay curve of the bound exciton luminescence is a slow decay components, that is the decay curve is observed

after ~10ps of excitation. For the example of the observation, life time of the free exciton is shorter than 5 ps.
Therefore almost of the free excitons are annihilated and y¢ >> 7i, Wg;;, Wyie .

From the above and eq. (14-54),
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2
P (Wige + 71¢ + Weie + Wy + 7) _\/(7|c +Wig = 7 = Wee — Weyp)
Ic ~ 2
_ (Wiee + 71c + Weie + Wep +78) = (=710 = Wigp + 7F + Weye + Weyp )
2

=71t Wier-

Therefore, 1z, which is a life time of the bound exction I is expressed as

o=t - 1 _ ! . (14-55)

- - E
Vic +WIcF Y ier +7/Icnr +WIcF 2 *kT'_C
Viee T 71enr +Cucoc T7€

As same as above, from Z,bz - BiAp + 5 —a3 =0, 7, which is a life time of the bound exciton I, is expressed

== ! - ! . (14-56)

- E
7ib TWibr  Zior + 7 tonr + Wibe 2.
Vibr + 7 1onr + CupopT 7€

estimation of the capture cross-section of the free exciton capture center o by fitting
A temperature dependence of the bound exciton life times estimated from Fig. 14-4 are shown in Fig. 14-7. The
capture cross-section of the free exciton capture center o; can be estimated by fitting of egs. (14-55) and
(14-56) to Fig. 14-7. To fit the egs. (14-55) and *14-56) to Fig. 14-7, values of i and i, are necessary. As
shown in Fig. 14-7, at low temperature, the life time of the bound exciton is almost constant.
However, at higher than 30 K of the sample temperature , the life time of the bound exciton
luminescence decrease. The reason is that since the binding energy of the bound exciton is about
one third of CuGaS, LO phonon energy, as shown by w the bind between the bound exciton and
capture center is cut. Therefore in the region of the temperature from 30 K to 100K, yjin, < Wjir 1s satisfied.

Here, in the observation of this chapter, luminescence life time at low temperature is assumed radiative
recombination life time of the bound exciton, that

is, it is assumed that 7, = y,;, . From fig. 14-7

_ _ _ 600 50 Temperature (K)
the life times are estimated as 7., =143 ps 15 :
and z,,, =123 ps. - .
Here, from the reason mentioned as follows, at @ 100k | 1
L c _
T =0itis assumed that yinr < i is satisfied. e I Iy ]
= i calculated |
@ at low temperature, the life time of the bound > i ]
[S] | —
exciton is almost constant and the life time a 50_ 0 ‘;:1.2><10'i‘1 cm? _
- 0p=0.5X10""cm .
almost does not depend on temperature, and L i}
interaction of exciton and phonon are very (9 \ ‘ ‘ ‘ |
] 01 0.05 0.10
little. 1/Temperature (1/K)

@  Auger recombination process which does not

. . Fig. 14-7 temperature dependence of life time
depend on thermal energy is not dominated g P P

. . of the bound exciton luminescence
process in the CuGaS,. The reason is
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described as follows. There is no report on the Auger recombination of CuGaS, bound exciton and
non-radiative life time of the CuGaS; bound exciton by the Auger recombination process is unknown. For
Cds, there is a report of that and the life time of the Auger recombination process is the order of the 10 ns.
Here, optical properties of CuGaS, resembles to that of CdS, and CdS is often compared with CuGas,. If
the life time by the Auger recombination process is as same as that of CdS, the life time of the observation
in this chapter is ~100 ps and this is very short than 10 ns. Therefore, for CuGaS2, the Auger

recombination process can be neglected.

From the reasons mentioned above, at T ~ 0K, it is assumed that #i,r < i Therefore it is assumed that at 10
~ 100 K, inr can be neglected.

Fitting results are shown in Fig. 14-7 as @ for (Ic) and as O for (Ib). Here, at the fitting, binding energies of
the bound excitons are estimated from separated spectrum, E\;=2.501 eV —2.492 eV=9 meV, E;;=2.501 eV—
2.495 eV =6 me. Other parameters are assumed that g- /g, =4/2=2 and m=me+m,=0.26my+0.69mg (13),
where m , m, and my, are reduced masses of the free exciton, the electron and the hole, respectively.

As shown in Fig. 14-7, experimental results and fitting are almost same. From the fitting, capture
cross-section of free exciton capture center are o, =2.9 x10™cm? and o, =14 x 10 cm?, respectively.
These values are reasonable because these values are same order of the radius of CuGaS, exciton (~10 A
order) ®) and the cross-section of different sample (CGS09 and CGS10) show same order.

The obtained values are compared with that of other semiconductors. In ref. (7), for GaTe and GaSe, the time
resolved exciton spectrum was analyzed by rate equation, and free exciton capture cross-section were estimated.
The cross-section of GaTe and GaSw are 1.2 X 10cm? and 0.4 X 10™cm?,  respectively and these values are

same order of the cross-section of CuGaS,
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