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Symbol explanation

an n—th cosine coefficient

b, n—th sine coefficient

Cn n-th complex Fourier coefficient (only chapter 3)

cP n—th discrete Fourier coefficient

Cn.p Capture rate for electrons resp. holes (not chapter 3)
Chp Capture coefficient for electrons resp. holes

o Thickness of isolator

enp  Emission rate for electrons resp. holes

f(t)  Continuous function

fr Discrete sampling values

Gm Sum of space charge region depending generation rates [cm3s™!]
[ Volume generation rate

gsr Lateral surface generation rate

k Boltzmann constant (not chapter 3)

Lnp Diffusion length for electrons resp. holes

by Effective diffusion length for electrons resp. holes

mo Mass of electron

m,, ,  Effective mass of electrons resp. holes

n Concentration of electrons in the conductance band [cm ™3]
n; Intrinsic concentration [cm™?]

Ng Concentration of occupied surface states [cm™2]

ng Concentration of charged states [cm ™

ne Concentration of generated minority carriers [cm™2]
ny Concentration of occupied isolator traps [cm 2]

nr Concentration of occupied traps [cm™?]

ih Concentration of free carriers [cm ™3]

P Concentration of holes in the valence band

q Elementary charge (see page 18)

Time (see page 43)
tp Fill pulse width
—to Time between end of charging pulse and 1. sampling value
Uthnp Thermal velocity of electrons resp. holes
x Position
A Amplitude of a function
B Offset of a function
C Capacitance
Cos Capacitance of isolator
Cy Capacitance after end of pulse (=C(0))

Cp Capacitance at fill pulse
Cr Capacitance at reverse bias in equilibrium
D, , Diffusion constant for electrons resp. holes



E Energy

E; Intrinsic level

E¢ Energy level of the conductance band

Er Fermini level

Er Energy level of the trap center

Ey Energy level of the valence band

E, Activation energy of the capture cross section
F Fourier—Transform of f (only chapter 3)

F Area (not chapter 3)

Gy Sum of space charge region independing generation rates [cm™2s™!]
Gp Diffusion rate

Gs Generation rate of surface states

Gy Generation rate calculated from voltage transients

I Current

L Distance intersection Fermi level and trap level

N Numbers of sampling values

N,s  Interface state density [cm 2 eV™1]

Neyv  Effective density of states of electrons resp. holes [em™
N;  Conzentration of isolator traps [cm™> eV ™|

Ng  Shallow donor concentration [cm ™3]

Nr  Trap concentration [cm™3]
Q
S

’]

Charge
Generation velocity
So Generation velocity (no charges at the surface)
T Temperature
Tw Period with
U Voltage

Up Diffusion voltage

Urp Flat band voltage

Uy  Voltage across the semiconductor

Up Voltage of fill pulse

Ugr Reverse bias

|44 With of space charge region

W4 With of space charge region after end of pulse
Wp  With of space charge region at Up

Wgr  With of space charge region at Uy

W*  Width of generation

X, Entropy factor for electrons resp. holes



At Sampling interval

AC  Amplitude of capacitance transient
€ Dielectric constant of semiconductor
€0z  Dielectric constant of oxide

€0 Dielectric constant of vacuum

A =W —-1L

v Frequency

onp Capture cross section for electrons resp. holes
T Time constant

Te Capture time constant

Te Emission time constant

TG Inversion time constant

7o Life time (Generation life time)

T = log(7/Tw)

w Circle frequency

wo  Base frequency

& Factor for length of generation region

£ Electrical field

Index explanation

at the capture process

at the emission process

for electrons (not chapter 3)
for holes

for the conductance band
at pulse voltage

at reverse bias

for the trap level

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:

eF
C=— 1.1
- (11)
W is the width of the space charge region, € = (¢, the dielectric constant.
For a homogenous distribution of the shallow concentration Ng yields the inte-

gration of the Poisson equation to:
QE(U + UD)
qNs

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

W = (1.2)

eqNg
C=F\————+ 1.3
2(U +Up) (13)
The linear form of this equation is:
1 2
—=——U+U. 1.4
C2 sFQqNS( +Up) (14)

By the linear regression you get from the slope Ng and from the intersection Up.
You can calculate the barrier height ¢ from Up by the following equation:

9o = qUp+ (Ec — Ep) (1.5)
Eo—Er — Kn(2C) (1.6)
Ng

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:

€qN5
C e — 1.7
F 2(Up + Up) (17)
F28qNS
Up = 203 —Ug (1.8)

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

The following equations are the 4 possibilities in the software:

207
Ng(x) = ngQ(UJrUD) (1.9)
2 dd
Ng(z) = Ng(:t:)+;xd]\if(x) with Ng from (1.9) (1.11)
T
Ns(z) = Ng(x)+;xd]\;9(x) with Ng from (1.10) (1.12)
T

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

C3 dU
The depth x you can calculate by:
eF
= — 1.14
o= (1.1
1.1.4 1I/V curve
_ qU) _ )

1) = I <exp (%T 1 (1.15)

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

I = FA*T? exp (féﬁB) (1.16)

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

*

A= A (1.17)

Me

m. is the effective mass for electrons, m, is the electron mass.
If qU > nkT, then follows:

U
1(U) = I exp (ng) (1.18)
The linear form of this equation is:
In(I) = In(Is) + —L U (1.19)

nkT



By the linear regression you get from the slope n and from the intersection Ig.
With eqn. (1.16) you can calculate the barrier height ¢p:

q¢p = kT In (FA;TQ) (1.20)
From ¢p you can calulate Up by eqn. (1.5).
1.1.5 Richardson plot
Js = ;f (1.21)

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

Js o 4981
In (T2> = n(a7) - 222 (1.22)
By the linear regression you get from the slope ¢ 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 Jg resp. Ig for different temperatures.

In the tempscan evaluation module, menu 6.4.5.5.4, there is a plot similiar to the

Richardson plot:
q¢p 1

Jr .
In <T2) —tn(47) - L2 (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

a) at reverse hias
in eguilibriurm

b) at pulse voltage

c) after end of pulse

(1.24)
(1.25)
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Abb. 1.1: Band diagram of a Schottky—diode
1.2.1 Transients
For Ny <« Ng is the following equation valid for the capacitance DLTS method
(C-DLTS):
C(t) = Cr—ACexp(—t/)
Np L% — L2
AC = Cr——8E_F
"oNg W2
Lrp = Wgp—A

11
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The index R resp. P means the value at reverse bias Ug resp. at pulse voltage
Up. AC' is the transient amplitude.

Note: Ly and Lp will be called xg and xp in the software and in the Software
Manual.

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

)= \/Qéf(EFz—ET)O (1.27)
q=nyg

(Er — Er)o 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) = Ug— AUexp(—t/e) (1.28)
e PNy L3 — I3
A 1.2
U= e wm (129)

For the reverse bias is valid:

Up = L(Ng — NpYW2+ LNpL2 — U (1.30)
2e 2e
IF you select the reverse bias and the pulse voltage in such kind that Lp ~ 0 and

A < Wh, so are the amplitudes approximately:

Nr
AC =~ (Cr—— 1.31
"INy (1.31)
qeF?
AU N 1.32
For the current transient you get in this case:
1 1
I(t)—Ig = §qFWRNT— exp(—t/e) (1.33)
Te

In the software the normal plots for transients are Cr — C(t), Ug + U(t) for
n-type, Ug — U(t) for p—type and I(t) — Ig.
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1.2.2 Trap concentration

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

AC W}
Ny = 2Ng————L—  for C-DLT 1.34
T e 213 or C S (1.34)
2 2
Ny = AU 20k _ Wi for U-DLTS (1.35)

GeF2 1% — 1%

In the program these values will be called N or trap concentration calculated
with the space charge region. The plots of doping profiles are called Nr(z), but
are calulated by the exact equations.

