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Abstract

The downsizing of semiconductor structures predicted in 1965 by Moore’s law
has been ongoing ever since. This trend has lead semiconductor industry to
many innovative solutions, involving reduced gate lengths, “fins” and “sur-
rounded gates”, and new materials such as high-k dielectrics and wide band-
gap semiconductors, e.g., silicon carbide (SiC) and gallium nitride (GaN). In
modern semiconductor devices the entire transistor is built within a few tens
to hundreds of nanometers of depth. This drives the need for new characteriza-
tion methods to image doped regions within one semiconductor material with
high spatial resolution.

A method for the high resolution quantification of implant or charge carrier
concentration was lacking for decades. This thesis aims at expanding the avail-
able scanning probe methods (SPM) to close this yet existing gap. A number
of different carrier- and dopant profiling techniques are compared using a stan-
dard dopant calibration sample. Scanning Microwave Microscopy (SMM), on
which the focus of this thesis lies, stands out by fulfilling the requirements in
spatial resolution, and signal dependence on dopant density. Furthermore, the
SMM signal contains the information to distinguish the dopant types, enabling
the development of dopant quantification methods.

Since SMM combines the mechanical tip dimensions with the microwave exci-
tation region, the effective scan resolution is not directly given by the cantilever
parameters. The highly confined two dimensional electrongas (2DEG) in an
aluminum gallium nitride (AlGaN)/GaN heterostructure was scanned and the
obtained profile deconvoluted with the expected shape of the 2DEG profile
to reveal the effective tip radius in SMM. A comparison between different
cantilevers shows that the effective scan resolution is limited mainly by the
cantilever radius and shape and only by a smaller extent by the microwave
excitation region.

An established procedure is applied to calibrate the S7; data recorded in SMM
into capacitance and resistance. Based on the resistance signal, a method to
calculate resistivity and dopant density from the SMM resistance is employed.
It enables the quantitative two-dimensional dopant profiling with an accuracy
of better than 60 %.



A second introduced method is based on the SMM capacitance data. It en-
ables to distinguish the dopant type and shows a better repeatability. The
difference between accumulation and depletion capacitance is used for dopant
type distinction. The depletion capacitance is shown to present a reliable tool
to investigate the relations between dopant densities. This enables the calcu-
lation of dopant densities deviating from the datasheet densities by a factor
of 0.1 to 20. Further improvements are achieved by using parameter fits. The
method enables the investigation of dopant types and densities in one single
image with all data obtained in one single measurement.

The transfer of the dopant density calculation to an industrial application
is demonstrated for an ESD diode. A further industrial application is the
spatially resolved imaging of charge carriers accumulated by trapping effects,

shown on the example of a Si diode.



Kurzfassung

Seit der Formulierung des Moorschen Gesetzes im Jahre 1965 schreitet die
Miniaturisierung von Halbleiterstrukturen stetig voran. Dieser Trend zwingt
die Halbleiterindustrie zu innovativen Losungen. Dazu zéhlen nicht nur re-
duzierte Kanallangen, sondern auch neue Materialien wie High-k-Dielektrika
und Halbleiter mit grofier Bandliicke wie Siliziumkarbid (SiC) und Galliumni-
trid (GaN). In modernen Halbleiterstrukturen haben ganze Transistoren nur
wenige zehn bis hundert Nanometer Tiefe. Daraus ergibt sich die Notwendigkeit
einer neuen Methode, die es erlaubt Dotiergebiete kleinster Transistoren mit
einer hohen lateralen Auflésung darzustellen.

Nach einer solchen Methode zur quantitativen, hochauflésenden Darstellung
von Dotierkonzentrationen wird seit Jahrzehnten gesucht. Ziel dieser Arbeit
ist die Weiterentwicklung existierender Methoden der Rasterkraftmikroskopie,
um diese Liicke zu schlielen. Eine Reihe verschiedener Methoden zur Erstel-
lung von Dotierprofilen wird mit Hilfe einer Standard Dotierprobe verglichen.
Rastermikrowellenmikroskopie (SMM), die im Fokus dieser Arbeit steht, erfiillt
sowohl die Anforderungen an die laterale Auflésung, als auch an die Skalierung
der Signale mit der Dotierkonzentration. Zudem lasst sich auch der Dotiertyp
aus den SMM Signalen bestimmen. Damit bietet SMM die perfekte Basis zur
Entwicklung quantitativer Dotiermessmethoden.

Die Auflosung von SMM héngt sowohl von Geometrie und mechanischen Eigen-
schaften der Messspitze als auch von der Eindringtiefe der Mikrowelle ab. Wie
diese Parameter in den effektiven Spitzenradius eingehen ist allerdings unklar.
Um den effektiven Spitzenradius zu bestimmen wurde das stark komprimierte
zweidimensionale Elektronengas (2DEG) einer Aluminiumgalliumnitrid (Al-
GaN)/GaN Heterostruktur im Querschnitt gescannt und das extrahierte Profil
mit dem erwarteten Profil des 2DEGs entfaltet. Ein Vergleich verschiedener
Spitzen zeigt, dass der effektive Spitzenradius mafligeblich von Geometrie und
nur wenig von der Eindringtiefe geprégt wird und damit die Qualitét der Spitze
groflen Einfluss auf die SMM Auflésung hat.

Eine etablierte Methode wird zur Kalibrierung der SMM S7; Daten in Ka-
pazitit und Widerstand verwendet. Eine auf den resultierenden SMM Wider-

standsdaten basierende Methode erméglicht die Berechnung von Dotierkon-



zentrationen. Diese Methodik ermdglicht die zweidimensionale, quantitative
Messung von Dotierkonzentrationen mit einer Genauigkeit von besser als 60 %.
Eine zweite auf dem kapazitiven Signalteil basierende Methode wird eingefiihrt.
Diese erméglicht die Unterscheidung des Dotiertyps und weist eine hohe Repro-
duzierbarkeit auf. Die Differenz zwischen Akkumulations- und Verarmungska-
pazitit wird hierbei zur Bestimmung des Dotiertyps genutzt. Mit Hilfe der Ve-
rarmungskapazitdten konnen Relationen zwischen den Dotierungen zuverléssig
bewertet werden. Aus diesen kénnen Dotierkonzentrationen berechnet werden,
die mit einem Faktor zwischen 0,1 und 20 von den erwarteten Konzentratio-
nen abweichen. Die Genauigkeit kann durch Parameterfits weiter optimiert
werden. Dotiertyp und -konzentration kénnen somit unter Verwendung von
Daten aus einer einzigen Messung in einem einzigen Bild dargestellt werden.

Die Anwendung der Methodik auf industrielle Probleme wird am Beispiel einer
ESD Diode sowie durch die lateral aufgeloste Darstellung eines durch Oxid-

storstellen verursachten Elektronenkanals in einer Siliziumdiode demonstriert.
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1 Introduction

The miniaturization in semiconductor industry was predicted as early as 1965
by Moore’s law, suggesting that the integration scale would increase by a factor
of four every three years. The downsizing of semiconductor structures has been
ongoing ever since [1,2]. The trend towards higher integration has lead semi-
conductor industry to many innovative solutions to downscale semiconductor
devices. Those solutions not only scale the entire device dimensions according
to the reduced gate length, e.g., FinFET and further silicon on insulator (SOI)
technologies [3-8], but involve new materials such as high k dielectrics and
wide band-gap semiconductors, e.g., silicon carbide (SiC) and gallium nitride
(GaN) [9-12]. The miniaturization is not just a phenomenon in logic devices,
it more and more accounts also for power devices. In modern e.g. SOI devices,
the entire transistor is built within a few tens to hundreds of nanometers of
depth, which requires structuring accuracies of implants and etch processes
in the order of a few nanometers. The high demand for fabrication accuracy
drives the need for new characterization methods with a high spatial resolu-
tion, which not only image metallic structures and dielectrics, but also doped
regions within semiconductor material.

Various dopant profiling methods are deployed in technology development, pro-
cess control and failure analysis. Two widely used approaches are on the one
hand secondary ion mass spectroscopy (SIMS), which is relatively expensive
and can only be used for homogeneous regions larger than a few ten microm-
eters, and on the other hand wet chemical decoration of doped regions, which
is unreliable as the results can vary even for identical structures on the same
sample [13,14].

A method for quantification of implant or carrier concentration on small areas
of tens of nanometers diameter was lacking for decades. Research on dopant
profiling methods with a high spatial resolution, e.g. scanning capacitance mi-
croscopy (SCM), has been ongoing for over 30 years. SCM was first developed
in 1984 as a method to, amongst others, characterize video discs [15]. Nev-
ertheless, state-of-the-art dopant profiling methods yet do not meet the high
demands of recent technology. However, scanning probe techniques involve

complex evaluation of scan results, which so far did not allow a direct and
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reliable extraction of dopant type and dopant density.

This thesis aims at expanding the available scanning probe methods (SPM)
to close this still existing gap. A theoretical background on dopant profiling
methods is provided in section 2 with focus on high frequency (HF) network
analysis and the physics behind the Metal-Oxide-Semiconductor (MOS) struc-
ture. Furthermore capacitance-voltage (C-V) characteristics under HF condi-
tions are introduced and a special case for measurements in the GHz range is
presented.

Section 3 gives an overview of state-of-the-art dopant profiling methods in-
cluding a brief description of Scanning Microwave Microscopy (SMM) and the
SMM setup. The chapter is summarized with a comparison of the methods on
resolution, dopant type distinction and ability for quantitative measurements.
In section 4, the sample preparation is discussed and the finite elements method
(FEM) model of the probe-sample interface is introduced. The model is used
to optimize the HF AFM probes.

The SMM results are presented in section 5. First, the resolution of a SMM
scan is investigated which involves the development of a method to obtain the
effective tip diameter using GaN. Further, the resistivity in SMM is demon-
strated to enable the calculation of absolute dopant densities. On the basis of
fundamental investigations on SMM methodology, a method to obtain dopant
type and densities from the SMM capacitance data is developed. Finally, the
application of SMM on state-of-the-art semiconductor devices is demonstrated.

Section 6 summarizes the results and concludes the thesis.



2 Theoretical Background

2.1 Vector Network Analysis

The interpretation of SMM signals is based on network analysis. A network
consists of a certain amount of ports. Each port is defined as a pair of termi-
nals and represents a connection point to the network [16]. In a low frequency
range, those ports can be characterized with hybrid (H-) parameters. In a
classic HF network admittance (Y-) parameters are used. With increasing
frequency, those parameters can hardly be measured accurately and generate
problems in theoretic considerations. Therefore measurement of voltage and
current at a perfect HF short would be necessary. For example in a waveguide
the classical definitions of current, voltage and terminal pair do not apply. To
find a solution for that problem, it is necessary to divide a wave on a transmis-
sion line into an incident and an output wave quantity [17]. A scattering (S-)
parameter describes the relation between the incident and the output wave
quantity. Thus, a network can be described through the scattering parameters
of its ports. A scattering parameter S, is described through its indices n
and m, where n and m are the corresponding port numbers. If n = m, the
parameter describes the reflection from port m on port m when all other ports
are terminated reflection-free. If n # m, the parameter describes the transmis-
sion from port m to port n, all other ports terminated reflection-free as well.
As in the methods employed in this thesis only one port is used, this section
will focus on the complex parameter S,;, which describes the reflection from
port 1 on port 1 [17]. At a known measurement frequency, S;; can be used to

calculate the input impedance of the circuit. The relation is given by

Z. — 27
S.. = in =0 1

where Z,, is the input impedance and Z, the characteristic impedance of
the network. As Z,, depends on the measurement equipment and the network
connecting the device under test (DUT) to the vector network analyzer (VNA),

the measured reflection S has to be calibrated to extract the actual

11,meas

reflection rpyr caused by the DUT. For a one-port network, the one-port error
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calibration plane

€10
VNA
error-
Siim 2-port Lour
a) ) n— wave

Figure 1: (a) Network reduced to the reflection S;;,, measured at port
1, the actual reflection of the DUT r ;7 and the error two port describing
the black-box network inbetween. (b) siganl flow chart showing which error
parameter describes which signal part. a; and b; are the output and incident
wave quantities.

model shown in fig. 1 is used to describe the relation between the measured

511 meas
the error model. The VNA is connected to the DUT through a network of
transmission lines and parasitic components, which can be described as an error
2-port. In fig. 1 (b) S
a; and the incident wave quantity by with Sy, = b1/a;. Following the signal

flow chart in fig. 1 (b), S

and the reflection rpyr [17]. Figure 1 (a) shows the circuit considering

is described through the output wave quantity

11,meas

11,meas Call be expressed as

€10€01 (2)

S11meas = €oo T T'pur-

Il —enrpur

A common method to calibrate S;; is to use the open short load (OSL)
calibration [17,18]. Therefore, three standards, open, short and load are ap-
plied to the measurement setup. They do have precisely defined parameters
and, therefore, allow a very accurate calculation of the four error parameters
€005 €10, €01 and e;;. In some cases, like in SMM, the interface required for the
calibration plane is not accessible to plug calibration standards. In general, the
calculation of the error parameters can be done with other known impedances
accessible at the calibration plane as well. Then, accuracy of the calibration
strongly depends on the accuracy of those impedances. For the calculation of
four error parameters, a minimum of three impedances need to be measured.
Equation 2 can be converted to

S

211, meas — (e10€01 — Qooﬁll)fDUT + €0 t anDUTﬁn,meam (3)



2 THEORETICAL BACKGROUND 12

leading to a system of equations. This system can be solved analytically for

n=3 measured impedances and numerically for n>3 measurements.

§11,measl Tpur1 1 IDUTlﬁll,measl
g 1 IS €10€01 — Cooti11
211, meas2 | pur2 1+ Tpur2211,meas2
= €00 (4)
s 1 s cn
211,meas—n Tpurn ZDUTn—ll,measfn

The possibility to calculate the error parameters without calibration standards
enables the calibration plane to be located at an interface not accessible for
standard calibration standards. In SMM, for example, the calibration plane
can therefore be located directly at the tip-sample interface. Once 1 is
calculated, the capacitance and conductance can be extracted. The main
idea which the high frequency SPM methods extracting dopant information
are based on, is to use the relation between the reflection r and the complex
impedance Z of the investigated structure. The relation between rp;, and

sample impedance Z ;0 is given by

Z -7
= ZRVI-2 o)
Zpur + %o
where Z; is the characteristic impedance of the circuit [16]. This thesis deals
with networks with a characteristic impedance of Zy = 50 2. Transforming

Z pyr to an admittance Y ppp

1

Y
ZDUT

(6)

Y pur =
the capacitance can be calculated from Y j;;.
Ypyr =G+ jwC (7)

A simple example with a pure capacitance of 1.99 fF, a typical value in SMM
measurement range, and no conductive or resistive part is calculated to show

the importance of the right location of the calibration plane. The frequency is
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chosen at the SMM maximum frequency of 20 GHz. Z; can be calculated

directly from C'| because the conductive part is neglected in this example.

| 1
7 o _ — 40005 © 8
EDUT = 500 T 2n % 20 GH=1.99 fF J (8)

Figure 2 shows a Smith chart, where Z,;;; is marked in blue. To be able to
mark Z ;o in the Smith chart, it is normalized to 50 €2.

