
E
n
e
rg
y
 r
e
la
x
a
ti
o
n
 c
h
a
n
n
e
ls
 

in
 T
l-
a
n
d
 I
n
-d
o
p
e
d
 C
s
I
c
ry
s
ta
ls

S
.G

ri
d
in

1
,2

,
A

. 
B

e
ls

k
y

2
,

A
. 

V
a
s
il’

e
v

3
, 

N
. 

S
h
ir
a
n

1
,

A
. 

G
e
k
ti
n

1

S
C

IN
T

 2
0
1
3

A
p
ri
l 
1
5
-1

9
, 
2
0
1
3

 

S
h
a
n
g
h
a
i,
 C

h
in

a

1
In

s
ti
tu

te
 f

o
r 

S
c
in

ti
lla

ti
o
n
 M

a
te

ri
a
ls

, 
6
0
 L

e
n
in

 A
v
e
n
u
e
, 
6
1
0
0
1
 K

h
a
rk

o
v
, 
U

k
ra

in
e

2
In

s
ti
tu

t
L
u

m
ie

re
M

a
ti
e
re

, 
U

n
iv

e
rs

it
e
 C

la
u
d
e
 B

e
rn

a
rd

 L
y
o
n
 1

, 
6
9
6
2
2
 V

ill
e
u
rb

a
n
n
e
 C

e
d
e
x
, 
F

ra
n
c
e

3
S

k
o
b
e
lt
s
y
n
 I
n
s
ti
tu

te
 o

f 
N

u
c
le

a
r 

P
h
y
s
ic

s
, 
L
o
m

o
n
o
s
o
v
 M

o
s
c
o
w

 S
ta

te
 U

n
iv

e
rs

it
y
, 

L
e
n
in

s
k
ie

 G
o
ry

 1
(2

),
 1

1
9
9
9
1
, 

M
o
s
c
o
w

, 
R

u
s
s
ia



C
a
p
tu

re
 b

y
 d

e
fe

c
ts

C
a
p
tu

re
 b

y
 

d
e
fe

c
ts

D
e
n
s
it
y
-d

e
p
e

n
d
e
n
t

S
T

H
+

e
→

S
T

E
re

a
c
ti
o
n

Io
n
iz

a
ti
o

n
 b

y
 f

a
s
t 

e
le

c
tr

o
n
s
, 

e
-e

in
e
la

s
ti
c
 

s
c
a
tt

e
ri
n
g
, 

A
u
g

e
r 

c
a
s
c
a
d
e

electrons

holes

exitons

STHs

STEs

γ

T
h
e
rm

a
liz

a
ti
o
n

, 
fo

rm
a
ti
o
n
 o

f 
tr

a
c
k
 s

tr
u
c
tu

re

D
e
n
s
it
y
-d

e
p
e

n
d
e
n
t

S
T

E
-S

T
E

 q
u
e
n
c
h
in

g
;

T
h
e
rm

a
l 
S

T
E

 q
u
e
n
c
h

in
g
; 

S
T

E
 q

u
e
n
c
h

in
g
 o

n
 d

e
fe

c
ts

~
9
0
%

~
1
0
%

~
9
0
%

S
T

E
 e

m
is

s
io

n

M
o

ti
v
a

ti
o

n

T
h
e
 G
o
a
l:

In
fl
u
e
n
c
e
 o

f 
M

F
P

 o
f 

e
le

c
tr

o
n
s
 o

n
 r

e
c
o
m

b
in

a
ti
o
n
 

c
h
a
ra

c
te

ri
s
ti
c
s

in
 d

o
p

e
d
 c

ry
s
ta

ls

β βββ S Q

A
. 

