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Symbol explanation

an n–th cosine coefficient
bn n–th sine coefficient
cn n–th complex Fourier coefficient (only chapter 3)
cDn n–th discrete Fourier coefficient
cn,p Capture rate for electrons resp. holes (not chapter 3)
c′n,p Capture coefficient for electrons resp. holes
dox Thickness of isolator
en,p Emission rate for electrons resp. holes
f(t) Continuous function
fk Discrete sampling values
gm Sum of space charge region depending generation rates [cm−3s−1]
gv Volume generation rate
gSL Lateral surface generation rate
k Boltzmann constant (not chapter 3)
ln,p Diffusion length for electrons resp. holes
l′n,p Effective diffusion length for electrons resp. holes
m0 Mass of electron
m∗

n,p Effective mass of electrons resp. holes
n Concentration of electrons in the conductance band [cm−3]
ni Intrinsic concentration [cm−3]
ns Concentration of occupied surface states [cm−2]
nF Concentration of charged states [cm−2]
nG Concentration of generated minority carriers [cm−2]
nI Concentration of occupied isolator traps [cm−2]
nT Concentration of occupied traps [cm−3]
n0 Concentration of free carriers [cm−3]
p Concentration of holes in the valence band
q Elementary charge (see page 18)
t Time (see page 43)
tP Fill pulse width
−t0 Time between end of charging pulse and 1. sampling value
vth,n,p Thermal velocity of electrons resp. holes
x Position
A Amplitude of a function
B Offset of a function
C Capacitance
Cox Capacitance of isolator
CA Capacitance after end of pulse (=C(0))
CP Capacitance at fill pulse
CR Capacitance at reverse bias in equilibrium
Dn,p Diffusion constant for electrons resp. holes
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E Energy
Ei Intrinsic level
EC Energy level of the conductance band
EF Fermini level
ET Energy level of the trap center
EV Energy level of the valence band
Eσ Activation energy of the capture cross section
F Fourier–Transform of f (only chapter 3)
F Area (not chapter 3)
Gb Sum of space charge region independing generation rates [cm−2s−1]
GD Diffusion rate
GS Generation rate of surface states
GU Generation rate calculated from voltage transients
I Current
L Distance intersection Fermi level and trap level
N Numbers of sampling values
Nss Interface state density [cm−2 eV−1]
NC,V Effective density of states of electrons resp. holes [cm−3]
NI Conzentration of isolator traps [cm−3 eV−1]
NS Shallow donor concentration [cm−3]
NT Trap concentration [cm−3]
Q Charge
S Generation velocity
S0 Generation velocity (no charges at the surface)
T Temperature
TW Period with
U Voltage
UD Diffusion voltage
UFB Flat band voltage
UHL Voltage across the semiconductor
UP Voltage of fill pulse
UR Reverse bias
W With of space charge region
WA With of space charge region after end of pulse
WP With of space charge region at UP

WR With of space charge region at UR

W ⋆ Width of generation
Xn,p Entropy factor for electrons resp. holes
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∆t Sampling interval
∆C Amplitude of capacitance transient
ε Dielectric constant of semiconductor
εox Dielectric constant of oxide
ε0 Dielectric constant of vacuum
λ = W − L
ν Frequency
σn,p Capture cross section for electrons resp. holes
τ Time constant
τc Capture time constant
τe Emission time constant
τG Inversion time constant
τ0 Life time (Generation life time)
τ̂ = log(τ/TW )
ω Circle frequency
ω0 Base frequency
ξ Factor for length of generation region
E Electrical field

Index explanation

c at the capture process
e at the emission process
n for electrons (not chapter 3)
p for holes
C for the conductance band
P at pulse voltage
R at reverse bias
T for the trap level
V for the valence band
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1. Schottky diode

1.1 C/V and I/V curves

1.1.1 C/V curve

The capacitance C of a Schottky contact with the area F is:

C =
εF

W
(1.1)

W is the width of the space charge region, ε = ε0εr the dielectric constant.
For a homogenous distribution of the shallow concentration NS yields the inte-
gration of the Poisson equation to:

W =

√

2ε(U + UD)

qNS

(1.2)

q is the elementary charge, UD the diffusion voltage and U an external voltage.
From this follows:

C = F

√

εqNS

2(U + UD)
(1.3)

The linear form of this equation is:

1

C2
=

2

εF 2qNS

(U + UD) (1.4)

By the linear regression you get from the slope NS and from the intersection UD.
You can calculate the barrier height φB from UD by the following equation:

qφB = qUD + (EC − EF ) (1.5)

EC − EF = kT ln(
NC

NS

) (1.6)

1.1.2 Pulse capacitance CP

The reverse bias capacitance will every time measured. The capacitance during
the pulse can be measured or calculated. In the second case you get this value
from:

CP = F

√

εqNS

2(UP + UD)
(1.7)