Zpur  —4000j ©

= = = —807 9
ZpUT Z, 50 Q J ( )

Besides the impedance and admittance, the influence of the length of a trans-
mission line can be analyzed in a Smith chart as well. The outer scale ring of
the Smith chart shows the change of phase by moving towards the generator,
which is in our case the VNA. The length is normalized to the wavelength .
With a frequency of 20 GHz, A equals 14,99 mm in a perfect conductor. If the
calibration plane would be dislocated by 3.75 mm, even with a transmission
line perfectly matched to 50 €2, this would mean a dislocation of 0.25 A. The
phase shift by this dislocation is marked in red in fig. 2. In the Smith chart,
the impedance after dislocation of 2, ,eueq = 0-01257 is marked in red as well.
The dislocated value is in the inductive part of the Smith chart. The calculated

result is now an inductance.

Zdislocated 7 - 00125]

I = —
jw 0 j2r x 20 GHz

50 Q = 4.97 pH (10)

This shows that it is crucial to locate the calibration plane directly at the
DUT to get reliable results, as dislocations can change the measurement results
significantly.

2.2 Metal Oxide Semiconductor Structure

2.2.1 States of a MOS-Structure

Understanding physical and electrical behavior of a MOS-structure is essen-

tial for the SPM methods SCM, SMM and scanning microwave impedance
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Figure 2: The smith chart shows the real part at the x-axis. The imaginary
part can be read on the outer circle. In impedance mode, the upper half
shows inductive values and the lower half capacitive ones. In admittance
mode, the upper half is capacitive and the lower half inductive. All values
are normalized to the characteristic impedance Z, the frequency f and the
wavelength A. The outer circle shows the phase shift by moving towards the
generator. The half circle marked in red shows the transition from z = —80j
(blue) to z = 0.0125;5 (red) by moving A/4 towards the generator.

microscopy (SMIM), as they probe a MOS-structure consisting of the metal-
lic tip, the native oxide and the investigated semiconductor. Therefore, the
MOS-structure dependencies relevant for these scanning probe methods will

be discussed in this section. The MOS-structure can seize different states.
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a) metal S109 n — type — St
b) AN
Ec
v Toms| | Bp E
‘/;Lpplied: EV
Vfb

Figure 3: (a) Schematics of an n-type silicon MOS-structure. (b) Corre-
sponding band diagram. Vi,,iieq = Vpp compensates ¢, consequently the
bands are flat.

Figure 3 shows the MOS-structure with n-doped silicon as a semiconductor in
flat-band condition. An ideal metal-insulator-semiconductor (MIS) structure
is in thermal equilibrium at a bias of 0 V. All bands are flat under these cir-
cumstances. For a real MOS-structure, the work function difference between
the semiconductor and the metal has to be considered [19]. The work function

difference can be expressed as

(bms :¢m - (X/Q+Eg/2q_¢3n) (11)

for n-type semiconductors and

Gms = &m — (X/q + Ey/2q + ¥pyp) (12)

for p-type semiconductors with £, being the bandgap and x the electron affin-
ity of the semiconductor. The Fermi potentials with respect to the midgap
Y, and ¥p, can be estimated by

kT N
¢Bn = _ln( D

q n;

) (13)
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a) metal S04 p — type — S
b) AN
‘/applied:
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7777777777 E
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Eyv

Figure 4: (a) Schematics of a p-type silicon MOS-structure. (b) Corre-
sponding band diagram. Vi,,iieq = Vpp compensates ¢, consequently the
bands are flat.

for n-type and

KT N
Py = —In(—2
q n;

) (14)

for p-type, with donor and acceptor densities Np and N4, respectively, n; the
intrinsic carrier density, & the Boltzmann constant, 7" the temperature and
q the elementary charge [19,20]. In analogy, fig. 4 shows the band diagram
of p-type silicon at flat-band condition. By applying a bias to the metal, the
majority carriers can be accumulated to the semiconductor surface. For n-type
Si, a bias larger than the flatband voltage Vi, Viias > Vi has to be applied to
accumulate the charges as shown in fig. 5.

By applying a positive voltage to the semiconductor interface, the bands bend
downwards and allow the negative charges in the conduction band to be ac-
cumulated to the semiconductor surface. The accumulation case for p-type Si
is shown in fig. 6. A negative voltage is applied to the structure bending the
bands of the semiconductor upwards. The positive charges can accumulate
due to the lift in valence band. Two additional cases would have to be consid-

ered in low frequency behavior of a MOS-structure, depletion and inversion.
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a) metal S109 n — type — St
b) AN
__ Eco
%4 Vi S E ; ---------- E
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Figure 5: (a) Schematics of an n-type silicon MOS-structure. (b) Corre-
sponding band diagram. As Vyiea > Vip, the bands bend downward at
the Si-surface leading to an accumulation of electrons.

a) metal S0, p — type — S'i

Vapplied

Figure 6: (a) Schematics of a p-type silicon MOS-structure. (b) Corre-
sponding band diagram. As Vi,piieq < Vi, the bands bend upward at the
Si-surface leading to a accumulation of holes.
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a) metal SiOy |SCR| n —type — Si

V;Lpplied \ EC

Figure 7: (a) Schematics of an n-type silicon MOS-structure. (b) Corre-
sponding band diagram. As V,pieq < Vip, the bands bend upward at the
Si-surface leading to a depletion of electrons. This depletion leads to a SCR
below the surface indicated in (a).

As inversion case is not relevant in high frequency characteristics, only the
depletion has to be taken into account. The charge carriers in n- and p-type
Si can be depleted from the semiconductor surface by applying a negative,
respectively positive, voltage to the metal. Figure 7 shows a negatively biased
n-type MOS-structure. Due to the negative bias, the bands bend upward and
the negative carriers are depleted from the semiconductor surface. The deple-
tion of carriers creates a space charge region (SCR) below the oxide. Figure 8
shows the depletion case for a p-type semiconductor, where a positive bias is
applied to deplete the holes from the semiconductor surface. The width of the
SCR Wy depends on the potential ¢, at the semiconductor surface,

265i¢s
Wy = 15
e (15)

with Nx = Np for n-type and Nx = N, for p-type semiconductors, re-

spectively [20]. Whereas W, is dependent on ¢, it reaches a maximum at
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a) metal Si0Oy |SCR| p— type — St

Figure 8: (a) Schematics of a p-type silicon MOS-structure. (b) Corre-
sponding band diagram. As Vyiea > Vip, the bands bend downward at
the Si-surface leading to a depletion of holes. This depletion leads to a SCR
below the surface indicated in (a).

¢s = 2¢pnyp [19,20]. Considering egs. (13) to (15), the maximum width of the
SCR is

deg;kTIn(N i
Wd max — \/ & n( D/A/n ) (16)

q*Npya

2.2.2 Surface Potential Dependencies

It can be calculated at which value the potential ¢, reaches the states of ac-
cumulation, flatband and depletion. Nonetheless, it is hard to predict which
corresponding bias to apply in order to achieve the respective surface poten-
tial, e.g. flatband potential, as the surface potential depends on various other
potentials, like contact potentials, intrinsic potentials etc. A simple structure
as in a typical measurement case for SMM and SCM, is shown in fig. 9. Fol-

lowing Kirchhoff’s mesh rule, the relation between the potentials within the
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MOS structure and the voltage Vg applied between tip and backside metal is
given by

VTS' - _¢ms - ¢oz - gbs + sz + ch (17)

[19,21]. Solved for the surface potential ¢, the result is

Qbs = —Vrs — ¢ms - Qbom + sz + ¢c- (18)

The metal semiconductor work function difference ¢,,5, and the simultaneously
the backside contact potential ¢., can be calculated using equations eqs. (11)
and (12) and the built-in voltage ¢; = %ln(%—’f) [21]. Inserting those equa-

tions for the potentials leads to the dependencies shown in eqs. 19.

0=~V = o+ (ST + (Gun = O+ Eyf20-+ - 1n(~2)
~(om = (C+ Eyf2 + - in(22))
kT N, N N
= —Vis — Gox + Dy — ¢m+7(_ln(Nﬁ) In( nf:2>+l n nfin)) (19)

ET N
= =Vs = dou + Gym = b + 2= In( )
A2

The metal on both tip and backside is usually known, hence, are the corre-
sponding metal work functions ¢,, and ¢,,. The voltage drop ¢,, depends
on the oxide thickness and the applied voltage. The term 2len(NA;) shows
a strong dependency on the surface and substrate dopant densities N4; and
Nyso. To get an estimation on the influence of these dopant densities, a short
example with typical dopant densities is calculated here. A typical substrate
density could be N4y = 10%atoms cm™3 and the density of an implant at
the surface N4y = 10%atoms ecm™3, for instance. With an estimated tem-
perature voltage of % = 26 mV at room temperature the equation leads to
2 % 26mV x In(10") = 0,479 V, while the term becomes 0 for Ny = Nyo.
This shows how the dopant densities within the semiconductor do influence

the surface potential. This is important if different dopant densities in the
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Figure 9: Voltages and potentials in a simple MOS-structure in measure-
ment case. Tip metal, oxide, doped silicon, a differently doped substrate and
the backside contact are considered. Vrg is applied beweteen the tip and
the substate, respective potentials are metal semicondutor work function
difference ¢,,s, oxide potential ¢,,;, surfce potential ¢, build in potential ¢;
and contact potential ¢..

same sample are measured under the same bias condition. As the only tunable
parameter in this equation is the bias voltage Vg, it has to be chosen accord-
ingly to reach the respective states. For accumulation (depletion) state, it has
to be chosen positive (negative) enough for the potentials within the semicon-
ductor to become negligible. As for all states in between, including flatband
condition, the potentials within the MOS-structure have to be taken into ac-
count. For structures with thin oxides this leads to a strong deviation from
flatband if the dopant densities vary. If, like in the given example, the applied

3 at

voltage is chosen accordingly to measure Ny = Nyo = 10%atoms em™
flatband condition, a N4, = 10atoms em ™2 Si will be in accumulation state

under those conditions.

2.2.3 Capacitance Voltage Characteristics

SCM, SMM and SMIM are probing dopant densities and are mainly based on
the density dependent capacitive behavior of the MOS-structure. They use dif-
ferent techniques to process qualitative images showing signal contrast between
different dopant types and densities. In order to interpret those images cor-
rectly, it is necessary to understand the capacitive high frequency behavior of a
MOS structure. The HF C-V characteristics provide an accurate approach to

describe this capacitive behavior. The C-V characteristics are shown schemat-
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Figure 10: High frequency C-V characteristics for (a) n- and (b) p-type
silicon. The dopant density dependent influence of metal-semiconductor
work function difference ¢,,s on flatband voltage shifts the curves. The
shift is schematically exaggerated to demonstrate the principle.

ically in fig. 10. For both p- and n-type semiconductors the capacitance in
accumulation case is close to the oxide capacitance [19-21]. Therefore, the
accumulation capacities, independent of doping type and density, all reach the
oxide capacitance level as shown schematically in fig. 10. As demonstrated in
fig. 5, an n-type semiconductor, depicted in fig. 10 (a), reaches accumulation
state when a voltage larger than Vy, is applied. The p-type semiconductor
shown in fig. 10 (b) reaches accumulation state when biased smaller than Vy,
(see fig. 6). The depletion state is reached by applying a negative, (positive)
voltage relative to V, for n-type (p-type) semiconductors (see figs. 5 and 6).
The depletion capacitance depends on the width of the SCR. The SCR forms a
capacitance in series to the oxide capacitance. The MOS-structure reaches its
minimum capacitance Cyp,;, when the SCR gets maximal at Wy = Wy 40 [19].

Cimin can then be calculated from

€i€s

Cdmin =Ax )
Gin mazx + Esdi

(20)

with ¢; and €, being the respective insulator and semiconductor permittivi-
ties, d; the thickness of the insulator and A the capacitor area. As shown
by egs. (16) and (20), the depletion capacitance minimum decreases with de-
creasing dopant density. The variation of flatband voltage is due to the differ-
ent dopant types and densities influencing the metal work function difference

as shown in eqgs. (11) to (14). Consequently the flatband voltage of n-type
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semiconductors increases with dopant density whereas it decreases for p-type

semiconductors as depicted schematically in fig. 10.

2.2.4 High Frequency Models

Besides the standard C-V characteristics, there is a further effect influencing
the AFM based dopant characterization methods not considered in standard
literature. It can be observed that in SMM accumulation capacitance does
not always reach oxide capacitance level [22]. This effect is known from C-V
characteristics of a highly resistive substrates, where it occurs far below the
GHz frequencies [23-28]. The effect is frequency dependent, thus influencing
measurements at higher frequencies stronger than those at lower frequencies
[26,29]. Furthermore, the effect is dependent on the dopant density, occurring
carlier at low dopant densities [23,24]. Figure 11 schematically illustrates the
reduced accumulation capacitance at low dopant densities. The main reason
for this reduced accumulation capacitance was found to be the increase of se-
ries resistance by decrease of dopant density [26]. Therefore, Rejeiba et al.
developed a model allowing to tune the different influence factors like parallel
and series resistance of decreasing dopant density individually and thus inves-
tigate their effects on C-V and conductance-voltage (G-V) independently [26].
Rong et al. suggest that this dependency would be due to the dielectric relax-
ation time [24]. Thereby the frequency dependence could be explained as well,
because once the frequency is close enough to be in the order of the relaxation

time
0 = psi(Npya)esi, (21)

where pg; is the conductivity of silicon and eg; the permittivity of silicon,
the majority carriers are no longer able to follow the frequency properly [24].
This observation is consistent with a model introduced by Luna-Lopez et al.,
where the contribution of the large series resistance on the time constant is

pronounced as well [29].
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Figure 11: High frequency (GHz-range) C-V characteristics for (a) n- and
(b) p-type silicon. The reduction of accumulation capacitance with decreas-
ing dopant density is shown schemetically, starting slighty at mid range
dopant densities (n, p) and causing the largest reduction for low dopant
densities (n-, p-). The carrier mobility dependency of this effect results in
a stronger reduction for p-doped semiconductors.



3 Methods for Dopant Profiling

In 1965, Moore’s law predicted that the integration scale would increases by
a factor of four every two to three years [1]. This is still valid and drives the
need for high resolution methods to reliably characterize dopant distributions
within semiconductor devices. This includes e.g. contact implants of a few ten
nanometers. AFM based methods meet the high resolution requirements. They
allow to image dopant distribution in semiconductor devices on nanoscale.

State-of-the-art SPM techniques are discussed in the following chapter.

3.1 Basics of Atomic Force Microscopy and Electro-

static Force Microscopy

Scanning tunneling microscopy (STM) was the first SPM method, developed
by Binnig et al. in 1981 [30]. It already provided a good method to image the
topography of a sample at a nanoscale resolution, but it was limited to con-
ductive material only. In 1985, its inventors introduced another SPM method,
called atomic force microscopy (AFM). This new method allowed the inves-
tigation of both conductive and non-conductive material, leading to a wider
field of application. The first AFM enabled the characterization of sample to-
pography by detecting small forces between the AFM tip and the sample [31].
There are three basic AFM modes: Contact mode, AC or tapping mode, and

non-contact mode. Schematics of the contact mode AFM are shown in fig. 12.