V
a
s
il’

e
v

O
5
.6

*



O
u

tl
in

e

♦
T

h
e
o

re
ti

c
a
l 
a
p

p
ro

a
c
h

M
F

P
 o

f 
e
le

c
tr

o
n
s

g
e
n
e
ti
c

a
n
d
 s

to
c
h
a
s
ti
c

re
c
o
m

b
in

a
ti
o
n

in
fl
u
e
n
c
e
 o

f 
a
c
ti
v
a
to

r

♦
E

x
p

e
ri

m
e
n

t
C

s
I:
X

–
m

o
d
e
lin

g
 m

a
te

ri
a
l

e
x
c
it
o
n
ic

a
n
d
 a

c
ti
v
a
to

r
re

la
x
a
ti
o
n
 c

h
a
n
n
e
ls

te
m

p
e
ra

tu
re

 a
n
d
 c

o
n
c
e
n
tr

a
ti
o
n
 d

e
p
e
n
d
e
n
c
e
s
 o

f 
y
ie

ld

♦
E

x
p

e
ri

m
e
n

t 
v
s

T
h

e
o

ry
c
o
m

p
a
ri
s
o
n
 w

it
h
 m

o
d
e
lin

g
 r

e
s
u
lt
s



4

r

PR
e
c
o
m

b
in

a
ti
o
n

 p
ro

b
a
b

ili
ty

R
0

R
0

r

1

R
0
/r



>

<
=

0
0

0

,

,1

R
r

r
R

R
r

P

e
h

e
h

e
h

P
a

th
 o

f 
e

le
c
tr

o
n

s
. 

Id
e

a
 o

f 
O

n
s
a

g
e

r 
ra

d
iu

s
. 

G
e

n
e

ti
c

a
n

d
s
to

c
h

a
s
ti
c

re
c
o

m
b

in
a

ti
o

n

♦
D

is
ta

n
c
e
r

b
e
tw

e
e
n
 e

-
a
n
d
 h

+
b
y
 t

h
e
 e

n
d
 o

f 
th

e
rm

a
liz

a
ti
o

n
s
ta

g
e
 (

re
s
p
e
c
ti
v
e
 t

o
 R

0
) 

is
 t

h
e
 k

e
y
 p

a
ra

m
e
te

r 
d

e
te

rm
in

in
g
 f

u
tu

re
 r

e
c
o

m
b

in
a
ti
o
n
 o

r 
c
a
p
tu

re
o
f 

e
-

k
T

R

e

O
n
s

=
02

4π
εε

lo
w
 n
A
<
<
n

r
R
O
n
s

e
−

−
1

P
ro

b
a
b

ili
ty

 o
f

g
e
m

in
a
te

 r
e
c
o
m

b
in

a
ti
o
n

O
n

s
a

g
e

r,
 L

. 
In

it
ia

l 
re

c
o
m

b
in

a
ti
o
n

 o
f 

io
n

s
. 

P
h

y
s
. 

R
e

v
. 

5
4

 (
8

),
 5

5
4
–
5
5
7

, 
1
9
3
8

1
2

3
4

5

0.
2

0.
4

0.
6

0.
8

1.
0

direct  ex

g
e
m

in
a
te

 e
-h

re
c
o
m

b
in

a
ti
o
n

s
to

c
h
a
s
ti
c
 e

-h

re
c
o
m

b
in

a
ti
o
n

r
/R
O
n
s



1
2

3
4

5

0.
2

0.
4

0.
6

0.
8

1.
0

r/
R

O
n
s

direct  ex

g
e
m

in
a
te

 e
-h

re
c
o
m

b
in

a
ti
o
n

c
a
p
tu

re
 b

y
 A

 

c
e
n
te

rs

s
to

c
h
a
s
ti
c
 e

-h

re
c
o
m

b
in

a
ti
o
n

In
 p

re
s
e
n
c
e
 o

f 
im

p
u
ri
ty

(a
c
ti
v
a

to
r 

A
) 

a
p
a
rt

re
c
o
m

b
in

a
ti
o
n
 t

h
e
re

 i
s
 c

a
p
tu

re
 b

y
 c

e
n
te

rs
 A

h
ig
h
 n
A
>
>
n

In
fl
u

e
n

c
e

 o
f 

e
-
fr

e
e

 p
a

th
 o

n
 r

e
c
o

m
b

in
a

ti
o

n
 

in
 p

re
s
e

n
c
e

 o
f 

im
p

u
ri

ty
 A

(
)

A
A

e
n

R
r

+
−

π
4

ex
p

D
e
c
re

a
s
e
 o

f 
g
e
n

e
ti
c
 r

e
c
o
m

b
in

a
ti
o
n

fr
a
c
ti
o
n

[1
]