UD =
F 2εqNS

2C2
R

− UR (1.8)

NS you get from the C/V–curve. This equation takes into acconut only a tem-
perature dependance of UD but not of NS.
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1.1.3 Shallow doping profiles

The following equations are the 4 possibilities in the software:

NS(x) =
2C2

qεF 2
(U + UD) (1.9)

NS(x) =
2

qεF 2
(
d 1
C2

dU
)−1 (1.10)

NS(x) = N̄S(x) +
1

2
x
dN̄S(x)

dx
with N̄S from (1.9) (1.11)

NS(x) = N̄S(x) +
1

2
x
dN̄S(x)

dx
with N̄S from (1.10) (1.12)

The standard method is 2, but from the physics the method 4 is the best.
Another expression for eqn. (1.10) is:

NS(x) = −
C3

qεF 2

dU

dC
(1.13)

The depth x you can calculate by:

x =
εF

C
(1.14)

1.1.4 I/V curve

I(U) = IS

(

exp
(

qU

nkT

)

− 1
)

(1.15)

n is the ideality–factor or n–factor, in the software called n–fac. The saturation
current is:

IS = FA∗T 2 exp

(

−qφB

kT

)

(1.16)

A∗ is the Richardson constant corrected by the effective mass:

A∗ = A
m∗

n

me

(1.17)

m∗

n is the effective mass for electrons, me is the electron mass.
If qU ≫ nkT , then follows:

I(U) = IS exp
(

qU

nkT

)

(1.18)

The linear form of this equation is:

ln(I) = ln(IS) +
q

nkT
U (1.19)
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By the linear regression you get from the slope n and from the intersection IS.
With eqn. (1.16) you can calculate the barrier height φB:

qφB = kT ln

(

FA∗T 2

IS

)

(1.20)

From φB you can calulate UD by eqn. (1.5).

1.1.5 Richardson plot

JS =
IS
F

(1.21)

To get φB from the eqns. above you must know the Richardson constant. You
can calculate φB without A∗ by the Richardson plot:

ln
(

JS
T 2

)

= ln(A∗)−
qφB

k

1

T
(1.22)

By the linear regression you get from the slope φB and from the intersection A∗.
This plot you can make in the C/V– I/V–module, menu 2.1.1. For this you must
measure the I/V–curves at different temperatures and make the evaluation in
menu 2.6.5, so that you get JS resp. IS for different temperatures.
In the tempscan evaluation module, menu 6.4.5.5.4, there is a plot similiar to the
Richardson plot:

ln
(

JR
T 2

)

= ln (A∗)−
qφB

k

1

T
(1.23)

Note that in this plot you have the reverse bias current and not the saturation
current as necessary for the true Richardson plot. So your data obtained by
this evaluation are not the correct values although they was called as in the true
Richardson plot!
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1.2 DLTS–transients

Abb. 1.1: Band diagram of a Schottky–diode

1.2.1 Transients

For NT ≪ NS is the following equation valid for the capacitance DLTS method
(C–DLTS):

C(t) = CR −∆C exp(−t/τe) (1.24)

∆C = CR

NT

2NS

L2
R − L2

P

W 2
R

(1.25)

LR,P = WR,P − λ (1.26)
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The index R resp. P means the value at reverse bias UR resp. at pulse voltage
UP . ∆C is the transient amplitude.

Note: LR and LP will be called xR and xP in the software and in the Software
Manual.

The equation above contains the lambda shift. The distance λ = W−L is voltage
independent at a homogenous distribution:

λ =

√

2ε(EF − ET )0
q2n0

(1.27)

(EF −ET )0 is the distance between trap– und Fermi level in the undisturbed semi
conductor. The program takes here your energy value from the Arrhenius plot
or from the sample parameters.
For voltage transients (U–DLTS) is valid:

U(t) = UR −∆U exp(−t/τe) (1.28)

∆U =
qεF 2NT

2C2
R

L2
R − L2

P

W 2
R

(1.29)

For the reverse bias is valid:

UR =
q

2ε
(NS −NT )W

2
R +

q

2ε
NTL

2
R − UD (1.30)

IF you select the reverse bias and the pulse voltage in such kind that LP ≈ 0 and
λ ≪ WR, so are the amplitudes approximately:

∆C ≈ CR

NT

2NS

(1.31)

∆U ≈
qεF 2

2C2
R

NT (1.32)

For the current transient you get in this case:

I(t)− IR =
1

2
qFWRNT

1

τe
exp(−t/τe) (1.33)

In the software the normal plots for transients are CR − C(t), UR + U(t) for
n–type, UR − U(t) for p–type and I(t)− IR.
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1.2.2 Trap concentration

From eqn. (1.25) and (1.29) you get the exact trap concentration:

NT = 2NS

∆C

CR

W 2
R

L2
R − L2

P

for C–DLTS (1.34)

NT = ∆U
2C2

R

qεF 2

W 2
R

L2
R − L2

P

for U–DLTS (1.35)

In the program these values will be called NTs or trap concentration calculated
with the space charge region. The plots of doping profiles are called NT (x), but
are calulated by the exact equations.
For the approximation after eqn. (1.31) and (1.32) you get:

NT = 2NS

∆C

CR

for C–DLTS (1.36)

NT = ∆U
2C2

R

qεF 2
for U–DLTS (1.37)

In the program these values will be calledNT , trap concentration or approximated
trap concentration. This is the standard calculation of NT in the literature or
with standard DLTS–systems.