For the approximation after eqn. (1.31) and (1.32) you get:

A

Ny = 2aN28 for ¢ DLTS (1.36)
Cr
20%

Ny = AU for U-DLTS (1.37)
qge

In the program these values will be called N7, trap concentration or approximated
trap concentration. This is the standard calculation of N in the literature or
with standard DLTS-systems.

1.2.3 Analysis of Ny—doping profiles

|
E

] 1 1 1 -

L p; Lpj Lr Wgp %

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 U;(t) with the pulse voltage Up;:

Lp
Uit)— Uz = —2L [ oNp(x)exp(—t/7.)dz (1.38)
SLP'L
Wr
N 2
Up = g Szwff—/xNT(:c)dx —Up (1.39)
Lgr

For the difference of two transients with pulse voltages Up; and Up; are only the
traps between Lp; and Lp; relevant for the signal:

Usi(t) == Us(t) — Us(t) = —g / ZINT(x) exp(—t/r.) dz (1.40)

Lp;

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

q —
Ui(t) =~ —2—8(lepi—L%;j)NT(xji)eXp(—t/Te) (1.41)
Lp; + Lp;

The amplitude of charge is then:

q —
AUji = 9 (L?Di - L?Dj) Nr(x;i) (1.43)
You can calulate the medium trap concantration following:
- 2 AUy
Np(zj) = —————L— 1.44
{ ’ ) q (L%Di - L%Dj) ( )
For the C-DLTS-method you get approximately:
_ 2Nge?F?  ACy
S¢ J (1.45)

N Tii) =
) = G- 1y

ACj; 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 Ny (x)-plot without building of differences.
This yields normally to a big error because you have in this case a very brought
r-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:

_ AC; W2

Np(z;)) = 2Ng—— fi for C-DLT
() S - I3, or C S
_ 202, 2

Nrp(z;) = AU Cri_ W for U-DLTS

qeF*? L%ﬂz‘ - L%’i

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

15
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1.3 Kinetic

1.3.1 Emission

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

nre(t) = Npexp <—t) (1.48)

e

E-—F -1
with Te = (Unvth,anNCeXp <_CkTT)> (1.49)

Nr is the trap concentration, X,, the entropy factor, o,, the capture cross section
for electrons and 7, the emission time constant. In the software 7, is called time
constant, emission time constant, tau or tau_e.

The emission rate is the reziproke value of the emission time constant:

€n = 1/7-6 (150)
You get the thermal velocity vy, ,, and the state density N¢ from:

3kT

*
mn

3
2rmi kT 2
Ne = 2(112) (1.52)

(1.51)

Uth,n

*

m; is the effective mass for electrons. Transforming of eqn. (1.49) yields to the

Arrhenius—equation:

E¢—EBr 1
T In(X,0,) (1.53)

In(revnNe) = ’ T

By the linear regression you get from the slope Fc — Er and from the intersection
the product 0,X,,. This equation contains the 7> correction.

In the program ¢,X,, 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 In(taux7? * C).

C means here all constants of vy, , No except of the temperature. So C' is Uthﬁ’gNC
for electrons and U”LT%NV for holes. tau of the y—axis—text is the emission time

constant 7.

16



1.3.2 Capture

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

nr.(t) = Nr (1 — exp (—i)) (1.54)
1

with T, = ——— (1.55)
OnUthnMo

T. is the capture time constant. In the software 7, is called capture time constant
or tau_c. Following is valid:

Cn = OnUmano = 1/T. capture rate (1.56)

¢, = onpUmn capture coefficient (1.57)
Ec— Ep

~ Noew (B Er) L

no c exp T ( )

The program takes Ng as ng.
In the program o, 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.

17



2. MIS

2.1 Kinetic of surface states

The concentration of occupied surface states during the capture is:

neelt) = [ Noo(B)(1 = exp(—t/7.(E))) dE (2.1)

Err

For the emission process is valid:

nee(t) = / Noo(E) exp(—t/7.(E)) dE (2.2)
N 1 Ec—FE
B = EemaXNG eXp( T ) (2:3)

ns(t) is the total number at time ¢ in the energy interval (Frg, Erp) occupied
surface states per area. The dimension is cm™2. N, is the density (concentration)
of surface states in cm™2eV—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:

Ec—FE
(E) = o, - 2.4
olE) = amexp (—975=7) (24)
kT
= — 2.5
L (2.5)
In this definition E,( has the opposite sign as in [15].
If one replaces
kT
Eo(t) = —1In(t/7s) (2.6)
8
1
Toe = ———— (2.7)
OnoVth,nT0
we get for the capture process
Erp
Eo. — (Ec — F
0ol = | 3uB) (1- oot 2B g g
Err

18



For v > 0 we get following approximation:

nsc<t) = NSS(EOC<t) - (EC - EFP))

= N,, (l{;f In(t/7s) — (B — EFP))

For v < 0 we get following approximation:
HSC(t> - NSS(EC — Ergr — EOc(t)>

kT
= NSS <EC — EFR _ h’l(t/Tsc)>
Y

The last equationa are only valid for Fc — Epp < Eo.(t) < Ec — Eppg.

If one replaces

kT
Eet — 1 t se
0e (1) 1+~ n(t/7s)
1
Tse =
UnOUth,anNC’
we get for the emission process
Erp
Ey — (Ec — FE
melt) = [ Nu(B)exp(-exp((1 + )= Ee = E)
Err

For 1 4+~ > 0 we get following approximation:

nse(t> = NSS(EC - EFR - EO@@))

kT
— N..|FEo— Epp— In(t/Tee
(c FR 1+,YH(/T)>

For 1+~ < 0 we get following approximation:
Nse(t) = Nis(Eoe(t) — (Ec — Erp))

Vot (£ () = (o — B

The last equations are only valid for Ec — Epp < Fo.(t) < Ec — Epg.
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2.1.2 Energy independent capture cross section

Erp

ne(t) = (1= exp(~t/r.) [ No(E)dE (2.21)
Err
Ec—Eo(t)
Nee(t) = / N,o(E)dE (2.22)
Ergr
with substitutions
Tse = ! (223)
OUVth,nMo
Tse = ; (224)
O'Uth’anNC
Eo(t) = kT In(t/7e) (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) (]' - eXp(_t/Tc)) (226)
nse(t) = Nss (EC - kT ln(t/Tse) - EFR) (227>
Nse(t,tp) = Ny (1 —exp(—tp/7.)) (Ec — kT In(t/75) — Erg) (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/TC)) (229)
nse(t) = Nsrexp(—t/7.) (2.30)
nse(t,tp) = Nyr(1—exp(—tp/7.))exp(—t/7.) (2.31)

N, is the concentration of traps on the surface, its dimension is cm 2.

20



2.2 Kinetic of oxide (isolator) states

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

on the distance:
on(E,x) = 0,(F)exp(—z/dy) (2.32)

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

np(t) = / /NI(E,x)(l—exp(—t/Tc(E,x))) drdE  (2.33)
n(t) = / /N1<E,x)exp(—t/@(E,x))dxdE (2.34)

Erp 0

nr(t) is the total number at time ¢ occupied oxide states per area in cm™2

N; is the concentration of oxide states in cm™3eV~! and d,, 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:

nre(t) = Nrdo(Epp — Epg)In(t/7s) (2.35)
n]e(t, tp) = N]do ln(tp/Tsc) (EFR — kT ln(t/Tse) + kT ln(tp/Tsc)) (236)

We can interpret d, = doIn(tp/7s) 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 Fy but:

Eria = Eolt) — kT In(tp/1..)/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

Eo(t) = kT In(t/7s) (2.38)
Ep(t) = Ey(t)—kTd,/dy (2.39)
dac = d() ln(tp/’rsc) (240)
we get following approximations for the emission process:
a) n[e(t) = N[dx (EFP — EFR) (241)
(Eo — Epp)”
b (t) = Npd,|Erp— Erp— ———""—
) n[() I ( FPpP FR 2(E0_EP)
C) nje(t) = ]V[dz (E;R—Eo—i— (EO_EP)/2)
Erp—F
Q) nnt) = Nido (S (B + Eip)/2 B)
Ey— Ep
(Eigp — Ep)’
(t) = Npd,———*—
e) muelt) 1975 (Ey — Ep)
f) nle(t) =0

E}g p means here Fc — Epg 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.

de

melt) = [ Nep(e) (1= exp(—t/7.(x))) do (2.42)
ey
ni(t) = / Nrr(z) exp(—t/7.(z)) do (2.43)

0

Nir is the concentration of traps in the isolator, its dimension is cm=3.