♦
Im

p
u
ri
ty

 c
e
n
te

rs
 c

a
p
tu

re
 e

x
c
it
a
ti
o
n
s
 

m
a
in

ly
 f

o
rm

 t
h

e
s
to

c
h
a
s
ti
c

p
a

rt

(
)

A
e

A
e

h
h

e
O
n
s

n
D

R
n

D
D

R
+

+
π

π
4:

4

s
to

c
h
a
s
ti
c
 r

e
c
o
m

b
in

a
ti
o
n

: 
c
a
p
tu

re
 b

y
 A

 c
e
n
te

rs

1
V

a
s
il'

e
v
 A

.N
.,

 M
ik

h
a

ili
n

V
.V

.,
 O

v
c
h

in
n

ik
o

v
a

I.
V

. 
B

u
lle

ti
n

 A
S

 U
S

S
R

. 
P

h
y
s
. 

S
e

r.
, 

v
. 

4
9

, 
N

o
. 
1
0

, 
p
p

. 
2
0
4
4

, 
1
9
8
5



0
.0
0

0
.0
2

0
.0
4

0
.0
6

0
.0
8

0
.1
0

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0(

)
(

)
(

)
(

)
(

)
(

)
(

)
A

e
A

e
h

h
e

O
n
s

h
h

e
O
n
s

A
A

e

r
R

A
A

e

r
R

n
D

R
n

D
D

R

n
D

D
R

n
R

r
e

n
R

r
e

O
n
s

O
n
s

+
+

−

+
−

+
+

+
−

−
−

+

−
−

π
π

π
π

π

4
4

4
4

ex
p

1
1

4
ex
p

1

C
o

n
c
e

n
tr

a
ti
o

n
 d

e
p

e
n

d
e

n
c
e

 o
f 

th
e

 f
ra

ti
o

n
o

f

re
c

o
m

b
in

a
ti

o
n

a
n

d
a

c
ti

v
a

to
r

c
h

a
n

n
e

ls
 o

f 
re

la
x
a

ti
o

n

F
ra

c
ti
o
n
 o

f
e
x
c
it

o
n

ic
c
h
a
n
n
e
l 
o
f 

re
la

x
a
ti
o
n
 c

a
n
 b

y
 e

s
ti
m

a
te

d
 a

s

S
T

E
A

c
ti

c
a
to

r

A
c
ti
v
a
to

r 
c
o
n
c
e
n
tr

a
ti
o
n
 n

A

r 
=

 2
R

O
n

s



C
s

I
b

a
s

e
d

 s
c

in
ti

ll
a

to
rs

 a
s

 m
o

d
e

li
n

g
 m

a
te

ri
a

l

C
s
I:

T
l

3
0
0
K

C
s
I

7
7
K

S
c
in

ti
ll
a
to

r

6
0
,0

0
0

2

1
0
7
,0

0
0

1

L
Y

 E
x

p
, 

p
h

/M
e
V

2
.9

1
.5

<
E

>
/p

h
o

to
n

, 
E

g

0
5
0

1
0

0
1
5
0

2
0
0

2
5
0

3
0
0

0
.0

4
.0

x
1
0

6

8
.0

x
1
0

6

1
.2

x
1
0

7

1
.6

x
1
0

7

2
.0

x
1
0

7

X-ray luminescence output, a.u.

T
e
m

p
e
ra

tu
re

, 
K

C
s
I 
p

u
re

C
s
I-

In
 (

0
.0

2
 %

 I
n
) 

C
s
I-

T
l 
(0

.1
1
 %

 T
l)

♦
T

w
o
 c

h
a
n
n

e
ls

 o
f 

ra
d
ia

ti
v
e

re
la

x
a
ti
o
n

♦
H

ig
h
 y

ie
ld

 o
f 

S
T

E
 e

m
is

s
io

n
 i
n
 p

u
re

 C
s
I

♦
C

s
I:
T

l
a
t 

3
0
0
К

–
h
a
lf
 o

f 
C

s
I

p
u
re

a
t 

7
7
К

1
M

o
s
z
y
n
s
k
i
e
t 
a
l.