1.2.3 Analysis of NT–doping profiles

Abb. 1.2: Doping profile technique at the band diagram of a n–Schottky–diode
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a) Measurement at constant reverse bias, variation of pulse voltage,
building difference of transients

At the U–DLTS–method you get from the integration of the Poisson equation for
the voltage transient Ui(t) with the pulse voltage UPi:

Ui(t)− UR = −
q

ε

LR
∫

LPi

xNT (x) exp(−t/τe) dx (1.38)

UR =
q

ε







NSW
2
R

2
−

WR
∫

LR

xNT (x) dx





− UD (1.39)

For the difference of two transients with pulse voltages UPj and UPi are only the
traps between LPj and LPi relevant for the signal:

Uji(t) := Uj(t)− Ui(t) = −
q

ε

LPi
∫

LPj

xNT (x) exp(−t/τe) dx (1.40)

With the definition of a medium trap concentration you get the following approx-
imation:

Uji(t) ≈ −
q

2ε

(

L2
Pi − L2

Pj

)

N̄T (xji) exp(−t/τe) (1.41)

xji :=
LPj + LPi

2
(1.42)

The amplitude of charge is then:

∆Uji = −
q

2ε

(

L2
Pi − L2

Pj

)

N̄T (xji) (1.43)

You can calulate the medium trap concantration following:

N̄T (xji) = −
2ε

q

∆Uji

(L2
Pi − L2

Pj)
(1.44)

For the C–DLTS–method you get approximately:

N̄T (xji) =
2NSε

2F 2

C3
R

∆Cji

(L2
Pi − L2

Pj)
(1.45)

∆Cji is the amplitude difference of the two capacitance transients.
For this technique you must make a isothermal measurement with variation of
UP , for more details look in the Software Manual S3.3.6.2.1 profile mode 1. In the
evaluation menu you can get also a NT (x)–plot without building of differences.
This yields normally to a big error because you have in this case a very brought
x–range.
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b) Measurement at constant pulse voltage, variation of revese bias,
building difference of transients

This technique is analog to technique (a). The disadvantage of this method is that
the relevant charges are at the intersection Fermi/trap level. For this technique
you must make a measurement and evaluation as described in chapter S3.3.6.2.1
of the Software Manual as profile mode 2.

c) Measurement at variation of reverse bias and pulse voltage

A profile analysis is also possible without building of differences:

N̄T (xi) = 2NS

∆Ci

CRi

W 2
Ri

L2
Ri − L2

Pi

for C–DLTS (1.46)

N̄T (xi) = ∆U
2C2

Ri

qεF 2

W 2
Ri

L2
Ri − L2

Pi

for U–DLTS (1.47)

This technique will be described as profile mode 3 in S3.3.6.2.1.
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1.3 Kinetic

1.3.1 Emission

For the with electrons filled traps nTe is valid during the emission process:

nTe(t) = NT exp
(

−
t

τe

)

(1.48)

with τe =
(

σnvth,nXnNC exp
(

−
EC − ET

kT

))−1

(1.49)

NT is the trap concentration, Xn the entropy factor, σn the capture cross section
for electrons and τe the emission time constant. In the software τe is called time
constant, emission time constant, tau or tau e.
The emission rate is the reziproke value of the emission time constant:

en = 1/τe (1.50)

You get the thermal velocity vth,n and the state density NC from:

vth,n =

√

3kT

m∗

n

(1.51)

NC = 2

(

2πm∗

nkT

h2

)
3

2

(1.52)

m∗

n is the effective mass for electrons. Transforming of eqn. (1.49) yields to the
Arrhenius–equation:

ln(τevth,nNC) =
EC − ET

k

1

T
− ln(Xnσn) (1.53)

By the linear regression you get from the slope EC−ET and from the intersection
the product σnXn. This equation contains the T 2–correction.
In the program σnXn will called as capture cross section, sigma or sig. In the
library part of the software the name is Sigma Arrhenius, Sigma–Arrh or sig–
Arrh.
One of the text possiblity for the y–axis of the Arrhenius plot is ln(tau∗T 2 ∗ C).