We can assume following approximations:

n;c(t) = N]Tdoln(t/Tsc) (244)
nre(t,tp) = NipdoIn(tp/7s) In(t/7se) (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.

22



2.3 Transients and coefficients

Nse, Nsey N1e and so on of the previous chapters can be treated as 'area states’, so
we call a general now ng. For the capacitance transient (C-DLTS) and voltage
transient (U-DLTS) we get:

Cr—=C(t) = felnrr—np(t)) (2.46)
fe = d«“ZC\ZR(J (2.47)
Ut)-=Ur = fu(ne(t) —nrr) (2.48)
fuo = gi (2.49)

With this definitions the transient change is proportional to fyng(t), where fx
is fo or fy.

Note: In the following b, 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/7) where
7 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 b, versus tau curve
by integration. Generally the centroid (expected value) of a ?)n(z)fdistribution is
given by the following equation:

zp
/bn(z)z dz
>="_

/bn(z) dz

2R

< 2(bn(2)) (2.50)

For more details look in chapter 3.3.5 of [15]. .
As a result we get the expected value < 7 >, called in the following 7, and b,
which is the b, value in < 7 > of the b, versus tau curve. Because the amplitude

was 1 at the simulation, b,, is a normalization factor. In the Software Manual it
will be called ¥/, < 7 > will there be called 7’.
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For the Fourier b,, of the logarithmic transients is valid:
by, = N fxby (2.51)

The equation includes the general value Ng. 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 Np = kKT N,,, in the case of the emission of oxide states is
Np = KTNyd,. Nr don’t include a temperature normalization, so its behavior
is very similar to the amplitude. On the other hand we can use N 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:

Np = = (2.52)

2.3.1 Surface states

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

b, = Ny kT fxby, (2.53)
This yields on the other hand to N,:
b, 1
ss — ~l 2.54
bn fX kT ( )

This is the standard evaluation for surface states.
b, comes from the normalization (centroid) over the logarithmic time law, the
expected tau value is 7. The medium energy is:

Ec — E =kTIn(7/7s) (2.55)
~— E Fc Epp Ec—Ep(t) Erg
% Ho-o60060lee0 0000 e "
0 Etp Ey(t) Erp FE'=Ec—E —
T T T T .
—to 0 Tw tr t

The picture above shows the behaviour of the emission process with energy and
time. While the energy FE increases to the conductance band, £* 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).

24



2.3.2 Oxide states

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

bn = N[do 1Il(tp/Tsc)(EFp — EFR)fXZ;n (256)

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

by = Nidon(tp/Te)kTh, fx (2.57)
= NydkTfxb, (2.58)
dx = doln(tp/Tsc) (259)

From this equation you can calculate N;dy. 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 Nyd,, its definition is for the standard emission:

Nid, = = (2.60)

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

The medium energy is:
Epia = kT In(7/7se) — kT In(tp/7sc) /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(tpl) — bn(tpz) = N[dofxl;nk’T 1Il(tp1/tp2) (262)

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

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) b, = Nidofxby (—(Ec — Epp)+ kT In(7/7s.)) (2.63)
¢) by = Nidofxb kT In(tp/7s.)

d) b, = Nidofxb, (Epr— Erp)

e) by, = Nidofxbn (KT In(tp/7) + Ec — Epr — kT In(7/75.))
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Range (a) and (f) yields to b, = 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:
e Tempscan: b, versus temperature T'; tp and Ty, which yields to 7, are fix.
e Periodscan: b, versus 7, coming from Ty ; tp and T are fix.
e Capture: b, versus tp; T and Ty are fix.

The voltages Ug and Up define the Fermi level Ergr and Erp. Depending on the
variation parameter and the range we get different curves which enable various
evaluations. The standard evaluation is the plot N;dy 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 dy, Err and Epp.

by [pF] —

o:tP=Zms, EFR=0.7eV, d0=8nm
0r +:tP=15 EFRE=0.7eY, di=1nm -
« tP=15 EFRE=04eY, di=1nm

100 200 300 400
T[K] —=
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2.3.4 Range regression

We can transform the equations above in such way that we get a linear curve b,
versus 1T', 7(Ty) or tp when Njdy is energy independent. In the following the
y-axis is b, 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 = In(tp)

M

Nrdy = = ,  Tse =exp(—B/M), Range (c) (2.64)
b fx kT
M B TT,
Nidy = = ,Ec — Epp = kT(— + In(—=)), Range (e 2.65
o = s o — Ben = KT (7 + (") Range (o) (269
M

Nidy = Tse = exp(—B/M), Capture  (2.66)

bofx(Epr — Epp)’

Temperature regression: x-axis =T

M B T
Nidy = = ,Ec — Erp = ——kIn(—), Range (b 2.67
O hfxkn(F/re) ¢ T M (7 ) Ranee (b) - (2.67)
M
Nidy = = ,  Range (c) (2.68)
bank 1n(tP/Tsc)
B
EFR — EFP = =, Range (d) (269)
NIdOban
M tPTse -1
Nidy = = In(—= ,Ec — Epr = ——=——, Range (e) (2.70
100 bnka( (TTSC ) c FR Nidobn fx ge (e) ( )
M 1 .
Nidy = = ,  Difference (c¢) and (e) (2.71)
bofxkIn(tp1/tp2)

Period scan regression: x-axis = In(r1)

M B
Nidy = =————, FE¢— Epp=—— — kT In(7s), b) (2.72
10 by kT c FP Vi n(7e), Range (b) (2.72)
B
Nidy = = ,  Range (c) (2.73)
bnka?Tln(tp/Tsc)
M B tste
Nydy =~ Ee— Epp = KT(~= —1 L (o) (274
100 by kT c FR (M n( Tsc ), () )
M 1 .
Nidy = = , Difference (c) and (e) (2.75)
bofx kT In(tp1/tps)
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2.3.5 Tunnel constant

The dunnel constant dy can be calculated when the saturation pulse width t¢p,
was reached. Then d, is the oxide thickness d,,. This yields to:

Nidyy = Nyd, (2.76)
= N[doln(tps/Tsc> (277)

From this we can calulate the tunnel constant by:

dOZ‘

do — — Zor
0 In(tps/Tsc)

(2.78)

Because N;d, can be calculated by the equations of the previous chapters, we get
also Nj.
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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 kA,
k=0,1,..,N — 1. At is the sampling interval. For f(¢) we postulate periodicity.
The period width Ty, = NAt contains N intervals with the N + 1 real values
fos s I

For the subsequent comparison of measured and calculated values the following
definitions are relevant:

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

1
cn:—/f(t) exp(—inwot) dt (3.1)
Tw J
with 9
m
== 2
Wo =7 (3.2)

In case f(t) is real, then the cosine coefficients a,, and the sine coefficients b,, are
real, too, and represent real and imaginary parts of c,:

cn = =(a, —iby,) (3.3)

b) Discrete (numerical) Fourier Transform (DFT):
N-1
F, =" frexp(—2mink/N) (3.4)
k=0

As the sampling values are real, only N/2 independent F,, exist. The following
relation exists between DFT and discrete Fourier coefficients c2:

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/At 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 fy = fy. Without this restriction the numerical integration rule
takes the following form:

_fo

Ey
2

N-1
+ Y feexp(—2mink/N) + J;N , n=0,1,..N—1 (3.6)
k=1

If the function shows a discontinuity at the scan limit, i.e. fy # fy, 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(Ty ) are null sets. To
avoid executing the correction for each F),, fy can be defined as follows for the
input values of the DFT:

_Jot In

fo= U (3.7)

Numerical execution of the DET 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 ¢? 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 ¢, 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:

t+to

f(t) = Aexp (— > +B (3.8)

Where A is the amplitude, B the offset and 7 the time constant. For this real
function following Fourier coeffients are obtained:

2A
ag = o exp(—to/T)(1 — exp(=Tw /7))T + 2B (3.9)
w
24 :
an = T exp(—to/7)(1 — eXP(_TW/T))% (3.10)
- S o422
5 0
-
Tor t Tw
= 2Aexp(—?WT—0)(1 — eXp(—Tw/T))ﬁ
w —‘g/ + 47°n?
-
2A W
be = 7 exp(~to/7)(1 — exp(~Tiw /7)) —— (3.11)
- S 422
T2 0
Tw t 2
= 24 exp(—fwfo)(l — GXP(—TW/T))#
T TW Tu) 2, 2
o) +47*n

The second equations are equivalent transformations of the first ones. The 7 /Ty,
normalization is here better recognazible.

We get for to/Tw =const a normalized curve a,(7/Tw) resp. b,(7/Tw), which
is independent from N and to/At. Further curves are b, versus 7 at fix Ty, b,
versus Ty at fix 7 and b, versus 1/Ty at fix 7.

We get following relations to check whether the transient is exponential:

2

a)  ar <ap, < —a forn<k (3.12)

n?
k

b)Y by <by < by forn<k
k n
) bo ax _ 1

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

class’):
bg aq .

2ray
The amplitude of the signal, and consequently the concentration of deep centers,
can be calculated from each coeffient, for example from b,,:

(3.13)

1 2 2
Aoy Tw  explofr) 2T
"2 (T—exp(=Tw/T))  nwg

(3.14)

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

1 A, — G
a) 7(an,ar) = @’/7162% . (3.15)

1 [ kb, —
b) (b, by) = \/ nby

wo \ k2nb, — n2kb,,
L

NWo Ap,

c) 7(an,b,) =

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 Ty, your time constant for the coefficient maximum. This value
is only valid in the maximum and depends from Ty, Ty /ty and the type of
coeffcient. This value will be calculated numerical by simulation (variation of

tau at fix Ty and ty) 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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4. Tempscan - Maximum Analysis, Correlation Functions
4.1 Conventional DLTS

The first measurement equipment used for measuring the emission process (equ. 1.48) does

not allow the measurement of the complete transient (equ. 1.24) as done with the DL8000

system. As fast data aquisition was not available. Therefor a data reduction method ha been
developed ( Lang et al.) using so called correlators. The output of this correlator isone value
per transient called dC (delta C) value. This 8C value depends on

1. The transients Amplitude

2. The transients time constant
3. The kind of correlator

4. The correlator parameters.

1 and 2 are the desired measurement results, 3 and 4 the known correlator parameters. It is
always a difference and the correlation function F(t) is defining how the difference is
calculated from the transient signal.

In general it’s calculated by the intgral over the product of the measurement function
(transient) and the correlation function normalized by the period width TW (time range the
transient has been measured, e.g. 204 ms, as shown below).

O0C = 1/TW * Integral[(C(t)*F(t))dt]

t=0-TW

Two main kinds of correlators had been available at that times, the Box-car integrator and
the Lock.-in amplifier. Both are realized by electronic hardware and differ only in the used
correlation function F(t) (also called weighting function).

ﬁg 41 ' s =
e

= i
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transient o i

@ 0.4 |-

s s

02k
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1 1 |
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E.g. the Box-car correlator (fig. 4.1) consists of delta functions: F(t1) = 1, F(t2) =-1 and the
complete correlation function is given by:

F(t)=0] + F(t1)+F(t2) Box-car correlator function

t><tl,t2

OC is then given by  0C = C(t1)-C(t2).

This dC value is not sufficiant to calculate the transient amplitude and time constant (1. ad 2
from above). Therefor an additional parameter has to be varied and the dC value has to be
measured as a function of this parameter, the temperature.

For constant correlator parameters (t1 and t2) 3C depends only on the transient values. The
transient changes with the temperature in timeconstant and amplitude (equ. 1.24, 1.49). This
can now be used to measure the transient timeconstant and the amplitude by changing the
temperature and measureing OC as a function of the temperature., the so called tempscan.
The pictures below(fig. 4.2) show some emission transients at different temperatures and the
used box-car correlation function. The result, 5C vers. temperature is shown on the next page
(fig. 4.3). (as a standard we change the transient sign to positive transients and therefor also
to a positive dC signal)

fig. 4.2

8 0.8r :
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same trap level 04l
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i
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0.0+

240 280 320

fig. 4.3
dC (named DLTS mid) as the function of the temperature (tempscan signal)
as the result of several transients and the Box-car correlation function as shown above.

At the maximum of this tempscan signal (and only at the maximum) the timeconstant of the
transient and the transient amplitude can be calculated if,

1. The transient signal is exponential
2. The measurement parameters during the tempscan do not change
3. The correlation parameters (box-car: t1, t2) do not change.

For the box-car and lock-in correlation function analytical expressions can be calculated, for
other correlation functions normally no analytical solutions can be given, only numerically

calculated results can be given. But these ones are as exact as the analytical ons.

e.g. for the Box-car the timeconstant can be calculated by:

T =(t1-t2)/ In(t1/t2) at Tmax

The hight of the tempscan signal is proportional to the AC value (transients amplitude equ.
1.25 and 1.31) . The factor A, 3C=A*AC, depends also on the correlation function and
parameters. For the Box-car correlation this factor A is again quite easy to handle. It can be
calculated analytically and becomes for t1/t2 =2, A=4.
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Because the first DLTS system were not computer controlled this easy calculaions had been
a big advantage. But he biggest advantage had been, that the measurement of a quite a fast
signal, the capacitance transient, had been transformend into a slow measurement, the
tempscan signal. This gives the user plenty of time for averaging the signal using signal
integrators just behind the correlator, and the measurement time can be selected
independantly from the transient timeconstant by selecting the temperature ramp. On the
other hand, for each measured time constant one complete temperature cycle has to be done.
For using the Arrhenius plot In(t) vers. 1/T (equ. 1.53) to calculate a traplevel energy several
(at least 4) cycles have to be done with different correlator parameters.
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4.2 Digital DLTS

For digital DLTS systems like the DL8000 all physical pricibles are the same. The enission
timeconstants at different temperatures and the amplitude of the emission transients hasto be
determined out of the capacitance transient signal. But a lot of problems the first DLTS
systems have to face to can now be solved by using computers and fast digital data aquisiton.
In opposite to the conventional DLTS systems the DL8000 DLTS measures the complet
transient as a C(t) array and transferes the data into a computer system. Using a fourier
transformation and the direct evaluation (chapter 3.) the timeconstant (equ. 3.15) and the
transient amplitue (equ. 3.14) can be evaluated for every measured transient at any
temperature. Each of the measured transients can be used for the Arrhenius plot. Therefor,
only one tempscan (or better temperature cycle) is now necessary for determing the energy
of a trap. Each transient measurement is independant from the next or former one. It’s not
combined by intergration filters as in conventional DLTS systems. Therefor also
measurements with variated measurement parameters (pulse width, reverse bias voltage dc.)
can be done in one temperature cycle. The direct evaluation works perfect on single
exponential transients caused by one isolated trap level, and is part of the tempscan
evaluation software.