A
p
p
lic

a
ti
o
n
 o

f 
la

rg
e
 a

re
a
 a

v
a
la

n
c
h
e
 p

h
o
to

d
io

d
e
s
 t
o
 s

tu
d
y
 s

c
in

ti
lla

to
rs

.
N

IM
 5

0
4
 (

2
0
0
3
) 

3
0
7

2
M

o
s
z
y
n
s
k
i
e
t 
a
l.
 A

b
s
o
lu

te
 L

ig
h
t 
O

u
tp

u
t 
o
f 

S
c
in

ti
lla

to
rs

. 
IE

E
E

 T
N

S
 4

4
 (

1
9
9
7
) 

1
0
5
2
 

6
.1

1
2

.2
1

8
.3

2
4

.4

0

5
0

0
0

0

1
0

0
0

0
0

1
5

0
0

0
0

2
0

0
0

0
0

2
5

0
0

0
0

Intensity, a.u.

E
n

e
rg

y
, 

e
V

 C
s
Ip

u
re

 E
m

3
4

0
 W

G
2

8
0

 3
0

0
/3

0
0

 1
/1

 1
3

K

T
=

1
0

K

E
g
(C

s
I)

=
6

.1
 e

V

E
ff

ic
ie

n
t 

S
T

E
 e

x
c
it
a
ti
o
n



5
.5

5
.0

4
.5

4
.0

3
.5

3
.0

2
.5

2
.0

1
.5

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

0
.7

1
 e

V

A
T

l

T
l 
e

m
is

s
io

n

 

Intensity, a.u.

E
n
e

rg
y
, 
e

V

In
 e

m
is

s
io

n

in
tr

a
c
e
n
te

r 
e
x
c
it
a
ti
o
nA

In

0
.4

6
 e

V

3
1

0

2
9

9

A
a
b
so
rp
ti
o
n
 

b
a
n
d
, 
n
m

1
9
0
0

5
4
5

~
0
.1
5

~
1
,3
5

In
+

6
2
0

5
5
0
-5
6
0

0
.2
-0
.3

1
.5
9

T
l+

D
ec
a
y
, 
n
s

E
m
is
si
o
n
 m

a
x
. 

a
t 
R
T
, 
n
m

S
eg
r
eg
a
ti
o
n
 

co
ef
fi
ci
en
t

Io
n
ic
 

ra
d
iu
s,
 Å

D
o
p
a
n
tE

x
c
it

a
ti

o
n

 a
n

d
 l

u
m

in
e
s
c
e
n

c
e
 s

p
e
c
tr

a
 o

f 
C

s
I:

T
l

и
C

s
I:

In
a

t 
3
0
0
K

L
u

m
in

e
s
c
e

n
t 

p
ro

p
e

rt
ie

s
 o

f 
С

s
I:

In
и

C
s
I:

T
l

S
im

ila
r 

lu
m

in
e
s
c
e
n
t 

p
ro

p
e
rt

ie
s
 

5
0

1
0
0

1
5
0

2
0
0

2
5
0

3
0
0

1
E

-3

0
.0

1

0
.11

1
0

Intensity (a.u.)

T
e
m

p
e
ra

tu
re

 (
K

)

V
k

T
l0

In
?

G
lo

w
 c

u
rv

e
s
 o

f 
C

s
I:
T

l
a
n
d
 C

s
I:

In

a
ft

e
r 

X
-i
rr

a
d
ia

ti
o
n

D
if
fe

re
n
t 

p
a
ra

m
e
te

rs
 o

f 
c
h
a
rg

e
 c

a
rr

ie
rs

 c
a

p
tu

re



E
x
c
it
o

n
ic

a
n

d
 a

c
ti
v
a

to
r 

c
h

a
n

n
e

ls
 

o
f 

ra
d

ia
ti
v
e

re
la

x
a

ti
o

n
 i
n

 C
s
I:

X

4
.5

4
.0

3
.5

3
.0

2
.5

2
.0

0

5
0

0

1
0

0
0

1
5

0
0

2
0

0
0

2
5

0
0

4
.4

4
.2

4
.0

0

1
0

2
0

3
0

4
0

 

Intensity, a.u.