C means here all constants of vth,nNC except of the temperature. So C is
vth,nNC

T 2

for electrons and
vth,pNV

T 2 for holes. tau of the y–axis–text is the emission time
constant τe.
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1.3.2 Capture

For the with electrons filled traps nTc is valid during the capture process:

nTc(t) = NT

(

1− exp
(

−
t

τc

))

(1.54)

with τc =
1

σnvth,nn0

(1.55)

τc is the capture time constant. In the software τc is called capture time constant
or tau c. Following is valid:

cn = σnvth,nn0 = 1/τc capture rate (1.56)

c′n = σnvth,n capture coefficient (1.57)

n0 = NC exp
(

−
EC − EF

kT

)

(1.58)

The program takes NS as n0.
In the program σn will called as capture c cross section, sigma c or sigmaC. In
the library part of the software the name is Sigma Capture or sig–Capt.
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2. MIS

2.1 Kinetic of surface states

The concentration of occupied surface states during the capture is:

nsc(t) =

EFP
∫

EFR

Nss(E)(1− exp(−t/τc(E))) dE (2.1)

For the emission process is valid:

nse(t) =

EFP
∫

EFR

Nss(E) exp(−t/τe(E)) dE (2.2)

τe(E) =
1

σn(E)vth,nXnNC

exp
(

EC − E

kT

)

(2.3)

ns(t) is the total number at time t in the energy interval (EFR, EFP ) occupied
surface states per area. The dimension is cm−2. Nss is the density (concentration)
of surface states in cm−2 eV−1.

2.1.1 Energy dependent capture cross section

Eq. 2.1 and 2.2 can be simplified, if for the cross section in the energy interval
of interest the following energy dependence holds:

σn(E) = σn0 exp
(

−γ
EC − E

kT

)

(2.4)

γ =
kT

Eσ0

(2.5)

In this definition Eσ0 has the opposite sign as in [15].
If one replaces

E0c(t) =
kT

γ
ln(t/τsc) (2.6)

τsc =
1

σn0vth,nn0

(2.7)

we get for the capture process

nsc(t) =

EFP
∫

EFR

Nss(E)

(

1− exp(− exp(γ
E0c − (EC − E)

kT
))

)

dE (2.8)
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For γ > 0 we get following approximation:

nsc(t) = Nss(E0c(t)− (EC − EFP )) (2.9)

= Nss

(

kT

γ
ln(t/τsc)− (EC − EFP )

)

(2.10)

For γ < 0 we get following approximation:

nsc(t) = Nss(EC − EFR − E0c(t)) (2.11)

= Nss

(

EC − EFR −
kT

γ
ln(t/τsc)

)

(2.12)

The last equationa are only valid for EC − EFP < E0c(t) < EC − EFR.
If one replaces

E0e(t) =
kT

1 + γ
ln(t/τse) (2.13)

τse =
1

σn0vth,nXnNC

(2.14)

(2.15)

we get for the emission process

nse(t) =

EFP
∫

EFR

Nss(E) exp(− exp((1 + γ)
E0e − (EC − E)

kT
)) dE (2.16)

For 1 + γ > 0 we get following approximation:

nse(t) = Nss(EC − EFR − E0e(t)) (2.17)

= Nss

(

EC − EFR −
kT

1 + γ
ln(t/τse)

)

(2.18)

For 1 + γ < 0 we get following approximation:

nsc(t) = Nss(E0e(t)− (EC − EFP )) (2.19)

= Nss

(

kT

1 + γ
ln(t/τse)− (EC − EFP )

)

(2.20)

The last equations are only valid for EC − EFP < E0e(t) < EC − EFR.
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2.1.2 Energy independent capture cross section

nsc(t) = (1− exp(−t/τc))

EFP
∫

EFR

Nss(E) dE (2.21)

nse(t) =

EC−E0(t)
∫

EFR

Nss(E) dE (2.22)

with substitutions

τsc =
1

σvth,nn0

(2.23)

τse =
1

σvth,nXnNC

(2.24)

E0(t) = kT ln(t/τse) (2.25)

2.1.3 Nss approximation

If Nss depends only weakly on the energy so following approximation of the last
equations is valid:

nsc(t) = Nss(EFP − EFR) (1− exp(−t/τc)) (2.26)

nse(t) = Nss (EC − kT ln(t/τse)− EFR) (2.27)

nse(t, tP ) = Nss (1− exp(−tP/τc)) (EC − kT ln(t/τse)− EFR) (2.28)

The last equation for the emission process takes into account a not complete

filling of the capture process. Eq. 2.27 will be used for the DLTS standard Nss
evaluation of an emission transient.