In contact mode AFM, the AFM tip is constantly in contact with the sam-
ple surface while scanning the defined area. A change in topography leads
to a deflection of the AFM cantilever. There are several ways to sense the
cantilever deflection. The most common way is to sense deflection with an
optical sensor, like shown in fig. 12. An optical laser beam is reflected from
the cantilever backside and detected by a quadrant photo diode. This photo
diode detects deviations in cantilever deflection (vertical) and friction (lateral)
from a certain setpoint. These setpoint deviations in deflection are fed into a
feedback loop controlling the AFM piezoelectric z-scanner. The feedback loop

corrects the z-position by means of piezoelectric actuators until the deviation
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Figure 12: AFM contact mode schematics. The cantilever deflection is
detected optically with laser and quadrant diode. The setpoint deviation
is tracked and fed back into a feedback loop controlling the piezo tube.
The piezo tube is attached to the cantilever and controlled to level out the
deviation.
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from the setpoint is compensated. Thus, the cantilever deflection is held to
one setpoint and the AFM tip stays in contact to the sample with constant
force load.

An alternative way to sense the cantilever deflection is to use a piezoelectric
cantilever [32]. In this case, a measurement bridge of piezoresistive implants
in the cantilever is used to sense the deflection. The feedback loop works the
same for both types of deflection detection.

There are different approaches for the x-, y- and z-piezoelectric scanners. In
some AFMs they do move the sample or cantilever in all directions. In other
AFM models, the movement of the z- and y- piezoelectric scanners is decou-
pled from the z-movement by scanning the sample in x- and y- direction and
integrating the z-piezo in the cantilever holder.

Figure 13 shows the schematics of a tapping mode AFM. In contrast to con-
tact AFM, the AFM tip is not constantly in contact with the sample, i.e. only
taps the sample surface at a certain frequency. This frequency depends on the
eigenfrequency of the used cantilever [31]. An AC bias slightly off the eigen-
frequency is applied to a dither piezo oscillating the cantilever. The oscillation
amplitude changes with a change in topography due to damping effects and
deviations in amplitude are monitored using the quadrant photodiode. The

feedback loop regulates the z-piezo to achieve the setpoint amplitude value [1].

Non-contact mode is the basis for some electrostatic force microscopy (EFM)
approaches. The distance between sample surface and cantilever tip is kept
constant during the whole measurement time, only varying due to the oscil-
lation amplitude of the cantilever. The shift of the oscillation frequency due
to the topography is tracked and adjusted by regulating the tip sample dis-
tance [1].

EFM probes electrostatic forces on the investigated samples. In semiconductor
industry it is used to probe charges, voltages and potentials of semiconductor
devices [33]. It can furthermore be used to measure the tip sample capaci-
tance [34]. When AFM tip and sample are close enough for the electrostatic

force to be considerable, the electrostatic force can be described as

_ 1 dCts V2

-t
2 dz

(22)
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Figure 13: AFM tapping mode schematics. The feedback loop is similar
to fig. 12. Additional to contact AFM, an AC bias generated in the lock-in
amplifier is applied to oscillate the cantilever. Oscillation amlitude changes
with topography. The laser deflection signal is fed back into the lock-in
amplifier to track the oscillation amplitude and phase. The feedback loop
adjusts the piezo tube (similar fig. 12) to keep setpoint amplitude.

with Cy, as the tip to sample capacitance and V;, the voltage between tip and

sample [33]. For a sample which is not operated, only the potentials resulting
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from the applied static and dynamic voltages and the potential resulting from
the work function difference between metal tip and semiconductor sample have

to be considered for V.
Vis = Vbe — Pms + Vac sin it (23)

Vpe and Ve are the DC and AC voltages applied to the AFM tip and the
contact potential ¢,,; can be calculated as shown in egs. (11) and (12). With Vj,
known, the electrostatic force can basically be decomposed into three terms,
Fpc, Fo and Fyq. Fpe is the part of the force that constantly bends the
cantilever [33]. Tt is thus hard to detect, while F and Fq can be detected at
the respective harmonic with a lock-in detector. Considering egs. (22) and (23)

the term

(Vo = 6ma)? + 5Vic] 2

1dC,,
Fpo=—
be 2 dz

describes this constant force [33]. At the AC frequency €2 the term

o dcts

F
@ dz

(VDC — ¢ms)VAC sin Ot (25)

shows a linear dependency on the capacitive coupling dC'/dz and the contact

potential ¢,,s [33]. The electrostatic force term at the second harmonic 212 is

mainly dependent on the local capacitive coupling between tip and sample [33].
1dCis

Fog=-—2V2 20 2
0= Vie cos2Qt (26)

As the second harmonic is independent of the constant voltages and potentials,
it is well suited for dielectric quantification and further capacitive analysis [35—
37]. This equation can be transformed to

dCts 4F2Q

_ 27
dz Vio (27)

and integrated to extract information of the tip sample capacitance [34,38|.
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3.2 Calibration Sample

The development of dopant profiling methods requires a proper understand-
ing of the respective methods. Therefore, it is necessary to have a suitable
sample to be able to characterize the expected and parasitic influences. To
characterize the different dopant profiling techniques, a silicon die with a large
amount of simultaneously measurable dopant densities in both p- and n-type
is needed. Most available samples offer differently doped epi-layers, which are
either p- or n-doped [34,39,40]. None of those epitaxial grown samples offer
both dopant types in various densities. Therefore the Failure Analysis of In-
fineon Technologies AG developed a sample with both p- and n-type doped
regions in close proximity [41]. Figure 14 shows an optical overview image of
the sample sized 5.5 mm x 3.5 mm. It is basically structured in four areas.
The first area consists of 20 fields besides each other, each field being doped
with a certain dopant density. Table 1 shows the datasheet densities in the
same order as the doped stripes on the sample, starting from lowly doped
n-type on the left to highly doped n-type in the middle and continuing from
highly doped p-type in the middle to lowly doped p-type on the right. The
fields in area A are sized 100 pym x 500 pm, offering sufficient area to enable
SIMS measurements. At each of the 20 fields in area A, SIMS measurements
were performed to validate the implants. The results are included in table 1.
At lower dopant densities, SIMS results were too noisy to exactly determine
a density, but all intended values were within the noise amplitude. Area B
contains 55 different fields with a width of 50 ym each. The important fields
are field 20 to field 35. Those fields contain all 20 dopant densities in the same
order as in area A. Area B is split in three rows. In all three rows, the 20
different dopant densities are implanted in steps with a pitch of 2.5 ym to each
other. The width of the implants differs between the three rows. The upper
implants are 2 ym wide, the implants in the middle 1 gm and the implants in
the lowest row 0.5 pym. Area C is basically similar to area B with one addition.
There are trenches to have a strong but defined topography within the doped
regions. Area D contains the same implants like the other areas. They are
crossed to have defined p/n junctions. If not explicitly mentioned, the 2 ym

stripes in area B are studied in the experiments within this thesis.
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Table 1: Dopant densities and types of the substrate and the 20 differently
doped fields in area A. The p-type is boron doped, the n-type phosphor. The
intended dopant densities and the results achieved with SIMS measurements
in area A are shown.

Field dopant type | intended dopant | SIMS results
density (cm™3) (cm™3)
substrate p-type 1 x 10%
1 n-type 4 x 10 4 % 10%
2 n-type 1 x 100 1 x 10
3 n-type 4 x 10t° 4 x 101°
4 n-type 1 x 107 1 x 1017
5) n-type 4 x 107 4 x 1017
6 n-type 1 x 108 1.1 x 108
7 n-type 4 x 108 5 x 10
8 n-type 1 x 10% 1.2 x 10
9 n-type 4 x 10% 5.5 x 1019
10 n-type 1 x 10%Y 1.5 x 10%
11 p-type 1 x 10%° 9 x 10%Y
12 p-type 4 x 101 8 x 10
13 p-type 1 x 10 1.4 x 10Y
14 p-type 4 x 108 5 x 10
15 p-type 1 x 10'8 1.2 x 10'8
16 p-type 4 x 107 3.5 x 1017
17 p-type 1 x 107 1 x 107
18 p-type 4 x 106 4 x 106
19 p-type 1 x 106 1 x 1016
20 p-type 4 x 10 4 x 10"
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Figure 14: Calibration sample with different n- and p-type dopant den-
sities. Area A contains 20 fields with the dopant density implants (see
table 1) scaled large enough for SIMS. Area B contains 55 fields. Fields 1
to 19 contain as many dopant density stripe implants as their field number.
20 to 35 contain all dopant density stripe implants. Above 35 the number
of dopant density stripe implants decreases again, until there is only one
stripe left at field 55. Area C is basically a copy of area B with additional
trenches. In area D the stripes with the p- and n-type dopants overlap to
create p/n-junctions.

3.3 Scanning Microwave Microscopy

3.3.1 Principle

As an AFM based method, SMM has a wide range of applications in the analy-
sis of biological, chemical and electronic samples [42-46]. The most important
application of SMM is the two dimensional dopant profiling in semiconductor
devices. SMM combines the high spatial resolution of an AFM with the possi-
bility to apply a microwave through a conductive tip to the DUT [39]. Figure 15
schematically shows the setup used in SMM measurements. It is based on the
AFM contact mode principle. A Vector Network Analyzer (VNA) applies a

microwave to the conductive AFM tip. The microwave probes the DUT, which
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is a MOS structure consisting of the conductive metallic AFM tip, the native
grown oxide on top of the semiconductor and the semiconductor itself, see
fig. 15. While part of the microwave is reflected at parasitic elements before
and after the MOS structure and another part transmits through the sample,
a part of the microwave is reflected at the MOS structure. The reflected part
of the microwave is measured at the network analyzer as S,,,. It is recorded
during the measurement and can be used for further processing in order to

determine electric sample properties quantitatively.

In addition to the network analyzer, a lock-in amplifier can be used to modulate
the GHz-range HF signal with a kHz-range low frequency signal. Figure 16 il-
lustrates how the modulation frequency drives the C-V characteristics between
accumulation and depletion states to probe the slope of the C-V characteris-
tics similar to classical SCM. This measurement technique is called dC/dV or
dS,,/dV imaging and can be used for a number of quantitative and qualitative
dopant profiling methods. Figure 17 shows a typical 2D dS;;/dV image of the
p-n-calibration sample. The lock-in phase has been adjusted in order to distin-
guish between p- and n-type. With the calibration sample it was possible to
adjust the phase shift to have the larger values for n-type dopants and smaller
ones for p-type dopants. Such images of the calibration sample can be used to
calibrate the image recorded on an unknown DUT with the same setup [39,41].
The easiest way is a comparison between a measurement at a calibration sam-
ple with well-known dopant densities and the DUT to calibrate the data [39].
However, the calibration itself cannot be validated with this method, because a
shift of backside contact potential, which influences the semiconductor surface
potential (see eq. (18)), would not be detected. Furthermore, a non-monotonic
dependency of the dSj;/dV signal on the dopant density, as reported in litera-
ture [40,41], would affect the comparison between calibration and test sample.
Figure 17 shows the non-monotonic dependency on the dopant density as well.
The n-type data behaves monotonously between 1x10'® atoms cm™ and 10%°
atoms cm™ and the p-type data between 4x10'® atoms cm™ and 10 atoms
cm™. Similarily, dS1;/dV also depends on the measurement frequency [40].
One possible root cause for this non-monotony is the reduced accumulation
capacitance at low dopant densities, as schematically shown in fig. 16 and de-

scribed in section 2.2.4. One approach to overcome the deficits in monotony
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accumulation

demodulated signal

Figure 15: AFM SMM schematics. Additional to contact mode setup, a
VNA and a lock-in amplifier are connected to the AFM tip to apply the
microwave and modulation voltages. The reflected part of the microwave
is measured at the VNA. The demodulated low frequent signal can be fed
back into the lock-in amplifier. Additionally, a DC bias can be applied to
the tip to accumulate or deplete charges at the semicondutor surface, as
depicted in the inset.
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Figure 16: High frequency (GHz-range) C-V characteristics for (a) n-
and (c) p-type silicon. The reduction of accumulation capacitance with
decreasing dopant density is shown schematically, starting slightly at mid
range dopant densities (n, p) and causing a big reduction for low dopant
densities (n-, p-). The AC modulation voltage is indicated in (b) and (d).
The red (n-type) and blue (p-type) arrows indicate the slope probed by the
modulation voltage.
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Figure 17: SMM dS,,/dV measurement of the calibration sample obtained
at 4.56 GHz modulated with 3 V peak to peak at 90 kHz. The lock-in
phase shift was adjusted to obtain higher values for n-type densities and
lower values for p-type densities. To obtain positive and negative values as
schematically shown in fig. 16, the lock-in phase offset needs to be adusted
in addition to the phase shift.

and to enable the monitoring of deviations caused by a different backside con-
tact potential is to measure the samples three times with different DC bias
offsets [41]. This ensures a correct calibration. However, this method is still
very time consuming and provides no solution to calculate dopant densities
in case there are calibration deviations. Fortunately, SMM provides another
opportunity to measure the sample without an additional lock-in amplifier and

directly calibrate the reflected microwave into a capacitance and a resistance.



3 METHODS FOR DOPANT PROFILING 36

capacitance
400
l\ — SMM capacitance
" 300 1 \_ — EFM capacitance
< S
200 T
S T
100 1 T—
e
0 ' —

-18 -16 -14 -12 —-1.0 -08 —-0.6 —-04 —-02 O
piezo movement /um

Figure 18: The simultaneously obtained EFM (blue) and SMM (red) ca-
pacities. The error parameters e00, €01, €10 and el1l were used as free fitting
parameters to match the SMM capacitance to the EFM capacitance.

This calibration has first been introduced by Hoffmann et al. [47]. They used
known capacities on a well-known calibration sample to solve eq. (4). As this
calibration takes into account reflections and scatterings of the sample itself,
it is valid only when performed directly on the DUT.

Therefore, Gramse et al. introduced a method enabling the calibration directly
on the DUT [34]. A force distance curve is recorded directly on the DUT.
During this force distance measurement SMM and EFM data are acquired si-
multaneously. From entire EFM dataset, the second harmonic is recorded as
it gives the best opportunity to calculate the local capacitance. By integrat-
ing eq. (27) over the distance to the sample, a capacitance distance curve can
be generated. The error parameters for the calibration can be calculated by
fitting them into eq. (3) with S,,,, being the S,,(z) data recorded during the
L ) being the EFM capacitance data from

JwCErM(2

the approach. Figure 18 shows the fitted capacitance obtained with an ap-

approach curve and rp;p =

proach curve at the calibration sample. This fit enables the possibility to mea-
sure resistance and capacitance data from the acquired S;,,. [34]. Figure 19
shows the S, in amplitude and phase recorded with an unbiased tip and the
calculated capacitance signal from a measurement at the p-n-calibration sam-
ple. The monotonous dependency of the capacitance on the dopant density is

promising. There is no intrinsic possibility for p/n distinction and no way to
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Figure 19: SMM measurement of calibration sample. a) The amplitude
of the reflected microwave signal. b) The phase of the reflected microwave
signal. ¢) The calibrated capacitance including the offset capacitance due
to calibration.

accurately calculate the densities due to the unknown surface potential state.

Therefore, section 5 will focus on ways to overcome those shortcomings.