E
n

e
rg

y
, 

e
V

 7
.8

E
-4

 m
o
l 
%

 3
.2

E
-3

 m
o
l 
%

 1
.6

E
-2

 m
o
l 
%

E
x
c
it

a
ti

o
n

C
s
I:

In
 1

1
K

S
T

E

A
c
ti

va
to

r

 Intensity, a.u.

 E
n
e
rg

y
, 

e
V

 

X
-r

a
y
 l
u
m

in
e
s
c
e
n
c
e
 s

p
e
c
tr

a
 o

f
C

s
I:

In
и

C
s
I:
T

l
a
t

L
H

e
T

4
.5

4
.0

3
.5

3
.0

2
.5

2
.0

0

1
0

0
0

2
0

0
0

3
0

0
0

4
0

0
0

5
0

0
0

6
0

0
0

7
0

0
0

8
0

0
0

4
.4

4
.2

4
.0

0

1
5

3
0

 

Intensity, a.u.

E
n

e
rg

y
, 
e
V

 5
E

-3
 m

o
l 
%

 1
.4

E
-2

 m
o
l 
%

 5
E

-2
 m

o
l 
%

C
s
I:

T
l 
1
1
K

S
T

E
A

c
ti

va
to

r 

Intensity, a.u.

E
n
e
rg

y
, 

e
V

♦
N

o
 o

v
e
rl
a
p
 b

e
tw

e
e
n
 e

x
c
it
o
n

ic
a
n
d
 a

c
ti
v
a
to

r 
b
a
n
d
s

♦
In

s
ig

n
if
ic

a
n
t 

o
v
e
rl
a

p
 o

f 
S

T
E

 b
a
n
d
 w

it
h
 a

c
ti
v
a
to

r 
a
b
s
o
rp

ti
o

n



01

5
1

0
1

5
2
0

5
1
0

1
5

2
0

01

E
a

30
0K

 

C
s
I-

In
 5

5
0
n

m
 C

In
 =

 0
.0

2 
%

C
s
5
p

E
g

2
E

g

 

 

E
n
e
rg

y
, 
e
V

 

 

Intensity, a.u.

10
K

01234
5

1
0

1
5

2
0

5
1

0
1
5

2
0

012

Intensity, a.u.

 

3
0
0
K

C
sI

:T
l 
55

0
n

m

C
T

l=
0.

1 
%

E
a

E
g

2
E

g C
s
5
p

1
0
K

 E
n

e
rg

y
, 

e
V

 

 

E
x
c
it
a
ti
o
n
 s

p
e
c
tr

a
 o

f 
In

-
a
n
d
 T

l-
re

la
te

d
 e

m
is

s
io

n
 i
n
 C

s
I:

X

E
n

e
rg

y
 t

ra
n

s
fe

r 
to

 a
c
ti
v
a

to
r 

c
e

n
te

rs

♦
R

e
c
o
m

b
in

a
ti
o
n
 m

e
c
h
a

n
is

m
 o

f 
e
-h

tr
a
n
s
fe

r 

♦
L
o
w

e
r 

e
ff

ic
ie

n
c
y
 a

t 
1
0
К

is
 d

u
e
 t

o
 S

T
E

4
.5

4
.0

3
.5

3
.0

2
.5

2
.0

1
.5

0

5
0
0
0

1
0
0
0
0

1
5
0
0
0

 

 

Intensity, a.u.

E
n

e
rg

y
, 

e
V

 E
x
c
 4

7
 W

G
2
2
5
 3

0
0
/3

0
0
 1

/1
 1

3
K



0
5
0

1
0
0

1
5
0

2
0
0

2
5
0

3
0
0

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

X-ray Luminescence output, a.u.

T
e
m

p
e
ra

tu
re

, 
K

 P
u
re

 0
.0

0
8
5
 %

 T
l

 0
.0

1
2
5
 %

 T
l

 0
.0

1
7
5
 %

 T
l

 0
.1

1
 %

 T
l

S
T

E
 e

m
is

s
io

n

0
5

0
1
0

0
1

5
0

2
0
0

2
5

0
3
0

0

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

X-ray luminescence output, a.u.