2.1.4 Surface traps

A special case are surface states with a discrete discrete energy (not continuous),
we call it surface traps.

nsc(t) = NsT (1− exp(−t/τc)) (2.29)

nse(t) = NsT exp(−t/τe) (2.30)

nse(t, tP ) = NsT (1− exp(−tP/τc)) exp(−t/τe) (2.31)

NsT is the concentration of traps on the surface, its dimension is cm−2.
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2.2 Kinetic of oxide (isolator) states

The capture cross section of oxide (isolator) states can depend on the energy and
on the distance:

σn(E, x) = σn(E) exp(−x/d0) (2.32)

x is the positive distance between semiconductor-isolator interface and the oxide
states. d0 is the tunnel constant. For the capture and emission process is valid:

nIc(t) =

EFP
∫

EFR

dox
∫

0

NI(E, x) (1− exp(−t/τc(E, x))) dx dE (2.33)

nIe(t) =

EFP
∫

EFR

dox
∫

0

NI(E, x) exp(−t/τe(E, x)) dx dE (2.34)

nI(t) is the total number at time t occupied oxide states per area in cm−2,
NI is the concentration of oxide states in cm−3 eV−1 and dox is the thickness
of the oxide.

2.2.1 Standard approximation

We can assume following approximations if the capture cross section don’t depend
on the energy:

nIc(t) = NId0(EFP − EFR) ln(t/τsc) (2.35)

nIe(t, tP ) = NId0 ln(tP/τsc) (EFR − kT ln(t/τse) + kT ln(tP/τsc)) (2.36)

We can interpret dx = d0 ln(tP/τsc) as a x-limit which divides the occupied states
from the empty states.
The emission process is much more complex as the last equation describes. So
it is only valid under some conditions. It will be discussed more accurate in the
next chapter. The standard approximation takes only range (c) into account,
seee next chapter and [10]. The DLTS program uses this appproximation for the
standard evaluation of oxide states.
The medium energy now is not E0 but:

Emid = E0(t)− kT ln(tP/τsc)/2 (2.37)

We denote the last part of the equation above as oxide correction.
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2.2.2 Range emission

In [10] an enhanced model for the emission process of oxide states will be intro-
duced. It devides the emission in ranges (a) until (f). If one replaces

E0(t) = kT ln(t/τse) (2.38)

EP (t) = E0(t)− kTdx/d0 (2.39)

dx = d0 ln(tP/τsc) (2.40)

we get following approximations for the emission process:

a) nIe(t) = NIdx (EFP − EFR) (2.41)

b) nIe(t) = NIdx

(

EFP − EFR −
(E0 − E∗

FP )
2

2(E0 − EP )

)

c) nIe(t) = NIdx (E
∗

FR − E0 + (E0 − EP )/2)

d) nIe(t) = NIdx

(

EFP − EFR

E0 − EP

((E∗

FR + E∗

FP )/2− EP )
)

e) nIe(t) = NIdx
(E∗

FR − EP )
2

2(E0 − EP )

f) nIe(t) = 0

E∗

FR,P means here EC − EFR,P . The software uses these equations for the ana-
lytical transient simulation of oxide states. When selected ’integration’, then a
numerical integration will be done by eq. 2.34.

2.2.3 Oxide traps

A special case are oxide states with a discrete discrete energy (not continuous),
we call it oxide traps.

nIc(t) =

dox
∫

0

NIT (x) (1− exp(−t/τc(x))) dx (2.42)

nIe(t) =

dox
∫

0

NIT (x) exp(−t/τe(x)) dx (2.43)

NIT is the concentration of traps in the isolator, its dimension is cm−3.

We can assume following approximations:

nIc(t) = NITd0 ln(t/τsc) (2.44)

nIe(t, tP ) = NITd0 ln(tP/τsc) ln(t/τse) (2.45)

As at oxide states the approximation for the emission is only valid under some
conditions. A more accurate model uses also various emission ranges.
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2.3 Transients and coefficients

nsc, nse, nIe and so on of the previous chapters can be treated as ’area states’, so
we call a general now nF . For the capacitance transient (C-DLTS) and voltage
transient (U-DLTS) we get:

CR − C(t) = fC(nFR − nF (t)) (2.46)

fC =
C3

R

εFNSCox

(2.47)

U(t)− UR = fU(nF (t)− nFR) (2.48)

fU =
qF

Cox

(2.49)

With this definitions the transient change is proportional to fXnF (t), where fX
is fC or fU .

Note: In the following bn denotes the nth sine coefficient, a coresponding con-
sideration is valid for the cosine coefficients.