Overlapping levels causing non exponential transients are not so easy to evaluate. All theories
are based on only one level with a single exponential transient. Having overlapping signals, it
has to be decided in which range of the measurement (mainly temperature range) the results
can be approximatly handled as a single emission process. The software gives helps for this
decision, it calculates quality factors for the exponetiality of each transient exp class) and for
the validity of the direct evaluation (tau class). The direct evaluation can use the classes for it
’s evaluation and uses only transients better than a particular class value. But atthe end the
user has to trust this evaluation, and for that he has to have signals he can look at in an easy
way to see whats really in the sample. This signal is again the 8C signal, the tempscan.

Similar to the conventional DLTS a dC signal is calculated using a correlation function. But
in the digital DLTS system the correlator is not a hardware function but a software
one. By software much more correlators can be realized than by hardware. Also the
limitation on only one correlator is not given any more. The transient is in the memory and
the software can calculate as many 6C s using different correlation functions as useful. We
are calculating 28 different ones. How every correlation function looks like is shown and
explained in chapter 4.3 . Measureing transients now as function of the temperature similar
to the conventional DLTS, we get not only one tempscan, but 28 with different maxima at
different temperatures defining different timeconstantst . That means, with a maxima
analisys of these tempscan signals we get 28 value pairs (t, T ) for use in an Arrhenius plot
after one temperature cycle. It’s our opinion, that the Arrhenius plot should be the final result.
This plot is in princible averaged over several correlation functions and over the temperature
and gives so far the most reliable result. The tempscan signals are very good for visualisation
of the results and for discussions. But at the end we leave it to the user.

The transients that are combined to a tempscan have to have exact the same measurement
parameters. Specially the period width Tw as the measurement variable has to be exadly the
same if several measurements should be combined. But, because every transient
measurement is independant from each other, the transients with the same e.g. Tw have not to
be measured in a row. Other transients can be measured in between. Our software can handle
16 different measurement files measured with 16 different measurement parameters. All thse
files can be measured in one temperature cycle and every one gives 28 different tempscan
signals that can be used for the Arrhenius plot or other evaluations.

The tempscan maximum hight and the maximum location at the temperature axis as wellas
the timeconsant at the maximum is different for every correlation function. The normalizaton
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factor A and the maximums time constant for every correlation function has to be known at
the used measurement parameters (Tw and t0). This is normally not any more possible to do
in analytical way as using the Box-car correlator (above). The software is calculating thee
values in a numerical way without any restriction to the measurement parameters. Theuser is
free in selecting these parameters and not any more limited to some values.

The correlation functions differ in sensitivity and energy resolution, means normalization
factor A and halfwidth of the tempscan signal. A good compromize is the b1 coefficiant (sin
1. order) that used as a standard in the software. In general does have the very energy
resolvant function a bad sensitivity (up to a factor of 100 below bl), but for overlapping
signal of high amplitude, these ones can give a lot of more informations about the kind of the
overlapping.

During the maximum analysis of a temperature scan all measured 8C tempscan signal of the
different correlation functions are shown one after the other, and the user has to define each
maximum. The timeconstants, the temperature and the normalized amplitude (and someother
values) of these maxima are stored in an Arrhenius array and can be used for an Arrhenius
plot and evaluation as the final result of the measurement.
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4.3 Correlation functions

28 different correlation functions are used for calculating the 3C values. The classified into
sinbased correlation functions (named bx), cosinbased ones (named ax) and other ones
containing mainly rectangular correlation functions as box-car or lock-in.

For each correlation function the function itself, the tempscan and period width scan is
shown on the following pages. Tempscan and period width scan are calculated for a trap level

with E =055¢eV and a capture cross section of 1E-14 cm as explained in chapter 4.1. for

the example of the Box-car correlation function.

Two correlation functions are shown on one page in 3 plots and one parameter box each.
The bottom right plot shows the correlation function itself, on the left the result of a period
width scan signal is shown, the top left plot gives the tempscan signal.

The parameter box (top, right) gives all measurement (simulation) parameters and the
specific values of the shown correlation function. These values depend partly on the
measurement parameters and are partly independant of it, define therefor the characteristics
of the correlation function itself. The correlation functions differ in sensitivity and energy
resolution. This different behaviour can be used during the maximum analysis. For very low
signals close to the detection limit of the DLTS sytem, only the 8C values (tempscan signals)
of the correlation functions with the best signal to niose ratio (SNR) can be used the other
correlation functions may not give a signal in the tempscan. For overlapping signals with
high amplitudes the more energy resolving correlation functions may give not only one
maximum, but can resolve the different overlapping levels that then can also be defined as a
second or third maximum and analysed in an Arrhenius plot. Which correlation function is
sensitive or energy resolvant can be seen by the specific values in the parameter box
explained below.

Name : The name of the particular correlation function (here bl). Appears on every plot of
the tempscan of this function on the y axis.

ArNo. : The position of this correlation function in an Arrhenius plot file and when it’s
shown during the maximum analysis.

Points : No. of data points measured per transient. A measurement parameter.

Tw  : The period width. (see theory above and hardware manual for more details).
A measurement parameter.
t0 : The delay time after pulse (recovery time). A measurement parameter.

Tw/t0 : Effective period widths for the evaluation in terms of the recovery time
-eff

Amp : The amplitude factor at the maximum. The hight of the maximum of the tempscan

Max  from this correlation function is the measured transients amplitude multipliedby this
factor. On the other hand, the amplitude of the emission signal is calculated using
this measured signal by dividing the maximums hight by this factor. It’s used in all
so called normalized plots of the tempscans to calculated the correct amplitude or
trapconcentration. This factor is a value defining the sensitivity of the particular
function. High value: very sensitive, small value: not so sensitive.
The value is independant of the measurement parameters and the measured
signal (trap energy, concentration and capture cross section). It’s a specific value of
the correlation function.

tauMax: Gives the timeconstant at the maximum. This value depends on the measurement
parameters, but not on the signal. Every emission process will give the maximum
when getting this time constant during the temperature scan. During a maximum
analysis, this value is always calculated due to the used measurement parametas
Tw and t0.
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tauMax: Similar to that above, but given in terms of the period width Tw.
/Tw

Temp : The temperature at the maximum. This value is the only one directly depending on
Max  the measured signal, the emission process and the trap energy and capture cross

section. (calculated for ETZO,SSeV, GTZI,OE-14 cmz). It’s so far the final

measurement result for this correlation function. It also depends on the measurement
parameters.
Integ : Integral over the tempscan signal of this correlation function.

<tau/ : Statistic value. The expected maximum of the timeconstant in parts of the period
Tw>  width. This value (compared to that one above: tauMax/Tw) does not take into
account the different slopes of the shoulders of the ITS (period width scan) signal.

width : The halfwidth of the tempscan signal. This is a value for the energy resolution of the
correlation function. A small value stands for a high energy resolution, a large value
for a standard resolution.

width : Sinilar to above, but for period width scan signals.
rate

SNR : Signal to noise ratio. It defines the sensitivity of this correlation function. The vahe
is normalized to the bl correlation function.

ame = b
Ao = 1 Foints = i
T = 2 048E-01s tO = 2 A400E-03s

TwiitO-eff = 8 533E+01
Amphdax = 2458E-01 tauMawTw = 4. 382E-01

tauhdax = 3.974E-02s TemphMax = 24587 K
Inteqg = 3 23E-01  =tauTw> = 6.641E-01
Width = 1 1S7E+00 WidthRat = 1.336E+00
SR = 1.000E+00
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1 Name = bi(Tw/16)
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ITS
Isothermal Transient Spectroscopy

In opposit to tempscan measurements of the Digital Dlts are these kind of measurement done at a
fixed defined temperature. Transient measurements are done under systematically automatic
variation of one or two measurement parameters. The aims of these measurements are :
Trapconcentration profiles, direct traplevel capture cross section determination, field dependance
emission determination but also emission time constant measurements for Arrhenius plot
determination for trap energy and capture cross section calculation.