3.3.2 SMM Setup

The principle of SMM has already been explained in section 3.3.1. The basic
setup combines the high resolution imaging opportunities of an AFM with
the opportunity to measure HF networks using a VNA. The setup consists
of the AFM scanner and stage itself, a stage controller, an AFM controller,
an acoustic enclosure, active vibration isolation, a head electronics box, the
lock-in amplifiers and the network analyzer. Figure 20 shows the different
components in detail. Figure 20 (a) shows the AFM stage and the scanner.
The stage is a 200 mm x 200 mm stage, controlled by the stage controller
shown in fig. 20 (e) with an accuracy and repeatability of 0.5 ym. The scanner,
controlled by the AFM controller shown in fig. 20 (c) and the head electronics
box (HEB) in fig. 20 (d) offers a range of 90 pum in z- and y-direction with
an accuracy of 0.5 nm. In z-direction the range is 7 ym with an accuracy of
0.03 nm. The acoustic enclosure shown in fig. 20 (b) reduces the vibrations of

the setup. Furthermore, it provides a shield layer and an isolation to reduce
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Figure 20: Components of the Keysight 5600 LS. a) The AFM itself con-
sists of the marble table, the stage adjustable through servo motors and
the AFM scanner including the optics. The feet below the table can be
controlled for active vibration isolation. b) The acoustic chamber provides
a passive vibration isolation as well as an isolation against electromagnetic
fields. c¢) The AFM controller acts as an interface between the AFM soft-
ware and the HEB. d) The HEB in the upper part controlls the AFM head
servo and scanner. The MAC mode IIT module in the lower part provides
the lock-in amplifiers enabling multiple lock-in based AFM modes. e) The
table stable box in the upper part controls the active vibration isolation.
The flex DC motion controller in the lower part controls the stage servo
movements.

distortions due to external fields. The vibration isolation is enhanced by an
active vibration isolation called table stable controlled by the unit shown in
fig. 20 (e). The marble AFM table is set onto the actively controlled feet

shown in fig. 20 (a). This enables an active cancellation of external vibrations.
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The three lock-in amplifiers in the magnetic AC (MAC) mode III module
shown in fig. 20 (d) can be simultaneously used to generate and lock-in an AC
modulation voltage, which can be applied either to the AFM tip or through
the stage to the sample. Therefore, they provide a frequency range between
200 Hz and 600 MHz and a maximum lock-in signal amplification of 128.

3.3.3 Vector Network Analyzer

The network analyzer used in this setup is the Keysight N5230C as shown in
fig. 21. The VNA provides a frequency range between 300 kHz and 20 GHz.
It offers four ports, thus enabling reflection and transmission measurements.
As SMM is usually based on reflection measurements, only port one is used
during the measurement. A dopant profiling measurement module (DPMM)
is attached to port one as shown in fig. 21. It has two basic functions in SMM.

The first one is to amplify the reflected microwave by 10 dB and increase the

Figure 21: The vector network analyzer Keysight N5230C offers four ports
and a frequency range from 300 kHz to 20 GHz. The DPMM is used to
amplify and demodulate the reflected signal.
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signal to noise ratio (SNR). The second is to feed the signal back into the

lock-in amplifier to enable the dS;;/dV measurement.

3.4 Alternative Methods

In addition to SMM, there are several other dopant profiling methods to be con-
sidered. The two most established methods to quantitatively measure dopant
densities are spreading resistance profiling (SRP) and secondary ion mass spec-
troscopy (SIMS). Both methods are clearly superior in accuracy and ease of
use when an absolute dopant density is needed. In contrast to the good ac-
curacy and depth resolution, they do not offer a possibility to resolve lat-
eral deviations. Time of flight SIMS (ToF-SIMS) adds such a possibility to
SIMS. In ToF-SIMS, the measured atoms can be assigned to their position,
but as the probed area decreases, no low dopant densities can be determined.
Therefore SRP and SIMS are complimentary methods to the locally resolved
dopant profiling methods discussed in this thesis. Another established method
is the wet chemical decoration. There are various acids, e.g. hydrofluoric acid,
with etching rates selective on n- and p-type doping. After etching the region
of interest, e.g. the p/n junction can be imaged optically or with a scan-
ning electron microscope (SEM). In contrast to SRP and SIMS, it provides
a good lateral resolution but no possibility for quantitative analysis. There-
fore, it is a complementary method to SMM, enabling to image p/n junctions
over large areas. Alternatives to SMM providing an ability to locally resolve
doped regions with a quantitative approach are SCM, SMIM, scattering-type
scanning nearfield optical microscopy (SSNOM), scanning spreading resistance
microscopy (SSRM) and SEM. As the only non-SPM method, SEM, will be
discussed first. The scanning probe based methods SCM, SMIM, SSNOM and
SSRM will be discussed afterwards.

3.4.1 Scanning Electron Microscopy

SEM is one of the most popular methods in material characterization [48]. Var-

ious different localization applications in failure analysis can be solved using
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SEM. Dopant profiling is rather an uncommon SEM application. Nonethe-
less, there are various studies of applying SEM for dopant profiling [48-51]. In
SEM the DUT is investigated by scanning the electron beam across the surface
of the DUT [50]. SEM offers various possibilities of electron detection. For
dopant contrast, the best choice is a secondary electron (SE) detector [48-51].
The dopant contrast for p-type silicon was found to be present in a range be-
tween 10'° atoms cm™ and 10%° atoms cm™, while the contrast range for n-type
Si was found to be lower [48]. Figure 22 shows pictures acquired with two
different SEM at the calibration sample. Figure 22 (a) was acquired using a
Hitachi SU 8010 SEM. A low acceleration voltage of 0.7 kV was chosen as well
as a large distance to the sample of 9.6 mm to achieve a good dopant contrast
resolution. The contrast in the p-type region is distinguishable down to 5x10'6

3. The last clearly distinguishable contrast at n-type regions can

3

atoms cm’
be observed at 10*® atoms cm™. This confirms the expectations from litera-
ture. It was suggested that dopant contrast resolution could be increased by
energy filtering [50]. Therefore the calibration sample was investigated with
a FEI Magellan in deceleration mode. The benefit of this energy filtering is
to get a more pronounced dopant contrast resolution. The low-pass energy
filtering increases the influence of the lower energetic SEs in a depth of 5 nm,
deemed responsible for the dopant contrast. Filtering those low energetic SEs
supposedly increases the image contrast resolution [50]. Figure 22 (b) shows
that the contrast in p-type could be increased down to 10'¢ atoms cm™. The
contrast resolution of the n-type region still stops at 10*® atoms cm™. SEM is
definitely a good method to quickly estimate the dopant profile of a sample.
In addition to its quickness, it shows a monotonic behavior within one dopant
type, making it easy to interpret as long only dopants of the same type are
compared. A definite drawback is the inability to quantify the dopant densi-
ties, as the contrast is dependent on several operation parameters and sample
charging strongly influences the signal. Furthermore, the inability to distin-
guish p-type from n-type is a big disadvantage. Still, its ability to quickly
image large and small scan areas makes it an important supplementary tool

for dopant profiling.
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Figure 22: SEM image of calibration sample. The data shown in a) was
acquired with a Hitachi SU 8010 at 0.7 kV with sample distance of 9.6 mm.
The data shown in b) was acquired with a FEI Magellan at 0.7 kV with
sample distance of 4.6 mm in deceleration mode.

3.4.2 Scanning Capacitance Microscopy

SCM is a well-established technique for qualitative dopant profiling of semicon-

ductor devices. Figure 23 shows the general setup of an SCM. Like many meth-
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Figure 23: AFM SCM schematics. In addion to contact mode setup, a
resonance circuit and lock-in amplifiers are connected to the AFM tip to
probe the MOS structure and apply the modulation voltages. The inset
shows, how the AC modulation bias is applied to probe the slope between
accumulation and depletion (see fig. 11).
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ods probing electrical sample properties, it is based on contact mode AFM. Like
SMM, it operates with a high frequency to probe the MOS capacitor consist-
ing of the conductive tip, the native oxide and the investigated semiconductor.
Unlike SMM, the HF signal is not generated by a network analyzer. In SCM
a resonance circuit typically oscillating at a GHz frequency is detuned by the
MOS capacitor. As the oscillation frequency is mainly driven by the resonance
circuit, the frequency is relatively fixed. A connected lock-in amplifier is used
to modulate this HF oscillation by applying a kHz range frequency, similar
to SMM. The resulting dC'/dV signal has been used for multiple approaches
to find a quantitative dopant profiling technique [52-57]. Those ideas, like
in SMM, were mostly based on comparisons with other samples or methods
[52,53]. Since none of them succeeded in industrial use, a lot of work was
put into modeling and understanding the SCM signals [52,54,55,58]. Many of
those advances neglected the problem of different contact potentials and other
parasitic elements between the semiconductor surface and the backside con-
tact. Furthermore, the non-monotonic behavior of the detected dC/dV signal
was not taken into account properly leading to artifacts. Figure 24 shows an
SCM image acquired at the calibration sample. It was acquired at a relatively
small oscillation frequency to reduce the frequency dependent non-monotony.
A high modulation voltage of 5 V peak to peak was used to reduce dependence
on the DC setpoint and probe the C-V characteristics in a wider range from
accumulation to depletion. As shown in fig. 24, this enables a monotonous
relation between dopant densities and signal over a wide range of densities.
However, as the monotony range is unpredictable and the setpoint dependency
is still influencing the measurement no quantitative result is possible. A multi-

measurement calibration like described in section 3.3 could be transferred to
SCM [41].

3.4.3 Scanning Microwave Impedance Microscopy

SMIM is based on contact mode AFM as well. The setup is quite similar
to SMM and SCM and basis for many approaches to image dopant densities
[59-63]. Like SCM, it operates at a limited frequency range with a frequency of
about 3 GHz applied to a conductive probe [59]. As SMIM is the most recent
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Figure 24: SCM out-of-phase (Q-) channel image of calibration sample.
The image was recorded with 600 MHz resonance circuit oscillation fre-
quency, 17 kHz modulation frequency with 5 V peak to peak. The lock-in
phase shift was adjusted to level out the in-phase (I-) channel. There was
no need to adjust the lock-in offset.

of the three AFM based methods it comes with a few new improvements in
setup. Similar to SMM the measurement setup is matched to 50 2. In SMIM,
custom made cantilevers closely matched to 50 €2 are used to reduce reflections
and stray effects [59]. This leads to a better SNR. The lock-in amplifier is used
similar to SCM and SMM to modulate the microwave signal and acquire a
dC'/dV signal. Figure 25 shows an image acquired on the calibration sample.
The higher frequency of 3 GHz, and the lower AC bias of 1 V, causes the non-
monotonic behavior to occur already at higher densities in SMIM than in SCM.
In general, the drawbacks are similar to SCM and SMM when using the dC'/dV
signal. Like SMM, SMIM provides an opportunity to separate the reflected
microwave into a capacitive and a resistive part [59]. In SMIM this is done by
separating the reflected microwave into an in-phase and an out-of-phase part
using a lock-in amplifier. A purely capacitive sample with a known capacitive
step and no resistive change is measured. The phase shift is adjusted to flatten
out the resistive part in one of the two signals and adjust the slope into the
right direction in the other signal. After this calibration, the in-phase and
out-of-phase channels from the lock-in can be used for capacitive and resistive
imaging. Figure 26 has been acquired using a calibrated SMIM setup. The
image shows the potential for monotonic dependency of the SMIM-C signal
on the dopant densities. For the shared disadvantages with SMM, like lacking
abilities to distinguish p- and n-type and the uncertain state of the MOS-
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Figure 25: SMIM dC/dV measurement of calibration sample. a) shows the
dC'/dV -amplitude of the lock-in signal. b) shows the corresponding dC'/dV -
phase data. In contrast to the shown SCM and SMM lock-in images, The
information is split into amplitude corresponding to the absolute value of
the slope and the phase, indicating the dopant type through the sign of the
slope.
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structure, possible solutions will be discussed in section 5. The advantages of
SMIM are the shielded probes enabling a better resolution due to the better
SNR with smaller tips and the possibility to combine it with different AFMs
from different tool vendors. The combination with force volume spectroscopy
in a Bruker tool for example offers completely new possibilities by quickly
acquiring a whole image of spectroscopy curves in each point. This enables
the acquisition of C-V curves and the determination of a capacitance offset
due to stray effects. Although those features might pay off in future, SMIM-C
values are only arbitrary units. Therefore the possibility to measure absolute

capacities in SMM is an advantage compared to SMIM.



3 METHODS FOR DOPANT PROFILING 47

1.7V

09V

10 pm

Figure 26: Capacitive SMIM data acquired on the calibration sample.
The data scale correponds to the out-of-phase channel of a lock-in amplifier
operating at the microwave carrier frequency. The lock-in phase is adjusted
to make the out-of-phase channel sensitive on capacitive changes.

3.4.4 Scanning Spreading Resistance Microscopy

Like SMM, SCM and SMIM, SSRM can be used to generate locally resolved
2D dopant profiles [64-67]. SSRM is based on contact mode AFM as well.
Figure 27 shows schematically the setup of SSRM. The principle of SSRM is

to measure the local resistance

p(z,y)

R(z,y) = 7 (28)
where p is the local resistivity of the sample and r is the tip radius [68]. Most
other contact mode AFM based methods use contact forces in the pN and
nN range. In contrast, SSRM needs forces in the range of uN or even mN to
establish a proper contact between tip and sample [69]. Reasons for this high
force are the need to scrape away the native oxide and to transform the silicon
phase beneath the tip to achieve an ohmic contact [70,71]. A constant DC bias
voltage is applied to the tip during the measurement. The conductive tip is
connected to a logarithmic current amplifier to measure currents (see fig. 27).

It consists mostly of doped diamond to reduce the wear due to the high forces.

Figure 28 shows an SSRM image acquired on the calibration sample. The

image was obtained with a contact force of 8.6 uN. The image shows the current
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Figure 27: AFM SSRM schematics. Additional to the contact mode AFM
setup, a logarithmic current amplifier is connected to the AFM tip. With
an applied DC bias, it enables the measurement of small currents through
tip and sample enabling the calculation of the local resistance.

flow at a bias of 2.5 V. For an entirely ohmic contact, p- and n-type doped
regions are expected to give the same contrast. The distinction in fig. 28 could
be due to the Schottky-like contact between tip and sample. Consequently, in
case of a Schottky-like contact the p/n contrast reverts with a sign change of
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Figure 28: The SSRM image obtained at the calibration sample shows the
currrent measured with a DC bias of 2.5 V.

DC bias. In the case of the fig. 28, the sample has a p-type substrate. Hence,
the reduced current in the n-type sample region might as well be due to the p/n
junction. The dependency between resistance and dopant density in SSRM is
monotonic, leading to an easy interpretation of the native results. A drawback
is the small signal difference between the dopant densities in the higher range,
making it hard to separate small deviations from measurement artifacts and
drift. The distinction between p- and n-type cannot be done from one image.
If the contact is not entirely ohmic, the p/n information can be gained by
comparing images acquired with different DC bias. As most state-of-the-art
AFMs provide a mode to scan a line twice with different parameters, those
images can be acquired in one measurement. A big benefit of SSRM is the
ability to measure on focused ion beam cross-sections [69]. One of the biggest
drawbacks is the destructiveness of the SSRM measurement, as the diamond
tip scrapes away the measured region due to the high forces. Furthermore,
the calibration for absolute density is quite time consuming as it has to be
performed by comparing the DUT to a calibration sample [69]. Due to the

wear of the tips, the validity of such a calibration is quite uncertain.