The transients of the most processes in the last chapter follow a logarithmic time
law. No analytical solution exist for the the Fourier coefficients of a logarithmic
time law. Therefor we calculate it numerically. The logarithmic time law was
only an approximation for a double-exponential one, it means exp(−t/τ) where
τ depends exponential on the energy or depth. This double-exponential time
law will be used for the numerical calculation of the Fourier coeffcients. We
simulate the analytical coefficients of a expoential time law (eq. 3.11) under
variation of tau. We search the expected (mean) value of the bn versus tau curve
by integration. Generally the centroid (expected value) of a b̂n(z)–distribution is
given by the following equation:

< z(b̂n(z)) >=

zP
∫

zR

b̂n(z)z dz

zP
∫

zR

b̂n(z) dz

(2.50)

For more details look in chapter 3.3.5 of [15].
As a result we get the expected value < τ >, called in the following τ̃ , and b̃n
which is the bn value in < τ > of the bn versus tau curve. Because the amplitude
was 1 at the simulation, b̃n is a normalization factor. In the Software Manual it
will be called b′n, < τ > will there be called τ ′.
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For the Fourier bn of the logarithmic transients is valid:

bn = NFfX b̃n (2.51)

The equation includes the general value NF . It is the concentration of charged
interface/oxide states per area, its dimension is cm−2. In the case of the emission
of interface states is NF = kTNss, in the case of the emission of oxide states is
NF = kTNIdx. NF don’t include a temperature normalization, so its behavior
is very similar to the amplitude. On the other hand we can use NF as a general
evaluation value which don’t depend on the physical model for the capture or
emission process, except the assumption of a logarithmic time law:

NF =
bn

b̃nfX
(2.52)

2.3.1 Surface states

The equations of the previous chapters give for the emission process of surface
states:

bn = NsskTfX b̃n (2.53)

This yields on the other hand to Nss:

Nss =
bn

b̃n

1

fXkT
(2.54)

This is the standard evaluation for surface states.
b̃n comes from the normalization (centroid) over the logarithmic time law, the
expected tau value is τ̃ . The medium energy is:

EC − E = kT ln(τ̃ /τse) (2.55)

✲

❡ ❡ ❡ ❡ ❡ ❡ ❡ ✉ ✉ ✉ ✉ ✉ ✉ ✉

−t0 0 TW tR
t

0 E
∗

FP E0(t) E
∗

FR
E

∗=EC− E

E EC EFP EC−E0(t) EFR

✲

✛

The picture above shows the behaviour of the emission process with energy and
time. While the energy E increases to the conductance band, E∗ was defined in
such a way that it increases towards the valence band; and the zero point of E∗

is located at EC(x=0).
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2.3.2 Oxide states

We get for the for the capture process of oxide states:

bn = NId0 ln(tP/τsc)(EFP − EFR)fX b̃n (2.56)

We get for the for the standard approximation of the emission from oxide states:

bn = NId0 ln(tP/τsc)kT b̃nfX (2.57)

= NIdxkTfX b̃n (2.58)

dx := d0 ln(tP/τsc) (2.59)

From this equation you can calculate NId0. This is the standard evaluation for
oxide states. If you make in the software a standard evaluation for surface states
you get a Nss-value as result. In the case of oxide states you can interpret this
value as NIdx, its definition is for the standard emission:

NIdx =
bn

b̃n

1

kTfX
(2.60)

Note that dx depends at the standard emission also on the pulse width.

The medium energy is:

Emid = kT ln(τ̃ /τse)− kT ln(tP/τsc)/2 (2.61)

A special case is the measurement at 2 different pulse widths. The difference of
both measurements yields to a simple equation:

bn(tP1)− bn(tP2) = NId0fX b̃nkT ln(tP1/tP2) (2.62)

The advantage of this equation is that the capture cross section is not necessary
for the calculation of NId0.

2.3.3 Range emission

In [10] an enhanced model for the emission process of oxide states will be intro-
duced. It devides the emission in ranges (a) until (f). We have adapt this model
for the Fourier coeffcients and get following approximations for the emission pro-
cess:

b) bn = NId0fX b̃n (−(EC − EFP ) + kT ln(τ̃ /τse)) (2.63)

c) bn = NId0fX b̃nkT ln(tP/τsc)

d) bn = NId0fX b̃n (EFR − EFP )

e) bn = NId0fX b̃n (kT ln(tP/τsc) + EC − EFR − kT ln(τ̃ /τse))
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Range (a) and (f) yields to bn = 0, eq. 2.63c is identical with eq. 2.57.
The difference of 2 measurements with different pulse widths yields in range (b)
and (e) to the same simple equation as given in eq. 2.62.

Three important different types of coefficient curves exist:

• Tempscan: bn versus temperature T ; tP and TW , which yields to τ̃ , are fix.
• Periodscan: bn versus τ̃ , coming from TW ; tP and T are fix.
• Capture: bn versus tP ; T and TW are fix.

The voltages UR and UP define the Fermi level EFR and EFP . Depending on the
variation parameter and the range we get different curves which enable various
evaluations. The standard evaluation is the plot NId0 versus the medium energy.