Two different kinds of are supported:(formulars see DLTS theory chpt.1.2-1.3)

1. Direct Transient analysis
emission transient measurements under variation of bias voltage and pulse voltage
condition for a direct analysis of every transient and the results if it.

2. Period widths scan analysis
emission transient measurements unter variation of the period width Tw (so called
Periodwidth scan ) and one other parameter like bias/pulse voltage or sample
temperature for a maximum analysis.

Both measurements do have its advantages.

The direct transient analysis is quite a fast tool for measureing and evaluating the above values.
It also works well for sensitive signals if the no. of averages is high enought (measurement time).
Every measured transient can be (but must not be) saved. The software supports automatically
the desired (and only the desired) evaluation due to the kind of parameter variation
(use:evaluate) as there are:

Transient measurement with constant Tw and

variation of: Evaluation

Pulse voltage @ fixed reverse bias voltage - Trapcon. prof.1, field dependance
Reverse bias voltage @ fixed pulse voltage - Trapconcentration profile 2

Rev. bias and pulse voltage @ fixed pulse hight - Trapconcentration profile 3

Pulse width @ fixed voltages (linar) - Capture cross section (Traplevel)
Pulse width @ fixed voltages (logarithmic, MOS) Capt. cross sect. (Surface States)

A necessity for these measurements with reliable results is a very stable (better 0,1 K)
temperature. Also the value for the periodwidth Tw should be selected carefully. Tw should be 3
to 8 times the emission time constant of the transient (see example below) to be in an optimal
time scale and sensitivity range. This guaranties a very well measured transient(s) with agood
resolution to evaluate the changes of the transient results (amplitude or AC, timeconstant t) with
the varied measurement parameters. All above is valid for the use of measurements with
constant period width. The DLTS system also offers same measurements using so called
variable periodwidth transient measurements. Compared to the constant periodwidth
measurements these ones does have advantages as well as limitations as there are:

1. The transient measurement is optimized automatically by the software. Only the start value for
Tw has to be defined that way, that a transient is detected.

2. The software follows up Tw due to a change of the transients timeconstantt caused by the



variated parameter.

3. Due to the fact, that Tw is not constant, AC values can not be compared to the variated
parameter. Only the Amplitude (for trapconcentration profiles or capture cross section
determination) or the directly evaluated time constantt (for field dependance emission
determination) for an evaluation vers. the variated parameter.

As a standard the constant period width measurements should e used. Only if a large
timeconstant variation with the variated parameter is observed, a variable period width
measurement is useful.

The use of the Isothermal Transient measurements should be shown on an example.

It is a capture cross section determination of a trap level. That means, that transients are
measured under variation of the pulse width, using a constant period width Tw. The short pulses
are generated with a e.g. HP 8116 pulsgenerator and an optional fast pulse interface for the
DLTS electronics.

Before starting the measurement itself, the measurement parameters "Temperature” and
"Periodwidth Tw” have to be defined and optimized as well as the reverse bias and pulse voltage.
This is done directly by measuring C/V, IV curves and single transients checking the results,
changeing the parameter, measureing again, and so on, till the parameter is optimized. A special
measurement tasc “Check measurement” makes this quite easy.

1. Reverse bias and pulse voltage (U and Up)

Both voltages should have been known from former measurements (tempscan, C/V's,I/V’s). An
ITS measurement should be done on "known” samples. A C/V and I/V check at the desired
measurement temperature is always useful, to get the correct shallow doping (C/V) and the
leakage current at that temperature.

2. Temperature

The measurement temperature should be selected that way, that the determined level does have
an emission time constant of app. 1ms to 100ms. It is checked with a singel transient
measurement (see fig. 1). The time constant is given at the top, tau(al,bl) = 1,365 ms in fig.1.
The test measurement can be done with standard period with of 20ms or 200ms.

3. Periodwidth Tw

After the temperature has been defined the period width can now be optimized. For an optimal
signal, it should be 3 to 8 times of the emission time constant. The value that should be looked at
is "tau,ts/Tw=0,13, 1,09" (for the example in fig. 1), means tau/Tw=0,13 and ts/Tw=1,09.
tau=emission time constant, Tw=period width, ts=time till the measurement meets thenoise
level. tau/Tw gives the relation between the emission time constant and the period width
(transient measurement time) for this example one time constant is passed after 0,13 of Tw or
during Tw 1/0,13=app.8 timeconstants are measured. ts/Tw defines wether and how long only
noise has been measured. ts/Tw=1 is the optimal. It means, that the transient has been exactly
measured to the detection limit (noise level), ts/Tw>1 means the measurement has not reached
the noise level, ts/Tw<1 means that the transient measurement has partly measured only noise
For the example, Tw can be enlarged by app.10% till reaching the noise level. The quotient
ts/Tw can not always optimized to 1, specially for small emission amplitudes is this notpossible.
The main value for optimizing Tw should be tau/Tw.
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fig. 1: example for an optimized transient measurement

After the constant measurement parameters T, Tw, Up, Uy has been defined the variated ones

has to be defined too, for this example, the pulsewidth. The start and end values as well as the
no.’s of measurements between the limits can be set in the software. The selection of the range
the parameter shall be variated depends on the physical values of the to be measured sample
specific constant:

1. For Trapconcentration profiles

The voltage values define the information depth (by the space charge region) in which a
trapconcentration profile can be determined. The space charge region depends also drastically
from the shallow doping of the sample. Therefor the information depth depend mainly from the
used sample and only secondely from the usable voltage range. The effective depth can be

checked using a measured C/V curve and the evaluation of the space charge region vers. bias
voltage of the DLTS software. The decision which voltage, pulse voltage Uz, Revese bias

Voltage Uy or both ones with a fix difference (pulsehight Uz-Ug) between it, shall be varied

depend on the kind of profile and the trapconcentration in relation to the shallow doping. For
strong profiles (more than a factor of 10 between maximum and minimum value) and high
concentrations the constant pulsehight method is the best. For small profiles or small signals the
variation of the pulsvoltage Up might be the best. Only in few cases the variation of the reverse
bias voltage will give the best results. The evaluation formulars should be clear before starting
this measurement, (see e.g. Theory part of the manual or application note, or any semiconductor
book)

2. Electrical field dependance of the emission process

The argumentation follows exactly that one above, only exchanging ‘information depth” by
“electrical field” at the trap.

3. capture cross section determination



The measurement uses the fact, that a trap level is only partly filled, if the filling pulse widh t, is
small enought compared with the captureing time constantt.of this level. The concentration of

the captured carriers is detected by the normal emssion transient, using the amplitude or aAC
value. The capture time constant depends mainly on the capture cross section, the desired
measurement result, and the shallow doping Ns (Chpt. 1.3 DLTS Theory). For that, not every
capture cross section c,,, can be measured in every sample because the fastest pulse is limited to
10ns. Large ©,,, (Gn,p>1e-14 cm-2) can only be determined in low doped samples (Ns<lel5 cm3

). As a hint for the start value of the pulse width (for Silicon) the following approximation can be
used: tp (start) = 10ns/(c,,,*Ns), with tp minimum = 10ns better 20ns. It’s an experience that

smaller pulsewidths, even if the pulse generator can supply it, does not completely reach the
sample throught standard BNC cables. For the example below: ,, , = app. le-13 cm2, Ns = app.
lel3 cm-3 give tp(start) = 20ns.

For the selecton of the largest pulsewidth that should be used for this measurement, a similar
argumentation as for an optimized emission transient measurement can used. Approximate 8
timeconstants, in this case capture time constants t., should be measured to get an optimized

capturering transient. A similar approximation as done for the tp start value gives

tp (End) = 100ns/(c,,,*Ns). For this estimation as a value for c,,,, the result of an Arrhenius plot
from a tempscan measurement can be used althought the evaluated values for the capture cross
section from an Arrhenius plot and from this direct measurement differ due to the entropic factor
Xn,p (see DLTS theory e.g. our DLTS basic manual).