T
e

m
p

e
ra

tu
re

, 
K

 0
.0

0
0

5
 %

 T
l

 0
.0

0
8

5
 %

 T
l

 0
.0

1
2

5
 %

 T
l

 0
.0

1
7

5
 %

 T
l

 0
.1

1
 %

 T
l

T
l 
e

m
is

s
io

n

5
0

1
0
0

1
5
0

2
0

0
2

5
0

3
0

0

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

Intensity, a.u.

T
e

m
p

e
ra

tu
re

, 
K

 0
.0

2
9

 %
 I

n

  
0
.0

1
7

 %
 I
n

 0
.0

0
1

8
 %

 I
n

 p
u
re

S
T

E
 e

m
is

si
o
n

5
0

1
0

0
1

5
0

2
0

0
2

5
0

3
0
0

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

In
-e

m
is

s
io

n
S

u
m

4
0
0

-6
4
0

n
m

Intensity, a.u.

T
m

e
p
e
ra

tu
re

, 
K

 0
.0

2
9
 %

 I
n

 0
.0

1
7
 %

 I
n

 0
.0

0
1
8
 %

 I
n

 p
u
re

T
e

m
p

e
ra

tu
re

 d
e

p
e

n
d

e
n

c
e

s
 o

f 
X

-r
a

y
 l
u

m
in

e
s
c
e

n
c
e

 y
ie

ld
 

fo
r 

d
if
fe

re
n

t 
a

c
ti
v
a

to
r 

c
o

n
c
e

n
tr

a
ti
o

n
s

C
s
I:

T
l

C
s
I:

In



0
.0

0
0

.0
2

0
.0

4
0
.0

6
0
.0

8
0
.1

0
0

.1
2

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

 

Luminescence output, a.u.

C
o

n
c
e

n
tr

a
ti
o

n
, 

m
o

l 
%

 T
l 
e

m
is

s
io

n

 S
T

E
 (

C
s
I:

T
l)

 I
n

 e
m

is
s
io

n

 S
T

E
 (

C
s
I:

In
)

T
=

2
0
K

C
o

n
c
e

n
tr

a
ti
o

n
 d

e
p

e
n

c
e

n
c
e

o
f 

S
T

E
a

n
d

a
c

ti
v

a
to

r
lu

m
in

e
s
c
e

n
c
e

 y
ie

ld
. 

E
x
p

e
ri

m
e

n
t 

v
s

T
h

e
o

ry

♦
E
n
e
rg
y
 l
o
s
s
, 
re
la
te
d
 t
o
 S
T
E
 q
u
e
n
c
h
in
g

E
x
p

e
ri

m
e
n

t
T

h
e
o

ry
[1

]

♦
R
e
c
o
m
b
in
a
ti
o
n
 c
h
a
n
n
e
l 
is
 u
n
d
e
re
s
ti
m
a
te
d

♦
p
o
s
s
ib
le
 o
v
e
re
s
ti
m
a
ti
o
n
 o
f 
A
c
ti
v
a
to
r 
c
h
a
n
n
e
l

♦
E
n
e
rg
y
 l
o
s
s
 m

e
c
h
a
n
is
m
s
 a
re
 n
o
t 
c
o
n
s
id
e
re
d

1
 W

a
n
g
 e

t 
a
l.
 M

o
n
te

 C
a
rl
o
 s

im
u
la

ti
o
n
s
 o

f 
e
le

c
tr

o
n
 t
h
e
rm

a
liz

a
ti
o
n

in
 a

lk
a
li 

io
d
id

e
 a

n
d
 a

lk
a
lin

e
-e

a
rt

h
 f
lu

o
ri
d
e
 

s
c
in

ti
lla

to
rs

. 
J
. 

A
p
p
. 
P

h
y
s
. 
1
1
2
, 
2
0
1
2



E
x
c
it
o

n
ic

a
n

d
a

c
ti
v
a

to
r

c
h

a
n

n
e

ls
 o

n
n

A

lo
w

 n
A
<

<
n

m
e
d
iu

m
 n

A
~

n
h
ig

h
 n

A
>

>
n

d
ir
e

c
t

d
ir
e

c
t

d
ir
e

c
t

G
e

m
.