We call the ranges by its behaviour for the tempscan or period scan:
(b) increment
(c) proportional (tempscan) resp. fix (period scan)
(d) plateau
(e) decrement

The following shows a tempscan with different curves. Not all ranges exist always.
The behaviours dependson d0, EFR and EFP .
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2.3.4 Range regression

We can transform the equations above in such way that we get a linear curve bn
versus T , τ(TW ) or tP when NId0 is energy independent. In the following the
y-axis is bn, the slope of the linear curve will be denoted as M , the intersection
with the y-axis as B. The temperature dependence of the thermal velocity will
be neglected at the tempscan curves. The equations list the results by the linear
regression in the various emission ranges:

Capture regression: x-axis = ln(tP )

NId0 =
M

b̃nfXkT
, τsc = exp(−B/M), Range (c) (2.64)

NId0 =
M

b̃nfXkT
,EC − EFR = kT (

B

M
+ ln(

τ̃ τsc
τse

)),Range (e) (2.65)

NId0 =
M

b̃nfX(EFR − EFP )
, τsc = exp(−B/M), Capture (2.66)

Temperature regression: x-axis = T

NId0 =
M

b̃nfXk ln(τ̃ /τse)
, EC − EFP = −

B

M
k ln(

τ̃

τse
),Range (b) (2.67)

NId0 =
M

b̃nfXk ln(tP/τsc)
, Range (c) (2.68)

EFR − EFP =
B

NId0b̃nfX
, Range (d) (2.69)

NId0 =
M

b̃nfXk
(ln(

tP τse
τ̃ τsc

))−1, EC − EFR =
B

NId0b̃nfX
,Range (e) (2.70)

NId0 =
M

b̃nfXk

1

ln(tP1/tP2)
, Difference (c) and (e) (2.71)

Period scan regression: x-axis = ln(τ)

NId0 =
M

b̃nfXkT
, EC − EFP = −

B

M
− kT ln(τse), Range (b) (2.72)

NId0 =
B

b̃nfXkT ln(tP/τsc)
, Range (c) (2.73)

NId0 = −
M

b̃nfXkT
, EC − EFR = kT (

B

M
− ln(

tP τse
τsc

)), (e) (2.74)

NId0 =
M

b̃nfXkT

1

ln(tP1/tP2)
, Difference (c) and (e) (2.75)
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2.3.5 Tunnel constant

The dunnel constant d0 can be calculated when the saturation pulse width tPs

was reached. Then dx is the oxide thickness dox. This yields to:

NIdox = NIdx (2.76)

= NId0 ln(tPs/τsc) (2.77)

From this we can calulate the tunnel constant by:

d0 =
dox

ln(tPs/τsc)
(2.78)

Because NId0 can be calculated by the equations of the previous chapters, we get
also NI .
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3. Theory of DLTFS

3.1 Fourier Transform

In the following we assume a digital system, which scans the analog signal f(t)
with an analog–digital converter (ADC) in N discrete equidistant times k∆t,
k = 0, 1, .., N − 1. ∆t is the sampling interval. For f(t) we postulate periodicity.
The period width TW = N∆t contains N intervals with the N + 1 real values
f0, ..., fN .
For the subsequent comparison of measured and calculated values the following
definitions are relevant:

a) Continuous (analytical) Fourier coefficents cn of the Fourier series (not the
analytical Fourier transformation!):

cn =
1

TW

TW
∫

0

f(t) exp(−inω0t) dt (3.1)

with

ω0 =
2π

TW

(3.2)

In case f(t) is real, then the cosine coefficients an and the sine coefficients bn are
real, too, and represent real and imaginary parts of cn:

cn =
1

2
(an − ibn) (3.3)

b) Discrete (numerical) Fourier Transform (DFT):

Fn =
N−1
∑

k=0

fk exp(−2πink/N) (3.4)

As the sampling values are real, only N/2 independent Fn exist. The following
relation exists between DFT and discrete Fourier coefficients cDn :

Fn = NcDn (3.5)

The excact reconstruction of a continuous time signal f(t), using discrete sam-
pling values, is only possible if f(t) is spectrally limited, and if the sampling
frequency 1/∆t is more than twice the highest frequency of f(t) (sampling the-
orem). The Nyquist frequency is half the sampling frequency. Spectral overlaps
(aliasing effect) occur if the sampling theorem is not fulfilled.
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Equation (3.4) represents the exact numerical integration according to the trapez-
ium rule only if f0 = fN . Without this restriction the numerical integration rule
takes the following form:

Fn =
f0
2

+
N−1
∑

k=1

fk exp(−2πink/N) +
fN
2

, n = 0, 1, ..., N − 1 (3.6)

If the function shows a discontinuity at the scan limit, i.e. f0 6= fN , then a
correction is necessary if discrete and continuous coefficients are to be compared.
For the analytical case the peripheral points f(0) and f(TW ) are null sets. To
avoid executing the correction for each Fn, f0 can be defined as follows for the
input values of the DFT:

f ′

0 :=
f0 + fN

2
(3.7)

Numerical execution of the DFT can be done most efficiently with the FFT (Fast
Fourier Transform) algorithm.