3.4.5 Scattering-type Scanning Nearfield Optical Microscopy

SSNOM is a tapping or non-contact mode based scanning probe method. As
shown in fig. 29, a laser is focused on the cantilever tip and the backscattered
light is detected [72-77]. The tip is thereby used to re-radiate the incident
light and to supply a concentrated longitudinally polarized optical field to
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Figure 29: AFM SSNOM schematics. In addition to the tapping mode
AFM setup, the tip is illuminated with a laser beam. The backscattered
part of this beam is detected and resolved in amplitude and phase.

the sample material [74]. The tip induced electromagnetic field Eq uitering can
be used for material dependent contrast [74]. The corresponding nearfield
amplitude and phase can be extracted simultaneously to the AFM topography
signals by demodulation at higher harmonics of the tapping frequency [73,74].
In doped regions where the plasma frequency of a doped semiconductor equals
the illumination frequency of the laser, nearfield amplitude and phase give a

pronounced signal contrast [78].

Figure 30 shows SSNOM images acquired at the calibration sample using wave
numbers between 700 cm™ and 1900 cm™. The nearfield phase in fig. 30 (a)
shows a good signal contrast. The peak in nearfield phase signal correlates

with the dopant density. Consequently, lower wave numbers result in a signal
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Figure 30: SSNOM image of the calibration sample. The SSNOM phase
is shown in a), the SSNOM amplitude in b). Both were acquired simultane-

ously at wave numbers of 700, 1100, 1500 and 1900 cm™!, shifting the signal
peak to lower densities with lower wave numbers.

peak at a lower dopant density. The distinction of differently doped regions
is clearly possible down to 10 atoms cm™ at a wave number 700 cm™. In
this case, the nearfield amplitude has a wider range of distinguishable dopant
densities. As shown in fig. 30 (b), the amplitude enables to resolve densities
down to 4x10*® toms cm™ at a wave number 700 cm™. The density resolution
range can be enhanced by applying a higher laser frequency to achieve a lower
wave number. Therefore the calibration sample was investigated with THz
laser, using a frequency of 2.5 THz [78]. The corresponding SSNOM images
acquired with a wave number of 85 cm™ are shown in fig. 31 (a). The SNR is
reduced, but the largely enhanced dopant density range down to 4x10'" atoms
cm™ shows the future potential of SSNOM. The extracted profiles in fig. 31 (b)
clearly depict this density range. In SSNOM dopant density can be estimated

from the wave number of its peak in SSNOM phase. Investigation of peak
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Figure 31: 2.54 THz SSNOM image of the calibration sample. The topog-
raphy, SSNOM amplitude and phase is shown in (a). The corresponding

wave number is 85 cm~!. The extracted profiles are shown in (b). The

results are published in [78]

positions is possible by continuous broadband infrared nearfield spectroscopy
(nano-FTIR). Nano-FTIR was performed on the calibration sample. Figure 32
(a) shows the topography and nearfield phase image of the calibration sample.
The spots where the nano-FTIR curves were acquired are marked in the colors
corresponding to the curves in fig. 32 (b). The curves have all been acquired
on the n-type silicon part of the sample. As shown, the peak of the nano-FTIR
curves shifts to lower wave numbers with decreasing dopant density. The last

3. For lower dopant

observable peak is the one acquired at 4x10'° atoms cm
densities, a sweep to lower wave numbers would have been necessary. The big
advantage of nano-FTIR is, that the peak position is sample independent and
simply depends on the dopant density. SSNOM in combination with nano-
FTIR is overall a really promising method. Today its reduced dopant density
range due to frequency limitations reduces the applications. If these technical
limitations can be overcome, SSNOM will be a very promising method for

dopant profiling.
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Figure 32: The nano-FTIR has been acquired at the calibration sample.
a) shows the topography and nearfiled phase images. b) shows the corre-
sponding nano-FTIR curves, the sweep locations are marked in a).

3.5 Summary

To sum up the dopant profiling methods, they are compared regarding res-
olution, distinction of dopant type and dopant density quantification. The
benefits and disadvantages of the different methods are shown in table 2.
Chemical decoration has a good resolution, as the results of the etching can be
visualized with an optical microscope or a SEM. The dopant type distinction
works, if there is an abrupt p/n junction. A diffused junction is difficult to re-

solve. It is not possible to determine a dopant type in a monotonously doped

Table 2: Dopant profiling capabilities of the discussed methods.

Method Resolution | Dopant type | Dopant density

SMM + + +
SEM + - +
SCM + + 0
SMIM + T i
SSRM 4+ 0 ¥
SSNOM + 0 0

SIMS - ++ ++

SRP - 0 ++
Chemical decoration + + 0
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material. There is no possibility to determine the relation between dopant
densities with a classical wet chemical approach.

SRP is a technique to very accurately probe the dopant density of a larger
region within a semiconductor. It provides a very limited possibility to distin-
guish the dopant type and is limited to large sample areas.

SIMS provides a similarly accurate capability to quantitatively measure dopant
densities. The advantage of SIMS is, that not only dopant type but even the
dopant atoms can be determined. Like SRP, it is limited to large areas. It
requires a high atom count rate, which decreases with the investigated area,
to accurately measure dopant densities.

SEM provides an imaging capability for dopant densities with a high lateral
resolution. There is only very limited possibility to distinguish p- and n-type
dopants. The dopant contrast scales with dopant density within the same
dopant type. It offers a good possibility to get a first impression of the inves-
tigated sample.

SSNOM is an SPM based method. Consequently, it provides a high spatial
resolution. The inability to distinguish dopant type and the impossibility to

3 even with a THz laser,

distinguish dopant densities below 4x10'7 atoms cm-
limit the applications of this method.

SSRM offers the best resolution of the discussed methods, down to a couple of
nm. The SSRM signal scales with dopant densities, providing a possibility to
relate densities. There are limited possibilities to determine the dopant type,
practicable only if the sample is measured with a Schottky-like contact.
SCM, as another SPM method, offers a high spatial resolution. The signal
scales down with dopant density and reverts at some point. This point de-
pends on various factors. It cannot be predicted exactly. The use for dopant
relations is sensitive to errors. The SCM signal phase can be used for dopant
type distinction, but the risk of errors due to an unnoticed phase shift must
be considered.

SMIM is quite similar to SCM, thus provides similar capabilities. SMIM ben-
efits of the possibility to extract a capacitive and resistive part. Therefore,
the p/n distinction can be done reliably and the capacitive signal scales with
dopant density.

SMM provides, like most other SPM methods, a good lateral resolution down



3 METHODS FOR DOPANT PROFILING 95

to 20 nm, depending on the used probe. Furthermore, it offers various pos-
sibilities to determine the dopant type. Similar to SMIM, the extraction of
capacitive and resistive part allows a reliable p/n distinction. The capaci-
tance signal scales with dopant density. The capability to calculate absolute
capacities provides an advantage over SMIM, which can be used for quantita-
tive investigations. Therefore, section 5 will deal with the possibilities SMM

provides to determine dopant types and densities.



4 Experimental Details

4.1 Sample Preparation for SMM

The sample preparation as well as the right choice of imaging method is equally
important for dopant profiling. For SMM, there are two possibilities of sample
preparation. An image can either be acquired by scanning the sample surface
to image the implanted regions, or by performing a cross-section to enable to
image the dopant profile in depth.

For the surface scan of the sample, the silicon needs to be bare. To access
the bare sample surface, possible metal and passivization layers need to be
removed, which can be achieved by a wet-chemical lift-off. Hereby, the sample
is dipped into a HF solution to remove the oxide layers on top of the silicon.
The metal and further insulating layers get under-etched and the pure silicon is
accessible. This method works well for samples with a rather flat topography.
When a sample with deep trenches in the area of interest is investigated, the
topography after lift-off makes it impossible to investigate the sample in con-
tact mode AFM. The oxide within the trenches is etched and leaves cavities.
These cavities present a topography too challenging for standard full metal
SMM probes. Alternatively, the sample surface can be polished down to the
silicon to reduce the topography. As it is hard to stop at the exact right depth,
this method is only used in case of lift-off causing too much topography. In
both cases, the mandatory backside contact can easily be achieved by attach-
ing the substrate to the AFM stage using a conductive adhesive, such as silver
glue.

Most SMM studies are nowadays performed at a cross-section. The cross-
section can be either prepared free standing or embedded. The free standing
cross-section offers multiple possibilities to achieve a good sample contact and
is therefore the most common cross-section used in AFM based dopant profil-
ing methods. As the cross-section is performed free standing, the sample front
with its metal as well as the sample substrate are still accessible. Thus, when
a contact through the metal or the substrate is needed, it can be made with
silver glue. To prepare the free standing cross-section, the sample substrate is

attached to a carrier and grinded to the region of interest. The grain size of the
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Figure 33: Cross-section of a diode prepared for SMM. The diode is at-
tached to a copper plate with silver glue. The structure is embedded into
epoxy (yellow). The silver glue attaching the copper plate to the AFM stage
can be seen through the epoxy.

grinding foils is decreased when approaching the region of interest. The final
step is a polishing step, reducing the roughness to below 4 nm, thus enabling
an SMM scan without topography artifacts. The free standing cross-section
can cause break-outs at the edges as well and is susceptible to edge rounding
through the polishing steps. As the important dopant layers are mostly close
to the sample surface, this edge rounding can cause trouble scanning close to
the edges. This problem is eliminated for an embedded cross-section.Here, the
sample is clamped into a fixture and embedded into epoxy resin. The epoxy is

cured out before the sample is ground. After the embedding, the grinding is
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performed similar to the free standing cross-section by reducing the grain size
of the grinding foils while approaching the region of interest and finalizing the
cross-section with a polishing step. Embedded, a surface roughness below 2 nm
is achieved. Embedded cross-sections offer a higher reproducibility and are less
susceptible to edge rounding. An embedded cross-section performed for SMM
is shown in fig. 33. To make the substrate contact accessible, a conductive
metal plate is attached to the respective sample substrate using a conductive
silver glue before the embedding procedure is performed. Through this con-
ductive plate, the sample can be connected to the stage potential during the
measurement. This kind of sample preparation combines the benefits of free

standing and embedded cross-sections.

4.2 Conductive Probes

The physical understanding of conductive probe, consisting of tip, cantilever
and chip, plays an essential role in SMM and related methods. On the one hand
the mechanical properties of the probe are optimized to prevent unintended
oscillations and wear. On the other hand, for all electrical SPM methods a
good conductivity of the probe is essential in order to establish a signal path
to the sample. While for DC and low frequency methods like SSRM and EFM
it is sufficient to provide a conductive path to the tip, SMM and other HF
methods need a microwave to be transmitted through the cantilever and tip
to the sample.

Therefore, a highly conductive sharp probe is required to obtain high res-
olution SMM results. The vendor Rocky Mountain Nanotechnology (RMN)
specialized on GHz probes provides different kinds of probes, offering full metal
cantilevers on a ceramic substrate. Most of the investigations in section 5 are
performed using a RMN 25Pt300A probe. According to the data sheet, this
probe has a tip shank length of 80 um (£ 25 %), a cantilever length of 300
pm (£ 15 %) and a cantilever width of 110 ym (£ 15 %). The nominal spring
constant is 18 N/m (4 40 %) and the resonance frequency is 20 kHz (4 30 %).
The guaranteed initial tip radius is < 20 nm. The cantilever and tip consist of
solid platinum (Pt). Further, a second version of this probe, RMN 25PtIr300A,

is used. Besides a small deviation in resonance frequency and spring constant
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(21 kHz (£ 30 %) and 22 N/m (4 40 %)), the data sheet is similar to the RMN
25Pt300A probe. The platinum-iridium (PtIr) tip of the 25PtIr300A offers a
better abrasion characteristic than the Pt probes. A further Pt probe from
RMN is the 12Pt400B with a tip shank length of 80 pum (£ 25 %), a cantilever
length of 400 pm (£ 15 %) and a cantilever width of 60 um (£ 15 %). The
nominal spring constant is 0.3 N/m (& 40 %) and the resonance frequency 4.5
kHz (£ 30 %).

The tested full metal cantilevers suffer more from tip wear compared to dia-
mond or silicon cantilevers. Hence, full metal tips are not suitable for samples
with a challenging topography. A better wear characteristic is required, which
can be achieved by using metal coated silicon cantilevers. NanoWorld provides
different kinds of metal coated silicon probes. The NanoWorld PtSi-Cont and
PtSi-FM probes are in principal designed for applications operating at lower
frequencies than SMM, e.g. SCM, EFM and Kelvin Probe Force Microscopy
(KPFM). The probes are based on silicon cantilevers with a platinum-silicide
(PtSi) coating. While the coating is the same for both probes, the PtSi-Cont
is designed for contact mode AFM. In contrast, PtSi-FM is a cantilever origi-
nally designed for frequency modulation (FM) AFM modes. Both probes have
been tested in SMM. The PtSi-Cont probes gave little signal contrast, but
the PtSi-FM probes showed promising results. Table 3 shows the data sheet
specifications of both probes. The largest differences between both types of
probes can be observed in the cantilever width and length. Hence, those are

promising parameters to investigate for cantilever optimization.

Table 3: Data sheet values of the two NanoWorld cantilevers PtSi-FM and
PtSi-Cont and the parameters of the SMM probe modeled in finite elements
method (FEM).