The increment values for all variated parameter is automatically calculated due to the no. of
transients that the user likes to measure between these start and end values (input: no. of points).
A capture cross section measurement as an example for transient measurement under varied
parameter is shown in fig. 2. It shows very nicely the trick, how the normally very fast capture
transient (1, = Ins to 1000ns) can be measured.
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\\\ relD = 0000
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0.6 Area = 1.00E-02 cm”
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T 1 |Temp = 296.10 K
Hrmy Ty = 10.24 ms
= 1 = 200.00 ns
s U = -3.00 V
£ Uy = 0.00 V
= 0.2 I = -26.52 uA

time [ms] —=

fig. 2: Set of transients with varied pulsewidth

The x/y koordinates give the measured emission transients in Capacitance ver. time. The 3rd
dimension z-axis gives the variated parameter, the pulse width.



(Parameter: Tw=10,24ms, tp(start) = 30ns, tp(end)=200ns, no.’s =18)

Looking at the y/z layer of this 3d plot, the capacitance transient start value (close to transient
amplitude) vers. the pulse width, it can be seen, how this start value increases with increasing
pulse width due to a successively enlarged filling level of the traps. This y/z layer gives directly
the capture transient constructed by the measured emission transients amplitude. The
measurement of the very fast capture transient has been transferred to several



measurements of quite slow emission transients. The amplitudes or coefficiants vers. pulswidth

is now be used for the capture cross section calculation as mentioned above.
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fig. 3: capture transient, AC vers. pulse width

Fig. 3 gives the constructed capture transient using the b1 coefficiant. The direct analysis (not
shown here) gives then the vales for 1¢, Ac (captureing timeconstant and amplitude) from which

oc and Ny are calculated. The second mode for an evaluation of these data is shown below in fig.

4. It’s not using the direct Fourier analysis but the logerithimizing of the
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fig. 4: capture cross section evaluation plot

logarithm of the emission amplitude vers. pulse width

transients amplitude plotted vers. the pulsewidth.. The slope of these data also givest¢, Ac
and then ocand Ny .



In a similar way as shown above for the measurement and evaluation of the capture cross section
the depths profile and field dependance measurements and evaluations are done. The software
automatically supports only that evaluations, thats possible for the measured data. All evaluation
given is standard literatures are implemented and can be selected in the software.



The Periodwidthscan is a special measurement mode in the isothermal transient measurement
module. Similar to a tempscan gives a periodwidthscan the timeconstants of emission processes
by a maximum analysis. But while in a tempscan the emission time constant is changed by
temperature and measured with a constant periodwith Tw in which at the maximum the
emissiontransient fits best, during a periodwidthscan the
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fig.5: periodwidthscan constructed by transients measured at different
periodwidths

emissionprocess is kept constant and the measurement parameter Tw is automatically varied. At
the maximum however the periodwidths fits best to the emissiontransient and it gives similar to
the tempscan the timeconstant and concentration of the level causing the emissiontransient
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High Energy Resolution Analysis
Deep Level Transient Spectroscopy

The High Energy Resolution Analysis (HERA) uses quite new or well known mathematic
procedures as:

Fourie transformation, Laplace transformation, muli exponential transient fit,
ITS (Isothermal Transient Spectra) signal refolding, tempscan signal refolding

for separating two or several overlapping emission processe. All procedures base on the
exponetiality of the emission process (see DL Basics manual) shortly given for n-type
material below as:

I level ; n>>p ; n>>Nr (DLTS approxmation, n-type )

Nr = Trap level concentration; AHr = Trap level energy;
ot = capture cross section; Xt = Entropic factor of the the trap level

For the number of occupied traps after filled at t=0 we get:

1.1 nr (t) = Nt * exp ( -t/T)
with the emissiontimeconstant
1.2 T = GT*XT* eXp(-AHT/kT)
For characterizing the trap, Nt ; AHr ; 6r%Xr is needed and evaluated by using the
Emission amplitude =Nr=n1(t=0) and the
Arrhenius plot  =In(t) vers. /T ——>

slope = AHr ; intercept = o1 * X7
nr (t) is observed and measured by a Shottky diode capacitance with:

1.3 C(t) =Co-ACx*xexp(-t/t);

as capacitance transient and

1.4 AC = CO * NT/2NS * SCRCorr

as transients amplitude with
1.5 CO=£0*A/W1‘

as equilibrium capacitance.



In the software of our digital DLTS systems (FT 1030, DL8000, and the new HERA
DLTS) there are two princible different evaluations implemented for evaluating the
timeconstants T and amplitudes AC from the measured C(t) transients, the Direct
Analysis and the Maximum Analysis.

1. The Direct Analysis

directly uses the measured transient and the coefficiants calculted by a Fourier
transformation for directly evaluating the timeconstant T (see DLTS Basics manual for
formulars). The amplitude is calculated by an extrapolation of the measured transient C(t)
to time t=0. The values for T and AC are always calculated for every measured transient
independant of the real shape of it, but all calculation are only valid for a single
exponential emission process. Any additional or different timeshapes overlayed in the
measured transient causes big systematical errors in the results. Therefor we are
calculating the so called tau class (0 to 75 in nonlinear steps, see DLTS basic manual) as
a value for characterizing the quality of the measurement and evalwation. Only tau classes
above 60 can be really accepted for direct evaluations.

The direct analysis is available everytime if transient are measured, as a single transient
measurement evaluation in the transient software module, in the Isothermal Transient
Spectra module as an evaluation of transients measured under systematically changed
parameters (voltages Up,Ug, periodwidth Tw, temperature T) and in the Tempscan
module as a direct Arrhrenius plot evaluation of transients measured as a function of the
temperature.

2. The Maximum Analysis
uses correlation functions (28 independant ones) for calculating dC (tempscan or
periodwidthscan amplitudes) values of every measured transient. These dC values are
measured as a functio
n of the temperature for a tempscan or as a function of the periodwidth for a
periodwidthscan. The plots dC vers. T or dC vers. Tw show a maximum that gives the
timeconstant T and the temperature T of the observered emission process. Several

fig. H.1: Tempscan with different traps
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correlation functions (of a tempscan) or several periodwidth measurements (at different
temperatures) give several (t ,T) pairs for further evaluations by an Arrhenius plot. The
Arrhenius plot gives (as for the direct analysis) AHr o©r * Xt of the trap, the maxima
hight (averaged over that of the different correlation functions or the different
periodwidthscans) gives the amplitude AC and the trapconcentration Nr.

Also these maxima evaluations are only valid for single exponential emisson processes.
Similar to the direct analysis systematical errors appear if the exponetiality is not strictly
fulfilled. That means, that several trap levels present in a semiconductor sample can only
be correcty evaluated if its timeconstants differ enought to be detected as single events,
and not as an overlapp of several processes. (transients will always be measured
independant of having one or several overlapping processes). This is demonstrated in the
diagram above, a tempscan measurement of several traps, where trap 1 and 2 are isolated
and can be evaluated without any problems, and trap 3 and 4 are overlapping and the
results (Arrhenius plot, max. hights) may give incorrect values. For ITS and direct
evaluations the argumentation is similar. At the end, this limits the energy resolution
several levels of the DLTS measurements. The High Energy Resolution Analysis DLTS
now solves this limits by mathematics. We now look at the formulars above for the case
of several levels (emission transients) overlapping eachother. All othr conditions are the
same compared to above. We get for

2 or more levels

1.6 nr; (t) = Nr; * exp ( -t/7; ) ; Ti = O % Xpj % exp( - AHr
/KT )
1.7 C (t) = C() -AC, * exp ( -t/Tl ) - AC, * exXp ( -t/Tz )
i=N
1.8 C@1=0C- D, AC; * exp (-t/Ti) ; N=max. number of traps

i=1

as an expression for the measured capacitance transient C(t) if a discrete number of
overlapping processes is estimated

or we get
s=00

1.9 Cit) = CO + I( F(AC)-exp(-sst) = ds) ; substituting s=1/7
s=0

for a continuus number of overlapping processes in the measured transient.