3.2 General idea of DLTFS

The general idea of the DLTFS (Deep Level Transient Fourier Spectroscopy) is as
follows: N measuring values are sampled from a capacitance transient, and the
discrete Fourier coefficients cDn are formed by numerical Fourier transformation.
Based on an adaquate theory for the charging of deep levels a certain time de-
pendence of the transient is assumed. This function is developed into a Fourier
series, and its continuous coefficients cn are calculated.
Assuming that the numerical coefficients originate from just this postulated func-
tion, the free parameters of the function can be determined by a comparison of
the numerical and the analytical coefficients, usually in several ways.
Addititionally, it is immediately possible to check the basic theory by an appro-
priate selection of the number of Fourier coefficients. As each coefficient contains
information about the entire transient, specifig ratios of some coefficients are
characteristic for different signal forms.
Generally it would not be reasonable to use the entire frequency spectrum quan-
titatively for the evaluation. Starting with the assumption of a low–frequency
active signal being overlapped by high–frequency noise signals, usually only the
lowest orders will be evaluated.
In most cases it is favourable to adjust optimally the period width for each
transient. In the software such a tempscan will be called tempscan with variable
period width.
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3.3 Direct evaluation

With the DLTFS method a direct ecaluation for each transient is possible. ’Di-
rect’ means that the evaluation values, for example the time constant, will be
calculated direct from the transient and not ’indirect’ by the maximum of a tem-
perature curve.

3.3.1 Exponential law of time

The following discusses a real exponential law of time:

f(t) = A exp
(

−
t+ t0
τ

)

+B (3.8)

Where A is the amplitude, B the offset and τ the time constant. For this real
function following Fourier coeffients are obtained:

a0 =
2A

TW

exp(−t0/τ)(1− exp(−TW/τ))τ + 2B (3.9)

an =
2A

TW

exp(−t0/τ)(1− exp(−TW/τ))
1
τ

1

τ 2
+ n2ω2

0

(3.10)

= 2A exp(−
TW

τ

t0
TW

)(1− exp(−TW/τ))
TW

τ

T 2
W

τ 2
+ 4π2n2

bn =
2A

TW

exp(−t0/τ)(1− exp(−TW/τ))
nω0

1

τ 2
+ n2ω2

0

(3.11)

= 2A exp(−
TW

τ

t0
TW

)(1− exp(−TW/τ))
2πn

T 2
w

τ 2
+ 4π2n2

The second equations are equivalent transformations of the first ones. The τ/TW

normalization is here better recognazible.
We get for t0/TW =const a normalized curve an(τ/TW ) resp. bn(τ/TW ), which
is independent from N and t0/∆t. Further curves are bn versus τ at fix TW , bn
versus TW at fix τ and bn versus 1/TW at fix τ .
We get following relations to check whether the transient is exponential:

a) ak < an <
k2

n2
ak for n < k (3.12)

b)
n

k
bk < bn <

k

n
bk for n < k

c)
bn
an

ak
bk

=
n

k
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For the coefficients 1. and 2. order we get (in the software called ’exponential
class’):

b2
2b1

a1
a2

= 1 (3.13)

The amplitude of the signal, and consequently the concentration of deep centers,
can be calculated from each coeffient, for example from bn:

A = bn
TW

2

exp(t0/τ)

(1− exp(−TW/τ))

1

τ 2
+ n2ω2

0

nω0

(3.14)

The time constant can be obtained from the ratio of two coefficents. There exist
three principally different possibilities:

a) τ(an, ak) =
1

ω0

√

an − ak
k2ak − n2an

(3.15)

b) τ(bn, bk) =
1

ω0

√

kbn − nbk
k2nbk − n2kbn

c) τ(an, bn) =
1

nω0

bn
an

It is a considerable advantage that here only ratios of coefficients and neither
amplitude nor offset well be used.
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3.4 Tempscan maximum analysis

With the Fourier coefficents is also a tempscan maximum analysis possible as at
the conventional DLTS method. At this maximum analysis you define by the
period width TW your time constant for the coefficient maximum. This value
is only valid in the maximum and depends from TW , TW/t0 and the type of
coeffcient. This value will be calculated numerical by simulation (variation of
tau at fix TW and t0) and maximum search of the cofficient(tau) curve from eq.
3.11 resp. 3.13.

3.5 Isothermal evaluation

With the Fourier coefficents is also an isothermal maximum analysis possible as
ICTS or frequency scan. For this method the period width will be variated at
a fix temperature. From the maximum of this curve you get the time constant.
With a numerical calculation by simulation of eq. 3.11 resp. 3.13 you get from
your Tw-axis a tau-axis. The tau value is only valid in the coefficient maximum.
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Level EC-ET [eV] sigma [cm2] NT [cm-3] Correl

1 0.547 8.88E-15 9.37E+12 0.99991
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