PtSi-FM | PtSi-Cont | FEM model
Resonance frequency /kHz | 45-115 6-21 X
Spring constant /(N/m) 0.5-9.5 | 0.02-0.77 X
Cantilever width /um 20-35 42.5-57.5 25
Cantilever length /um 215-235 | 440-460 225
Cantilever thickness /um 24 1-3 3
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4.3 Finite Elements Method

In order to find out which parameters do have an important influence on the
transmission of the microwave through the probe, a FEM model of the probe
was developed. FEM is a numerical method to solve boundary value problems.
Besides FEM, there are two further methods to develop numerical models, the
finite difference time domain (FDTD) and the method of moments (MoM).
FDTD is mainly used for non-sinusoidal problems, which can easily be de-
scribed in time domain. SMM poses a sinusoidal problem, preferably to be
solved with MoM or FEM. MOM provides benefits in boundary definitions,
as the free space between objects does not need to be defined and meshed.
Nonetheless, material flexibility in MOM provides some problems. Here, FEM
is used for the modeling because it provides the best combination of frequency
dependent simulation and material flexibility. The FEM model built in this
work is based on the PtSi-FM specifications. The right column of table 3
lists the parameters implemented in the model. Ansys HFSS was chosen over
Keysight EMPro as software to perform the FEM simulation, as the HFSS
parameter sweep capabilities were superior. HFSS provides the possibility to
perform parameter sweeps in combination with stepped additional parameters.
It was not possible to validate the model by measuring the probe due to the
lack of a suitable HF connection of the probe. Therefore, the model was dupli-
cated in EMPro to confirm the principle validity. The reflection and transfer
characteristics could be confirmed. Figure 34 shows an overview of the model
built in HFSS. The chip material was chosen as a conductor with a conduc-
tivity of 10000 S/m to match the highly doped silicon used for the chip. The
cantilever and tip are modeled of the same material. Figure 35 shows the
tip-sample interface in more detail. The tip radius was chosen with 100 nm,
i.e. the radius of a rather worn out tip. Tip and cantilever are coated with
a platinum layer of 20 nm. The coating covers the entire cantilever and chip.
At the far end of the chip,away from the tip, port 1 is defined. It consists
of two terminals. Terminal 1 is the face of the coating at the model bound-
ary and terminal 2 is the ground plane defined below the sample, see fig. 34.
The probe-sample-system, detailed in fig. 35, is modeled as a capacitance con-

sisting of a copper layer with an SiOs layer on top. This structure enables
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Figure 34: FEM Model of the AFM SMM probe with chip, cantilever
and sample. The conductive sample is isolated to the perfect electrical
conductor (PEC) ground plane. Port 1 is defined with its terminals being
the conductive coating below the chip and the PEC ground plane. Port 2
terminals are the conductive sample and the PEC ground plane.

cantilever
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Figure 35: The tip-sample interface in more detail. The sample is modeled
as a copper plate with an oxide layer on top. The oxide layer is modelled
as a single stripe to reduce the number of elements. Cantilever and tip are
covered with a Pt-coating, highlighted in lilac.
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the simulation of the sensitivity on small capacitive changes. The oxide layer
thickness was varied between 20 nm and 40 nm to simulate the small capac-
itive changes. The copper layer is insulated to the ground and can therefore
be used as port 2, with the copper layer being terminal 1 and the ground
plane terminal 2. The environment boundary, where the boundary conditions
are applied, is set at 3 mm distance from the bottom, top, left and right of
the structure, the maximum distance at which the simulation converged. The
boundary condition was chosen as PEC. This is realistic for the bottom and
top boundaries, as the ground contact and the shielded cantilever holder are
close to the cantilever under measurement conditions. For the boundaries on
the sides, the best solution would have been to apply a combined Dirichlet (1st
order) and Neumann (2nd order) boundary condition, called 3rd order bound-
ary condition, and manually adjust it in order to avoid bending of E-field lines.
Unfortunately, neither HF'SS nor EMPro offer a manual boundary condition.
Only pre-defined boundary conditions were available. The available radiation
boundary condition was tested for the model. The radiation boundary, when
placed at the maximum still convergent distance, absorbs a too high amount
of energy for this model to be realistic. The PEC boundary condition was
also tested and provided realistic energy losses when compared to the radia-
tion boundary condition. As a result, the PEC was applied for all environment
boundaries. Using this model, the cantilever lengths of 225 ym of the PtSi-FM
probe was compared with the 450 um of the PtSi-Cont probe. A frequency
sweep between 1 GHz and 20 GHz was performed. The maximum deviation
between the sweeps with 20 nm and 40 nm oxide layer thickness was taken as
the sensitivity. While the maximum difference of the PtSi-FM was 0.0358 dB,
the sweep with 450 pm cantilever length showed no sensitivity the capacitive
change. Therefore, the PtSi-FM was chosen for the evaluation of tunable pa-
rameters. Various parameters were varied, such as chip length and thickness
and cantilever width and thickness and the coating thickness. It was observed,
that the cantilever width as well as the coating thickness had an important
influence on the SMM signal. The upper part of table 4 lists the resulting
sensitivities for various values of cantilever width and coating thickness. The
maximum difference achieved through a variation of cantilever width is 0.0206

dB. The maximum difference due to oxide thickness variation is 0.0419 dB.
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Table 4: The upper table shows the simulated sensitivity on a small ca-
pacitive change, investigated by varying the oxide thickness from 20 nm to
40 nm. The lower table shows the sensitivity monitored through the maxi-
mum signal difference between highest and lowest signal at different dopant
densities on the calibration sample at first measurement with a new tip.

FEM simulation results for tip-sample capacitance sensitivity [dB]
Cantilever width 20nm 60nm 120nm
/height [um] Pt-coating | Pt-coating Pt-coating
105 / 3 0.0511 dB | 0.0693 dB 0.0542 dB
65 /3 0.0256 dB | 0.0675 dB 0.0455 dB
25 /3 0.0358 dB | 0.0543 dB 0.0629 dB
SMM measurement results (dS,,/dV [a.u.])
Cantilever width 23nm 60nm 120nm
/height [um] Pt-coating | Pt-coating Pt-coating
575 /5 0.0052 0.0012 0.0041
475 /1 0.0001 X X
275 /3 0.0004 0.0008 0.0034

There is no clearly observable trend, but the parameter variations do influence
the results. A wider cantilever and a thicker oxide seem to be most promising
in order to achieve a high sensitivity.

For comparison of simulation results with experiment, NanoWorld manufac-
tured cantilevers of different widths and coatings. These cantilevers were used
for SMM measurements on the calibration sample. The maximum dS;;/dV
signal difference in between the highest and the lowest signal on the differ-
ently doped stripes was taken as a measure for the sensitivity. The measured
dSy1/dV sensitivity is listed in the lower part of table 4. These measurements
show the highest signal for large cantilever widths and heights. A similar trend
could be confirmed for thick coatings through the measurements. An increased
coating thickness leads in most cases to an increased sensitivity. However, as
one outlier, the 57.5 ym wide and 5 pm high cantilever, the largest available,
with the thin Pt-coating of 23 nm, offered the best sensitivity in test. After
wear, those cantilevers even provided a well enough SNR to allow the capaci-
tance calibration.

As a result of the improvements for SMM experiments suggested by the FEM

simulations, the Pt-coated cantilevers were found a suitable alternative to the
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full metal cantilevers and could improve scanning samples with a challenging
topography. Furthermore, in future research, an additional insulation layer
combined with a shielding of the SMM probes has the potential to further
improve those cantilevers. In summary, FEM in combination with SMM expe-

riments offers great potential to systematically improve measurement accuracy.



5 Quantitative Dopant Profiling by SMM

The characterization of semiconductor dopants plays an essential role in de-
vice development, failure analysis, and process monitoring. SMM offers plenty
of different methods to probe the dopant type and density in state-of-the-art
semiconductor devices [41,79,80]. However, the complexity of the SMM mea-
surement still poses a challenge for the reliable and reproducible determination
of dopant type and density. Previous methods do not acquire all relevant data
in one image. Some require multiple scans on the sample under investigation
as well as a comparison to a calibration sample [41]. Others are not able to
identify the doping type [79], only the dopant density, while additional point
scans are needed to test for dopant type [80]. Hence, a reliable method for
SMM is needed to simplify and speed up the estimation of dopant type and

density in electronic devices [22].

5.1 Lateral Resolution

The most commonly used AFM probes, which are suitable for SMM, provide
a tip radius down to 20 nm. This enables topography measurements with
a high spatial resolution. Nevertheless, the effective tip radius for the SMM
signal is not necessarily consistent with the mechanical tip radius. In addition
to limitations in spatial resolution caused by the tip radius, the microwave
excitation region and the SCRs beneath the semiconductor surface lead to an
effective tip radius of a rather unknown size. The significance of this excitation

region on the effective tip radius is yet still uncertain.

5.1.1 Experimental results

In order to determine the area of interaction below the scanning tip, a method
is introduced to characterize the dimensions of the excitation region. The
results of this study are published in ref. [81]. A standard AlGaN/GaN
heterostructure is used to evaluate the effective excitation region in SMM. It
offers a strongly confined two-dimensional electron gas (2DEG) and is ideally
suited to characterize the resolution. The 2DEG was investigated in dS;,/dV
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imaging mode, using a VNA frequency of 16 GHz with low frequency modu-
lation of 20 kHz applied through the lock-in amplifiers. The RMN 25Pt300A
probe with a nominal tip radius of 20 nm was employed. Further investigations
were performed with a PtSi-FM probe from NanoWorld and a tungsten-silicide
coated probe EFM-EH from Team Nanotec.

An embedded cross-section of an AlGaN/GaN heterostructure was prepared
in order to access 2DEG. Figure 36 shows the image acquired using the RMN
25Pt300A probe. It confirms that the 2DEG is highly confined at the Al-
GaN/GaN interface. The theoretical width of the 2DEG in the investigated
AlGaN/GaN structure is below 5 nm, see inset of fig. 37 [82]. Considering the
much wider signal shown in the dS1;/dV scan across the AlGaN/GaN interface
in fig. 36, the 2DEG width is negligible in a first approximation. To get an
idea of the effective tip radius, a profile was extracted from the scan across
the 2DEG, plotted in fig. 37. The effective tip diameter and radius were esti-
mated from the full width at half maximum (FWHM) of the profile. To gain

ds,,/dV
§ 2DEC AlGaN

¥

Figure 36: SMM dS,;/dV image obtained at the 2DEG of the Al-
GaN/GaN interface. The scan was performed with 0.2 lines/s, the fast scan
axis was perpendicular to the AlGaN/GaN interface. An RMN 25Pt300A
probe was used.
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Figure 37: SMM dS,,/dV depth profile across the 2DEG, extracted from
fig. 36 and normalized to the maximum signal. The FWHM indicates the
profile width. The AlGaN/GaN interface is located at 0 nm. The theoreti-
cal electron density across the AlGaN/GaN interface reprinted after [82] is
shown in the inset.

a comparable measure of the often uneven tip shapes, a Gaussian distribution
was fitted to the resulting profiles and the respective FWHM was extracted.
The profile revealed an effective tip radius of 60 nm. This deviation from the
nominal 20 nm can either have a mechanical reason due to tip degradation
or might be caused by the microwave excitation region influencing the spatial
resolution. Since the extracted profile resembles the shape of the theoretical
2DEG profile, both having a tail towards the GaN bulk (seen fig. 37), the the-
oretical distribution of the electrons in the 2DEG needs to be considered. To
extract the effective tip shape from the recorded profile, the profile was flat-
tened to reduce the noise and deconvoluted with the theoretical profile. The
resulting deconvoluted profile is depicted in fig. 38. When comparing the orig-

inally measured profile with the deconvoluted profile, the electron distribution
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Figure 38: Measured and deconvoluted SMM profile recorded at the 2DEG
with a 25Pt300A cantilever. The SEM image of the cantilever tip is shown
in the inset.

in the 2DEG seems to only marginally influence the measured profile. This
confirms the assumption that the 2DEG profile is nearly negligible when the
2DEG is used to characterize the tip and that the tip radius and shape have a
high impact on the measurement results. The SEM image shown in the inset
of fig. 38 was obtained after the SMM scans were performed. The shape of the
tip resembles the shape of the SMM profile.

The scan with a different cantilever, Nanoworld PtSi-FM, depicted in fig. 39,
also reveals a comparable similarity between tip shape in the SEM image and
SMM profile. This agreement of shape and profile confirms the presented ap-
proach that the highly confined 2DEG scans the active tip shape and SMM
properties. Since the shape of the cantilever tips is often uneven, the extrac-
tion of the active tip radius from SEM images is difficult. For the PtSi-FM

cantilever (see fig. 39), a tip radius of about 500 nm was extracted from SEM,
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Figure 39: Deconvoluted SMM dS,;/dV 2DEG profile, obtained using a
PtSi-FM cantilever. The inset shows an SEM image of the cantilever tip.
The resembling structures responsible for the effective tip shape are marked
in red.

while the SMM profile revealed an effective tip radius of 113 nm extracted
from FWHM of the Gaussian profile fit. In case of the EFM-EH cantilever the
SEM radius could be confirmed with the SMM profile, achieving an effective

tip radius of about 50 nm (not shown).

5.1.2 Discussion

The SEM tip radius value of the used tip agrees well with the result from the
SMM profile (see fig. 37), indicating the microwave excitation region not to
have a severe impact on the spatial resolution of sharp cantilevers. However,
for unevenly shaped and used cantilever tips, the microwave excitation region
and therefore the effective tip radius can vary from the theoretical tip radius

observed, e.g., in SEM. Here, the presented method proved to be ideally suited
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for the evaluation of cantilever properties, usage, and effective tip radius for
SMM measurements. SMM was demonstrated to resolve the 2DEG in a stan-
dard AlGaN/GaN heterostructure with high spatial resolution. Moreover, the
2DEG profile revealing the effective tip radius during SMM measurements was
in agreement with the tip radius found using SEM images for sharp probe tips.
Furthermore, the 2DEG profile was proven a superior tool to define the effec-
tive tip shape for unevenly shaped probe tips. From the SEM images, it was
not possible to judge which part of the tip contributes to the signal. The effec-
tive tip shape contributing to the signal was obtained using the 2DEG profile.
This shape could be correlated to the respective part in the SEM image. This

confirms the method is able to characterize effective tip radius and quality.

5.2 Dopant Density by Resistivity

As summarized in section 3.3, most available SMM methods are lacking the
ability to quantitatively probe the dopant density. Conventional approaches
using the resistive response of the SMM signal typically gain resistivity and
permittivity information by comparing data to simulations, like FEM mod-
els [34,83-86]. To avoid this approach, an analytical model was developed in
order to extract the dopant density information from the resistance calculated
from measured SMM data [79]. The calculation of the error parameters for
the calibration of the complex impedance is based on the approach to fit EFM

and SMM capacitance, as explained in section 3.3.

5.2.1 Experimental results

The studies on dopant density by resistivity were carried out using the calibra-
tion sample with 1 um wide stripes of varying dopant densities. The results
are published in ref. [79]. The stripes were scanned by SMM with a frequency
of 18 GHz. The error 2-port model was applied to the SMM data to correct
the data and place the calibration plane at the tip-sample interface. To obtain
the error parameters, they were used as fitting parameters to match the SMM
capacitance to the simultaneously obtained EFM capacitance as described in

section 3.3 [79]. Figure 40 shows the capacitance (a) and resistance (b) scan
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acquired after calibration. Both capacitance and resistance show a monotonic
dependency on the dopant density, which increases towards the center of the
scan. Unlike in the parallel model applied in egs. (6) and (7), a series model

was applied to separate Zp; in capacitance and resistance.