It’s to see, that 1.8 is basicly a sum of exponentials and that 1.9 gives an Integral over
exponentials. The intergal is a so called Laplace transformation, (time to 1/timeconstant)
correctly an inverse Laplace transformation due to the negative argument in the
exponential.



For our
3. Direct HERA evaluation

we are now using formulars 1.8 and 1.9, or better we are using evaluation procedures
using these formulars developed by some groups. One is the so called FTKAREC
software from the University of Freiburg Germany, where the user (you) have to licence
this software and download it from the Universities homepage or as freeware from Dr.
Stephen Provencher (sp@s-provencher.com) under acceptance of his ownership of the
software. The FTKAREC software only uses formular 1.9, the inverse Laplace
transformation, the software from Dr. Provencher uses also this inverse Laplace
transformation, but also a discrete based calculation, a multi exponential transient fit,
based on formular 1.8.

The result of this inverse Laplace transformation is an amplitude destribution,an
amplitude versus a time constant plot. F(AC) the amplitude expression in the intergral 1.9
consists of delta functions times the amplitudes.

2.0 F(AC,s) = O(ds*AC(s)><0)*AC(s))

the delta function & becomes 1 for any valid reciprocal timeconstant s (in C(t) added
emission process) and will then add the evaluated amplitude to the amplitude digribution.
Even for very good signals, this AC calculation is quite sensitive and can fail. Therfore
we always will check and correct the different amplitudes of the found (by this Laplace
transformation) emission processes (timeconstants) by fitting the measured transient C(t)
under variation of these AC(s) values. The corrected AC(s) values and the analysed T
values give the results of the deconvulated transients using the Laplace transformation.
Similar to this inverse Laplace transformation the multi exponental transient fit using
Provenchers DISCRETE algorithm gives the timeconstants and, again after an additional
transient fit, the amplitudes of the emission processes found to be part of the measured
transient.

These three different deconvulation calculations are selectable m our software as an
option for our direct analysis.



Direct HERA evaluation examples

One simulated transient with 3 different evaluations. (2 levels, 1.0pF amplitudes)
On the upper left the provencher discrete evaluation, on the upper right the 2 level fourie
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Parallel to our HERA evaluation of the measured transients, the direct HERA evaluation,
we have developed a deconvulation software for the maximum analysis.

4. Maximum HERA analysis.

The standard maximum analysis is used to calculate the timeconstants and the amplitudes
of one exponential emission process observed by capacitance transients. It has been
developed to reduce data and to get a better sensitivity. Inthat times (late 70’s early 80°s)
the data reduction function, the so called correlation function, has been made by a
hardware correlator, a lock-in amplifier or a box-car integrator. As explained in the
"DLTS basic” manual our digital systems (FT 1030, DL 8000 and now the HERA-DLTYS)
are using software correlator functions. Althought the measured transients and the direct
analysis will give all values for an Arrhenius plot analysis, the maximum anlysis as an
independant evaluation to the direct one, gives sometimes more information (due to the
fact that more transients for each timeconstant has been measured) or more accepted
information by the users, because the analysis has been accepted for DLTS during years.
This has been a reason for s not only to use a deconvulation software for transisients as
Laplace DLTS ect., but also to develop a deconvolution software for this well known
maxima analysis (Tempscan and Periodwidthscan). The calculation itsself is done
numerically, a closed analytical formular for it is not existing. It’s a fact, that all used
mathematic calculation will give some results, valid or not. It only should be used as a
help to get information out of the measurements that without it can not (or not so easy)
be used. But the results have to be checked by the physical modell. This should be done
by our tempfit or periodwidthscan fit calculations. Only if the results from the
deconvolution and than from the Arrhenisus plot descripe the measured data completely
than it can be used as a measurement result in the physical view.

To explain the deconvolution (refolding) we start from the capacitance transient

2.1 C (t) =Cy-AC * exp (-t/1)

using a correlation function

1 1

22 Feonr (1) = [(t=0, =Tw/2)] + [{(=Tw/2, t=Tw)]

f might be (nearly) any function with max. amplidudes normalized to +/-1 , Tw = the

periodwidth (total measurement time for the transient) with
Tw

23 | Feorr (®)dt =0
0
or in words, a correlation function is a normalized function with equal areas below the
function from t=0 to t= Tw/2 and t=Tw/2 to t=Tw.
Used with a timedependant signal (as 21)
Tw

24 | €, T) * Feon (H)dt = dC (For, T,Tw)
0



the integral gives one so called correlated value for the timedependant signal. The
timedependant signal has then be reduced to one value (dC) and a well known correlation
function. Changing now the timeconstant T using the temperature (tempscan) or the
periodwidth Tw (peridwidthscan), the value dC gives a maximum (sign! we use a
maximum) that defines the timesconstant (at that temperature) and the amplitude. (see
fig. H1)

C (t)=Co - AC * exp ( -t/%(T))

Tw

25 | [Co - AC # exp (-/4(T) )] # Feon (t)dt = dC (Fuor, T,Tw)
0

or for a number of N overlapping levels

Tw =N
26 | [Co -2 (AC # exp (-0/1(T) )] * Feon (1)dt = dC (Feor, T.Tw)
0 1=1

Formular 2.5 give the standard maximum analysis plots,
for Tw = constant follows dC ver. T, the tempscan
for T = constant follows dC vers. Tw, the periodwidthscan

The values at the maximum, the timeconstant T and the amplitude, have to be calculated
by this formula 2.5. Only for some special cases, that one used in the early days of DLTS,
formula 2.5 can be solved analytically. In our software, the formular 2.5 is numerically
solved to get Tmax and AC . For different periodwidth Tw or correlation functions Fcorr a
new temscan and a new pair Tmw and AC for the Arrhrenius plot is definened, and
peridwidthscans measured at different temperatures also givenew pairs of Tm. and AC for
an Arrhenius plot.

Maxima HERA evaluation examples.
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Direct Transient analysis
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HERA - DLTS Examples

1. Deconvolution of a tempscan signal (measured tempscan)
Plot 1: Tempscan signal and refolded curve with evaluated timeconstants (vertica

Plot 2: Arrhenius plot using the measurement from plot 1 with different correlation

lines)
functions.
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norm. b, [fF] —>

2. Deconvolution of periodwidthscans (similar to frequency or

ratewindowscans)

Plot 1: Periodwidthsscans at different temperatures. x-axis recalculated into emission-
timeconstant tau (measured signals)
Plot 2: One scan of plot 1 including the refold curve and evaluated timeconstants

(vert. lines)

Plot 1
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Plot 3: Arrhenius plot from plot 1 data without refolding option
Plot 4: Arrheniusplot as plot 3 but using the refolded data as shown in plot 2 (level 1

and 2)
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and compared to the data without the refolding as in plot 3.
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3.Deconvolution of transients by
Plot 1: multi exponential transient fit. (very good result)
Plot 2: Laplace transformation (not as good result for this transient),
timeconstant distribution shown in the lower part of the plot.
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Plot 2
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4. Long time (10000 seconds) periodwidthscan (alternative to a tempscan)
plot 1: as measured (up to 2 s: every datapoint = 1 transient averaged to a total
time of 2 s.

above 2 s: Only 1 transient measured with 64000 datapoints up to
10.000 seconds.

Data points for the different periodwidths selected
from this transient then.

This kind of measurement reduces the measurement time to 10%
of the standard
isothermal periodwidthscan measurement.

plot 2: as 1, but x-axis recalculated into timeconstant tau and the refolding
used for level
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