G
e

m
.

G
e

m
.

S
to

c
h

.
S

to
c
h
.

S
to

c
h

.

h
e

h
e

h
e

e
x

e
x

e
x

S
T

E
S

T
E

S
T

E
A

+
A

+
A

+

A
-

A
-

A
-

A
c
ti
v
a
to

r
c
h
a
n

n
e
l 
is

 m
o
s
tl
y
 “

fe
d
”

b
y
 s

to
c
h

a
s
ti
c
 p

a
rt

In
c
re

a
s
e
 o

f 
A

c
ti
v
a
to

r
c
h
a
n

n
e
l 

w
it
h
 t

h
e
 i
n
c
re

a
s
e
 o

f 
a
c
ti
v
a
to

r 
c
o
n
te

n
t



S
u

m
m

a
ry

♦
S

im
ila

r 
b
e
h
a
v
io

r 
o
f 
C

s
I:
In

a
n
d
 C

s
I:
T

l
re

g
a
rd

le
s
s
 t
h
e
 d

if
fe

re
n
c
e
s
 

in
 c

h
a
rg

e
 c

a
p
tu

re
 p

e
c
u
lia

ri
ti
e
s

♦
S

T
E

 q
u
e
n
c
h
in

g
 c

o
n
n
e
c
te

d
 w

it
h
 t
h
e
 a

c
ti
v
a
to

r 

♦
N

e
e
d
 t
o
 t
a
k
e
 i
n
to

 a
c
c
o
u
n
t 
e
n
e
rg

y
 l
o
s
s
 m

e
c
h
a
n
is

m
s



T
h

a
n

k
 y

o
u

 f
o

r 
a

tt
e
n

ti
o

n



4
0

8
0

1
2

0
1

6
0

2
0

0
2

4
0

2
8

0

0
.0

4
.0

x
1
0

6

8
.0

x
1
0

6

1
.2

x
1
0

7

T
l0
(1

1
5

K
)

V
k
2

(9
0

K
)

 Intensity, a.u.

 T
e
m

p
e
ra

tu
re

, 
K

V
k
1

(6
0

K
)

C
sI

:T
l

4
0

8
0

1
2

0
1

6
0

2
0

0
2

4
0

2
8

0

0
.0

2
.0

x
1
0

6

4
.0

x
1
0

6

6
.0

x
1
0

6

 Intensity, a.u.

V
k
2

(9
0

K
)

 T
e
m

p
ra

tu
re

, 
K

V
k
1

(6
0

K
)

In
0
 ?C

s
I:

In

E
le

c
tr

o
n
 a

n
d
 h

o
le

 t
ra

p
s
 i
n
 C

s
I:
X

V
k
1
 (

6
0
K

) 
–

ju
m

p
 d

if
fu

s
io

n
 o

f 
h
o
le

s

V
k
2
 (

9
0
K

) 
–

d
e
lo

c
a
liz

a
ti
o
n
 o

f 
h

o
le

s
 

T
l0

(1
1
5
K

) 
–

e
-
d
e
lo

c
a
liz

a
ti
o
n

•
v
e
ry

 l
o

w
 m

o
b
ili

ty
 o

f 
h
o
le

s
 a

t 
lo

w
 t

e
m

p
e
ra

tu
re

s
 i
n
 C

s
I

•
h

+
 tr

a
n
s
p
o
rt

 t
o
 a

c
ti
v
a
to

r 
c
e
n
te

rs
 i
s
 l
im

it
e
d
 a

t 
T

<
1
0
0
K

C
a
n
 t

h
e
 2

4
0
K

 p
e
a
k
 i
n
 C

s
I:

In

b
e
 a

tt
ri
b
u
te

d
 t

o
 I

n
0

?

[P
. 

M
a

rt
in

e
z
 e

t 
a

l.
, 

1
9
6
4

]

[V
. 

B
a
b

in
, 

K
. 

K
a

ld
e

r,
 A

. 
K

ra
s
n
ik

o
v
, 

S
. 