1
ZDUT - Rseries + -

29
]wcseries ’ ( )

The series resistance itself, Rgeries, 1S modeled as a series of the surface

resistance R, and the sheet resistance R,.
Rseries = Rs + RCE (30)
The surface resistance is given by

R=" )

where p is the resistivity of the scanned region and the skin-depth § [40,79]. ¢

can be calculated as

5= 1 ! , (32)

G-y

with permeability u and permittivity e of the silicon sample [79,87]. The sheet

resistance is defined as

p

Ry=—"
° deffective

: (33)

where dejfective 18 the effective measure for the shortest path to the nearest

ground [79]. It can be calculated by

2
mr
deffective = Wd (34)
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Figure 40: Calibrated SMM data including capacitance (a) and resistance
(b) images. The resistivity in (c) is calculated from the calibrated resistance.
The SMM resistivity is compared to the datasheet resistivity. Adapted

from [79].
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The tip radius r defines the contact area, while the SCR width W, can be
substituted with eq. (15) leading to:

7T7"2

dof fective = —m—.
ef fective Sesid
qNz

The surface potential ¢4 has to be known to solve the equation. Usually, it has

(35)

to be calculated like shown in section 2.2.2 leading to an equation involving
all internal potentials. For the given measurements, neglecting all potentials
not directly related to the interface, ¢ was estimated as metal semiconductor
work function difference ¢,,s, see egs. (11) and (12) [79]. Substituting R, and
R, leads to

1 Wy

Rseries = P(— +

; W)' (36)

To calculate the relation between Rg....s and p, the tip radius r is required.
An analytical model was used to calculate r from the approach curves [88-90].
The fit of this analytical model to the approach curves delivered values between
r = 100 nm and r = 2 pm for different used tips [79]. With the tip radius

known, eq. (30) can be solved for p.

omr?
= Rseries N7 ) 37
p ( 7 —3) (37)
The dopant densities were then calculated from p using the relation
1
p= (38)

B Q(MnND + ILLPNA)7

where p, and ji, are the respective carrier mobilities of electrons and holes in
silicon [79]. Figure 40 (c) shows the resistivities and dopant densities calculated
from the resistance image. From the blurry resistance image it is difficult to
assign the right values to the corresponding dopant stripes. However, both
resistivities and dopant densities match the corresponding datasheet values
plotted in fig. 40 (d) quite well [79]. Nonetheless, there is a chance that picked
values are slightly off the assigned dopant stripe.
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The second investigated sample provides 5 n-type dopant densities ranging
between 10'* atoms ecm™ and 10! atoms cm™, produced by IMEC. All layers
are epitaxial, making the dopant density homogeneous in depth. A cross-
section was performed to make the bulk of the sample accessible. The scan
of the cross-section was also preformed with a frequency of 18 GHz. The
calibration flow described above was applied to the data. Figure 41 (a) shows
the resistance image acquired during the scan. It confirms the monotonic
trend of increasing resistance with decreasing dopant densities observed on the
calibration sample. The decreasing capacitance with decreasing dopant density
is depicted in fig. 41 (b). Figure 41 (c) shows the resistivity and dopant density
image calculated from the resistance image. Figure 41 (d) shows the extracted
profiles and datasheet values provided by IMEC. The profile confirms a very
good accuracy of dopant density with expected values within one order of

magnitude [79)].

5.2.2 Discussion

The plotted resistivity and dopant density results represent an accurate ap-
proach for quantitative dopant profiling with SMM. Both samples could be
characterized in good quantitative agreement with the datasheet values. The
error values were calculated from the logarithmic difference between values
calculated from SMM data and datasheet values plotted in fig. 41 (d). The
error was found 54 % in the area with 10'® atoms cm™, 18 % in the area with
10'7 atoms cm™, 5 % in the area with 10' atoms cm™, 28 % in the area with
10*® atoms cm™ and 36.5 % in the area 10* atoms cm™. The estimated error
bars confirm a good accuracy of the calibration method for average doped re-
gions. The higher error values for highly and lowly doped regions are possibly
related to boundary assumptions implemented in the calibration method [79].
The validity of this method is fine for the measurements of the homogeneously
doped epitaxial sample.

The skin depth values used for the calculation of the dopant densities range
from 0.7 mm for low p-type densities and 0.4 mm for low n-type densities to
10 pm for high p-type densities and 9um for high n-type densities [79]. As the

skin depth is an important parameter in the resistivity calculation, the method
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Figure 41: SMM resitance (a) and capacitance (b) data of the IMEC n-
type Si dopant sample. The sample has different n-doped areas with doping
concentrations ranging from 10'% to 10! atoms ecm™3. The 5 ym wide
doping areas are separated by 1 pm wide bulk interface layers as observed
also in the capacitance and resistance images. The resistivity and doping
concentration (c) are calculated from the SMM resistance based on the
tip/sample analytical model. (d) Comparison of SMM resistivity and doping
concentration values extracted from (c) to the datasheet values (provided
by IMEC) determined with SIMS. Adapted from [79].
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can deliver quite reasonable results for an epitaxial sample with a homogeneous
dopant density across depth. In contrast, for the calibration sample providing
both p- and n-type densities, the dopant density is only homogeneous for the
first 200 nm of sample depth for the low dopant densities and below 1 pm
for the high densities [41]. Consequently, the skin depth exceeds the homo-
geneous dopant density and therefore, an inhomogeneous material would have
to be considered for the calculation of the dopant densities. The depth of the
homogeneous region needs to be known in advance. Furthermore, an intrinsic
potential or even a p/n junction would have to be considered for the calcu-
lation of the surface potential and thus the SCR. This adds an error to the
assumption that the surface potential is equivalent to ¢,,s. This error influ-
ences the egs. (36) and (37) and the data shown in fig. 40 (c¢). Another error
originates from a different metal work function difference for n-type Si, which
has to be considered. Taking into account those influences, the method can be
improved further.

The data was acquired in the Keysight Laboratories in Linz. The reproducibil-
ity of the calibrated capacitance and resistance data was tested with a similar
setup at Failure Analysis laboratories of Infineon Technologies AG in Munich.
The capacitance calibration worked fine for the capacitance data in almost
all tested cases. In the few exceptions a proper calibration could be achieved
with a slight adjustment of the microwave frequency and a repeated calibra-
tion procedure. As for the resistance data, only two of twelve datasets could
be used for further processing. In all other cases, the data was either too noisy
or too blurry to differentiate the different dopant densities. Besides the lack
in reproducibility, the method provides the best accuracy for homogeneously
doped semiconductors. Nevertheless, as known from resistivity measurements
in SSRM, this method offers no opportunity to get information on the dopant
type, p- and n-doped silicon cannot be distinguished.

In conclusion, the introduced resistance method is a suitable way to gain infor-
mation on the dopant density, but a reliable method is still required to obtain

a spatially resolved distribution of dopant type.
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5.3 Dopant Type and Density by Capacitance

In order to obtain information about the dopant type and at the same time
measure quantitative densities with a high reproducibility, a method based
on calibrated capacities was developed. Part of those results are published in
ref. [22]. The calibration through error parameters calculated by fitting EFM
and SMM capacitance as shown before in section 3.3 was performed to cali-
brate the reflected microwave and calculate capacitance and conductance. To
find solutions on the dopant type determination, a p-type sample developed
by IMEC was examined in combination with the calibration sample. This
additional sample consists of different stacked epitaxial layers with boron den-
sities ranging from 3.8x10' atoms cm™ to 7.5x10! atoms cm™ and a p-type
Si substrate doped with 2.3x10'® atoms cm™. Figure 42 shows the datasheet
profiles of the boron densities and the corresponding resistivities of the dif-
ferent epitaxial layers, acquired by SRP. The sample was cross-sectioned in
order to access the different epitaxial layers across depth. Other than a final
polish using a colloidal silica suspension, no oxidation steps were performed to

maintain a thin oxide layer.

5.3.1 Spectroscopy

A possibility to define the dopant type in SMM is to use the slope of the C-V
characteristics. When the tip bias is swept from negative to positive voltage,
a p-type semiconductor goes from accumulation to depletion. Therefore, the
slope of the C-V curve is negative. An n-type semiconductor is driven from
depletion to accumulation with the same sweep, thus showing a positive slope
in the C-V curve. Therefore, C-V spectroscopy curves were recorded to verify
the accuracy of SMM C-V to be sufficient for dopant type determination. The
measurements were carried out on the p-type epitaxial sample. The DC bias of
the AFM tip was swept from -4 V to 44V at one point on each of the epitaxial
layers. The resulting C-V spectra are shown in fig. 43. For all acquired C-V
curves, a clear p-type behavior, meaning a negative slope, was observed. The
only exception is the curve acquired on the epitaxial layer doped with 3.8x10'°

atoms cm™ dopant density. This curve does not allow to extract a positive or
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negative slope out of the noise. Nonetheless, the spectroscopy curves prove,
that an identification of the dopant type is possible down to 3.8x10'® atoms

cm™ with the chosen measurement frequency of 19 GHz and down to 3.2x10'¢

atoms cm™ when the microwave frequency is 4 GHz. The difference between

the accumulation capacitance at -3 V and the depletion capacitance at +3 V
can therefore be used to determine the dopant type, further called AC.

The slope of the C-V curves is expected to increase with decreasing dopant
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Figure 43: C-V characteristics recorded on boron doped epitaxial layers
of the IMEC T8 silicon sample. The tip bias was swept from -4 V to +4V
at each density. The curves show a clear p-type behavior. For the lower
densities a reduced accumulation capacitance is obtained.
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densities, as expected for HF C-V characteristics [19-21]. However, for the
C-V characteristics shown in fig. 43, this is only true for dopant densities
above 1.4x10'7 atoms cm™. For dopant densities below 3.2x10'6 atoms cm™,
the accumulation capacitance at negative tip bias values does not reach ox-
ide capacitance level any longer. This effect, known from C-V characteristics
in a lower frequency range where it occurs for highly resistive substrate, can
be transferred to the GHz measurements in SMM due its frequency and se-
ries resistivity dependencies [23-26]. While this effect causes a non-monotonic
dependency of the C-V curves slope on the dopant density, the depletion capac-
itance scales with the dopant density over the entire density range investigated
here. Hence, the depletion capacitance can be used to determine the relation
between the differently doped layers.

Since the noise in the C-V curves obtained at 19 GHz is untypically high, it can
be removed by flattening the curve. However, the noise in the 4 GHz curves is
random and cannot be removed. Therefore, the noise influence on the dopant
type detection is worse for the lower measurement frequency, which makes 19

GHz a more suitable measurement parameter in terms of SNR.

5.3.2 Dopant Type

Since the acquisition time for the spectroscopy curves is quite high, recording
the C-V characteristics of a whole SMM image would take several hours to
days with the given setup. Instead of acquiring the whole C-V curve, measure-
ments were performed with a negative tip bias of -3 V and a positive tip bias of
+3 V to image the epitaxial sample in accumulation and depletion condition,
reducing the scan time tremendously. This was done within one measurement
by scanning each line twice. The imaging frequencies were 4 GHz and 19 GHz.
Figure 44 (a) and fig. 45 (a) show the p-doped sample in depletion condition.
For both frequencies, 4 GHz and 19 GHz, the positive charges were depleted
from the semiconductor surface. The depletion capacities scale with the dopant
densities.

Figure 44 (b) and fig. 45 (b) show the sample data obtained with a negative
tip bias of -3 V. Due to the negative tip bias, the positive carriers accumulate

and the sample is measured in accumulation condition. The data obtained at
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Figure 44: Capacitance images obtained at the p-doped epitaxial layer of
an IMEC T8 sample. The microwave frequency was 4 GHz. The images
were acquired with +3 V DC bias (a) and -3 V DC bias (b). AC (c) depicts
the difference of (a) and (b). AC represents the slope of the C-V curves,
positive values correspond to the positive slope of n-type C-V curves and
negative values to the negative slope of p-type C-V curves.
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Figure 45: Capacitance images obtained at the p-doped epitaxial layer of
the IMEC T8 sample. The microwave frequency was 19 GHz. The images
were acquired with +3 V DC bias (a) and -3 V DC bias (b). AC (c) depicts
the difference of (a) and (b). AC represents the slope of the C-V curves,
positive values correspond to the positive slope of n-type C-V curves and
negative values to the negative slope of p-type C-V curves.
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a measurement frequency of 19 GHz shows accumulation capacitance values
close to oxide capacitance level down to a dopant density of 3.7x10'® atoms
cm3. For lower dopant densities, a reduced accumulation capacitance is mea-
sured. This frequency dependent effect is known from C-V characteristics at
highly resistive substrate. It is related to the series resistance, more specifically
the majority carrier mobility [23,24]. Since the effect is frequency dependent
the capacities measured at 4 GHz are still close to oxide capacitance level at
a lower dopant density of 1.4x10'7 atoms cm™.

To determine the dopant type, the accumulation and depletion datasets were
combined. The data acquired with a negative bias shown in fig. 44 (b) and
fig. 45 (b) was subtracted from the data acquired with a positive tip bias shown
in fig. 44 (a) fig. 45 (a). The resulting capacitance difference AC' is plotted in
fig. 44 (c¢) and fig. 45 (c¢). This data can now be used to determine the dopant
type, as negative values correspond to a negative slope in C-V characteristics
and thus indicate a p-type semiconductor, and positive values correspond to
a positive slope indicating an n-type semiconductor. Figure 44 (c) and fig. 45
(c) clearly show a p-type semiconductor for higher dopant densities. For lower
dopant densities, the lowered accumulation capacitance is so close to depletion
capacitance, so that AC' is close to zero and therefore p- and n-type cannot be
clearly distinguished. This can be observed for densities below 3.2x10'% atoms
cm™ at 19 GHz (see fig. 45 (c) and below 3.8x10% atoms cm™ at 4 GHz (see
fig. 44 (c), which again agrees with the frequency dependency reported in lit-
erature [23-26]. Consequently, lower frequencies are supposedly better suited
to determine the dopant type. Nonetheless, the higher measurement frequency
provides the better SNR.

Similar measurements were performed on the calibration sample. The mi-
crowave frequencies used for those measurements were 6 GHz and 16 GHz.
The obtained C and AC' distributions are shown in fig. 46. The data obtained
with a positive tip bias is shown in fig. 46 (a) and (d). The positive bias ac-
cumulates the negative charge carriers of the n-doped silicon on the left and
depletes the positive charge carriers on the right. The data obtained with a
negative tip bias is shown in fig. 46 (b) and (e). Here, the negative charge
carriers of the n-doped silicon are depleted and the positive carriers accumu-

lated. Again the accumulation capacitance is close to oxide capacitance level
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Figure 46: Capacitance measurement for p- (right side) and n-doped (left
side) regions performed on Infineon calibration sample. The images (a) and
(d) are acquired with +3 V DC bias and (b) and (e) with -3 V DC bias. AC
in (c) and (f) is calculated of (a) and (d) and (b) and (e). AC represents
the slope of the C-V curves, positive values correspond to the positive slope

of n-type C-V curves and negative values to the negative slope of p-type
C-V curves.

for low dopant densities in the data acquired at the lower frequency of 6 GHz
in contrast to the 16 GHz data. In order to calculate AC, the data from fig. 46
(b) and (e) was subtracted from the data shown in fig. 46 (a) and (d). The

resulting AC' distribution with information on the dopant type is shown in
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fig. 46 (c) and (f). The AC signal calculated from the data acquired at 6 GHz
identifies the positive C-V slope for n-type dopants down to 4x10'¢ atoms cm™
and a negative slope for p-type dopants over the whole density range. The
16 GHz AC data reveals a positive slope for n-type densities down to 1x10'6

atoms cm™ and a negative slope for p-type densities above 4x10% atoms cm™.