Z
a

z
u

b
o
v
ic

h
, 

2
0
0
2

]



T
yp

ic
al
 e
ne

rg
y 

d
e
pe

nd
e
nc

e
 o
f 

th
e
 q
ua

nt
um

 
lu
m
in
e
sc
e
nc

e
yi
e
ld
 o
f 
th

e
se

 
ch

an
ne

ls
 

e
x
ci
to
ni
c

re
co

m
b
in
at
io
n

A
.N

. 
V

a
si

l’
e

v
, 

V
.V

. 
M

ik
h

a
il

in
, 

I.
V

. 
O

v
ch

in
n

ik
o

v
a

, 
Iz

v
e

st
ia

 A
N

 S
S
S

R
, 

S
e

r.
 F

iz
. 

4
9

 (
1

9
8

5
) 

2
0

4
4

A
p

p
e

n
d

ix
 A

. 
E

n
e

rg
y
 t

ra
n

s
fe

r



A
p

p
e

n
d

ix
 B

. 
C

o
n

c
e

n
tr

a
ti
o

n
 d

e
p

e
n

d
e

n
c
e

 o
f 

g
lo

w
 p

e
a

k
s
 i
n

te
n

s
it
y

0
.0

2
.0

x
1

0
4

4
.0

x
1

0
4

6
.0

x
1

0
4

0
.0

4
.0

x
1

0
5

8
.0

x
1

0
5

1
.2

x
1

0
6

1
.6

x
1

0
6

0
.0

4
.0

x
1

0
5

8
.0

x
1

0
5

1
.2

x
1

0
6

0
.0

2
.0

x
1

0
6

4
.0

x
1

0
6

6
.0

x
1

0
6

4
0

8
0

1
2

0
1

6
0

2
0

0
2

4
0

0
.0

4
.0

x
1

0
6

8
.0

x
1

0
6

1
.2

x
1

0
7

1
.6

x
1

0
7

 7
.8

E
-4

 %
 I

n
C

s
I:

In

 2
.5

E
-3

 %
 I

n

Intensity, a.u.

 3
.2

E
-3

 %
 I

n

 1
.6

E
-2

 %
 I

n

T
e
m

p
e
ra

tu
re

, 
K

 2
.1

E
-1

 %
 I

n

0

1
x
1
0

7

2
x
1
0

7

3
x
1
0

7 0

1
x
1
0

6

2
x
1
0

6

3
x
1
0

6

0
.0

2
.0

x
1
0

6

4
.0

x
1
0

6

6
.0

x
1
0

6

8
.0

x
1
0

6

0
.0

4
.0

x
1
0

6

8
.0

x
1
0

6

1
.2

x
1
0

7

2
0

4
0

6
0

8
0

1
0
0

1
2

0
1
4

0

0
.0

4
.0

x
1
0

6

8
.0

x
1
0

6

 4
E

-4
 %

 T
l

C
sI

:T
l

 7
E

-3
 %

 T
l

 Intensity, a.u.

 1
E

-2
 %

 T
l

 1
.4

E
-2

 %
 T

l

 T
e

m
p
e

ra
tu

re
, 

K

 4
.5

E
-2

 %
 T

l

0
.0

0
0
.0

3
0
.0

6
0
.0

9

0
.0

0
.5

1
.0

1
.5

Ratio of intensities

C
T

l, 
m

o
l 
%

 I
(6

0
K

)/
I(

9
0
K

)

 I
(1

1
5
K

)/
I(

9
0
K

)

•
tw

o
 t

e
m

p
e
ra

tu
re

-d
e
p

e
n
d

e
n
t 

p
e
a
k
s
 w

it
h
 s

im
ila

r 
b
e
h
a
v
io

r 

in
 b

o
th

 C
s
I:

In
a
n
d
 C

s
I:

T
l

0
.0

0
0

.0
1

0
.0

2

0
.0

0
.2

0
.4

0
.6

0
.8

Ratio of intensities, a.u.
C

In
, 

m
o

l 
%

 I
(6

0
K

)/
I(

9
0
K

)

 I
(2

4
0
K

)/
I(

9
0

K
)