5.3.3 Depletion Capacities

The AC' method was proven to be an efficient tool to reveal the dopant type,
however it shows a non-monotonic dependency on the dopant density. As the
depletion capacities scale with dopant densities, the goal is to combine the
respective depletion capacitance data for both p- and n-type silicon to one
dataset. Therefore, it is necessary to distinguish between p- and n-type sili-

25 p-type
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/pm
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0

n-type

0 10 20 30 40 50 55

Figure 47: The information of a positive or negative slope extracted from
AC data to reveal dopant type information. In the upper part the AC data
obtained with 4 GHz at the p-doped epitaxial layer of the IMEC T8 sample
shown in fig. 44 was used. In the lower part, the AC data obtained with 16
GHz at the p-and n-doped calibration sample shown in fig. 46 is the basis
for the dopant type distinction.
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Figure 48: SMM depletion capacitance images, combining p- and -n-type
depletion capacitance data. For p-type, the capacitance data obtained with
a positive tip bias is plotted. For n-type, the capacitance data obtained
with a negative tip bias is plotted.

con. This information can be extracted from the AC data as shown in fig. 47.
This dopant type recognition enables the combination of the two datasets
recorded with a positive and a negative bias to one single image showing the
depletion capacities for both dopant types. For the p-type Si, the depletion
capacitance data is the data acquired with a positive tip bias while for the
n-type Si, the depletion data is selected from the data acquired with a nega-
tive tip bias. Figure 48 depicts the combined depletion capacitance data for
both dopant types. In order to differentiate between p- and n-type, different
color sets were chosen. In fig. 48 (a), the p-type semiconductor stripes are
clearly visible for the epitaxial sample at 4 GHz. Furthermore, the depletion
capacitance scales with the dopant density over the entire measurement range.
Figure 48 (b) depicts the depletion capacitance image calculated of the cali-
bration sample data acquired at 16 GHz. The higher measurement frequency
leads to a decreased AC' at low dopant densities. Nonetheless, the p/n dis-
tinction works fine, due to the good SNR. The n-type semiconductor was fully
identified over the whole range of densities. The p-type silicon, however, was

wrongly classified as n-type at concentrations of 4x10% atoms cm™ and below.
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Since small capacities in the range of a few aF are difficult to measure, it is not
predictable which dopant type will be wrongly classified. Small stray effects
can lead to this wrong classification.

The dopant densities scale with the depletion capacities over the whole range of
investigated densities for both dopant types. The good SNR at higher measure-
ment frequencies makes up for the benefits the lower measurement frequencies
in terms of the accumulation capacitance reduction. Consequently, depletion
capacitance SMM data acquired at high frequencies provides a reliable solution
for dopant type determination. The presented method enables the distinction
of the dopant type and the relation between the doping concentrations valid
from at least 4x10'% atoms cm™ to 1x10?° atoms cm™, proving to be an ideal
tool to characterize dopant types as well as density relations in electronic de-

vices.

5.3.4 Dopant Density Calculation

The SCR capacitance in depletion state is independent on small variations in
surface potential and can therefore be used to calculate the dopant densities.
The measured depletion capacitance Cp is a series capacitance of the oxide
capacitance C,, and the capacitance of the SCR Cscr. The SCR capacitance

can be calculated by

C’D Coa:

CSC’R = M‘ (39)

While the depletion capacitance is extracted from SMM measurement data, the
oxide capacitance can be estimated as the maximum measured capacitance
from both positively and negatively biased data. Here, it is important to
remove outliers and neglect abnormally high capacitance values which can be
measured, e.g. on a metallic surface. This estimated C,, can then be used to
calculate C'scr. The relation between the effective tip area A and the oxide
thickness d,, is given by
€A

= . 4
Cor = 25 (10)
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While native oxides typically take very long to exceed 1 nm thickness, the
colloidal silica slurry used for the SMM polish contains an oxidizing agent
increasing the oxide thickness [91,92]. Assuming an oxide thickness of 2 nm,
which is a typical native oxide thickness after SMM sample preparation, the
effective tip area can be calculated. The SCR width W can then be calculated
from the data by

AQ’

W, = .
7 Cser

(41)

In depletion state the SCR is Wy = Wy 1ae- The relation between dopant
density and SCR width is thus given by eq. (16). Equation (16) needs to be
solved for the dopant density N4 [93].

desikTIn(Npya/n:)
Wd max — 2
q¢*Np/a
, degikTIn(Npja/n;)

Wd max 2N

qiNp/a

ln(Ngl/ ) q2Wd2 mazx <42)
. ; 2w2
Y ()= L A mar
ND/A ND/A 4€SikT

This equation can now be solved numerically by using the Lambert W func-
tion. The solution can be calculated by substituting = for n;/Np,4, and o for

—ni¢*W3 . /(4e5:kT) and using the numerically pre-calculated solutions for
W(a).

zln(z) =«
— Wl
r=e
Npja=—
x

Based on the derived equations, the dopant densities in fig. 49 were calcu-

lated from the depletion capacities (fig. 48). The images provide an overview
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Figure 49: Dopant densities calculated from the depletion capacities mea-
sured with SMM, at the epitaxial (a) and calibration sample (b). The
calculation is based on an estimated oxide thickness of 2 nm and the lowest
measured capacitance assumed to be approximately the offset capacitance.

of dopant type and density of the scanned part of the investigated sample. The
calculated dopant densities are about one order of magnitude too high when
compared to the expected values from SIMS. For comparison of the calculated
dopant densities with the datasheet values, a profile was extracted from the
data obtained on the epitaxial sample. An overlay of the extracted profile
and the reprinted datasheet values is plotted in fig. 50. The SNR is good
for the high dopant densities, because the larger capacities at higher densities
are less susceptible to stray capacities then the small capacities of low dopant
densities. Hence, the SNR gets worse for the lower dopant densities where
the measurement of smaller capacities provide more difficulties. The calcu-
lated dopant densities deviate by a factor of 4 to 20 compared to the expected
values. There can be several reasons for this deviation. The performed capaci-
tance calibration is not perfectly accurate. It strongly depends on the accuracy
of the EFM capacitance used for the calibration and the accuracy of the corre-
sponding fit of the 2-port error parameters, which is one possible influence on
the accuracy of the calculated densities. The oxide thickness is assumed to be 2

nm, but it varies from sample to sample due to sample preparation and storing
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Figure 50: SMM dopant profile of the epitaxial layer sample extrcated
from fig. 49.a. The datasheet densities are reprinted for comparison.

conditions. Furthermore, the accuracy of the capacitance calibration decreases
for smaller capacities. Consequently, the offset capacitance accuracy has lim-
itations. Those offset capacitance inaccuracies can explain the deviation for

low dopant densities, but not for high densities.

5.3.5 Parameter Optimization

To optimize the parameters and achieve a more accurate calculation of dopant
densities from the obtained data, different parameter fits, using a fitting proce-
dure based on the equations in section 5.3.4, were performed. A precondition
for the fit is that the dopant density of at least one region on the investigated
sample is known. At first, the optimization of the offset capacitance was con-
sidered. The offset capacitance was chosen as a free fitting parameter and a
fit was performed to match the calculated dopant densities to the datasheet

values. The fit was repeated for each of the epitaxial layers. Figure 51 shows
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the resulting profiles. As the offset dopant density is subtracted from the mea-
sured capacitance to achieve the best fit, it can result in very small and even
negative capacitance values for dopant densities lower than the fitted density.
Hence, the resulting calculated dopant density values are valid only for values
above the fitted dopant density value. The averaged capacitance of the corre-
sponding epitaxial layer was used for the fit. The extracted single line profile
shows, that small deviations below the average capacitance of the fitted layer
cause strong variations in calculated density, confirming the limited validity.
As can be seen in fig. 51, the optimization of the offset capacitance agrees well
with expected values for the fits with the lower dopant densities of 1.4x10'7
atoms cm™ and 3.2x10'% atoms cm™. All deviations in the valid range are
better than a factor of 6 for the fit to 1.4x10'” atoms cm™ and better than a
factor of 9 for the fit to 3.2x10% atoms cm™. For the fit to 3.8x10'° atoms

cm™, the accuracy decreases with the maximum deviation of about a factor
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Figure 51: SMM dopant density profiles of the epitaxial layer sample. The
offset capacitance was fitted to match the dopant density calculated from
the depletion capacitance with the datasheet dopant density.
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of 10 in the extracted line profile. In contrast to the relatively homogeneous
level obtained at the higher dopant densities, there is a steep gradient in the
obtained capacitance at 3.8x10'® atoms cm™, the average level had to be used
for the fit. This gradient shows the inaccuracy of the measurement at low
dopant density due to the low capacitance, responsible for the stronger devi-
ations of this fit. However, this is an improvement in contrast to the unfitted
parameters.

A second parameter for optimization is the oxide thickness, which can vary
from sample to sample based on the chemical treatment during the polishing
step, the time interval between polishing and measurement and the storage
conditions. Hence, scans are typically performed directly after polishing to
reduce quality degradation of the cross-section and enhance the signal. This
is not true for the cross-sectioned standard sample used here, which is only

polished on a yearly basis, since edge rounding increases after each polishing
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Figure 52: SMM dopant density profiles of the epitaxial layer sample. The
oxide thickness was fitted to match the dopant density calculated from the
depletion capacitance with the datasheet dopant density.
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step. Similar to the offset capacitance fit, the oxide thickness fit was performed
for all available densities. The comparison of fit results and expected densities
is shown in fig. 52. In contrast to the fitted offset capacitance, fitting the ox-
ide thickness just shifts the level of the profile to align with the fitted dopant
density without influencing the relation between the densities. Consequently,
the profile is valid for all dopant densities. All fits achieved an accuracy better
than a factor of 0.1 to 10. The data obtained on the epitaxial layer with a
boron density of 3.8x10'® atoms cm™ shows a strong decrease of the calculated
density within the layer and could not be measured reliably. Nevertheless, the
fit of oxide thickness was used to enhance accuracy by still maintaining the
validity over the entire density range. The value of the fitted oxide thickness
varies from 4 nm to nearly 10 nm. 4 nm oxide thickness resulting from the fits
to 1.4x10' atoms cm™ and 3.7x10'® atoms cm™ is slightly above the upper
end of the expected range after the treatment with chemical polish and the
extended storage time in an uncontrolled atmosphere. The even higher oxide
fit results, however, are clearly above the oxide thickness possible by oxida-
tion at room temperature and the expected anodic oxidation through repeated
measurements [91,92,94,95]. Nevertheless, the accuracy in terms of dopant
densities was improved, even if some fitted oxide thickness values are not in
the expected range.
Therefore, a fit was performed to match both parameters, the oxide thickness
and the offset capacitance. As there are two free fitting parameters, Coy et
and d,,, two known dopant densities are required for this fit. The fit was
performed to match the dopant densities at 1.4x10'® atoms cm™ and 3.2x10'6
atoms cm™. The resulting extracted profile is shown in fig. 53. The fit deliv-
ered a more plausible oxide thickness of 3.36 nm. The deviations between the
calculated and the datasheet values are quite small. To reduce the influence
of noise on the extracted profile, the profile was averaged over the image to re-
duce the noise. The resulting profile depicted in fig. 54 and the absolute values
listed in table 5 show even less deviations from the datasheet dopant densities.
The densities between 3.2x10'® atoms cm™ and 1.4x10% atoms cm™ show an
accuracy better than £30 %. The calculated density at 7.5x10'° atoms cm™ is
off by a factor of 3. While this could be partly due to the accuracy limitations

in the calibration, another reason could be that the oxide capacitance assumed
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for this calculation is slightly lower than the real oxide capacitance. This seems
likely since the oxide capacitance was estimated from the accumulation capac-
itance, which also implies a measurement error. Deviations between assumed

and real oxide capacitance have the strongest influence on the calculation of

the highest dopant densities. Hence, this could explain part this error.
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Figure 53: SMM dopant density profiles of the epitaxial layer sample. The
oxide thickness and offset capacitance were fitted to match the dopant den-
sities calculated from the depletion capacitance with the datasheet dopant

densities.

Table 5: Datasheet dopant densities in comparison to the dopant densities
calculated from capacitance data measured with SMM.

SIMS results | SMM results
(cm™?) (cm™?)
3.2 x 106 4.1 x 106
1.4 x 10* 1.5 x 107
3.7 x 10" 3.1 x10%
1.4 x 10" 1.5 x 10"
7.5 x 101 2.0 x 10?0
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Figure 54: SMM dopant density profiles of the epitaxial layer sample. The
oxide thickness and offset capacitance were fitted to match the dopant den-
sities calculated from the depletion capacitance with the datasheet dopant
densities. The profile was averaged over the whole image to reduce the noise.

Figure 55 shows the dopant density profile calculated and fitted from SMM
data acquired on the calibration sample. The densities were fitted to 4x10'6

3 and 1.2x10" atoms cm™

atoms cm’ of the n-type dopant densities on the
left side of the lateral dopant density profile plotted in fig. 55. The resulting
dopant densities calculated from SMM data are compared with the SIMS and
datasheet values in table 6.

The dopant densities are in good agreement with the SIMS as well as datasheet
values within a deviation factor of 0.5 to 2. The exception is the highest p-
type dopant density (marked red). While the deviation factor from datasheet
value is 0.5, the value deviates by a factor of 5.6x107? from the SIMS result.
This strong deviation from SIMS is partly due to the fact that the strong peak
in the SIMS measurement reaches only into a few nm of depth and decreases

by an order of magnitude afterwards. This depth is exceeded by the SCR in
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Figure 55: SMM dopant density profile obtained at the calibration sam-
ple. The oxide thickness and offset capacitance were fitted to match
the dopant densities calculated from the depletion capacitance with the
datasheet dopant densities. The profile was averaged over the whole image
to reduce the noise. The largest deviation from datasheet values is indicated
in red.

the SMM measurement. Thus the density within the probed region in SMM

is closer to 10%° atoms c¢cm™ than 10! atoms cm™

. Nonetheless, the dopant
density there is evidently higher than in the neighboring region, which is ac-
cording to the datasheet doped with 4x10' atoms cm™. Therefore, the density
calculated from SMM data should be higher as well. To gain a deeper under-
standing of this abnormality, the data obtained in this area was analyzed in
detail. The topography data at this position shows an average step height of
0.85 nm to the neighboring density levels, suggesting that a stronger oxidation
in this area led to a lower measured capacitance. This is confirmed by the re-
duced accumulation capacitance found in the capacitance data obtained with
negative tip bias. The oxide capacitance is reduced by 25 aF compared to the

neighboring areas. Hence, the thicker oxide growth invalidates the measured
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Table 6: Datasheet dopant densities are compared with the SIMS and

SMM results. The fitted values are marked in green.

Dopant type | Intended dopant | SIMS results | SMM results
density (cm™?) (cm™3) (cm™3)

n-type 4.0 x 1016

n-type 1.0 x 10%7 1.0 x 10'7 2.0 x 107
n-type 4.0 x 107 4.0 x 107 7.6 x 10'7
n-type 1.0 x 10'8 1.1 x 10'8 1.8 x 10'8
n-type 4.0 x 10 5.0 x 108 4.8 x 10
n-type 1.0 x 10

n-type 4.0 x 10" 5.5 x 101 5.5 x 101
n-type 1.0 x 10% 1.5 x 10% 1.3 x 10%
p-type 1.0 x 10%

p-type 4.0 x 10" 8.0 x 10" 6.0 x 10"
p-type 1.0 x 10 1.4 x 10 1.2 x 10%
p-type 4.0 x 10 5.0 x 108 4.4 x 10%
p-type 1.0 x 10'8 1.2 x 10'8 1.0 x 1018
p-type 4.0 x 107 3.5 x 1017 4.6 x 107
p-type 1.0 x 10%7 1.0 x 10'7 1.9 x 10'7
p-type 4.0 x 106 4.0 x 106 3.3 x 106
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capacities in this area. Consequently, for highly p-doped areas, the accumu-
lation capacitance and topography data need to be checked to make sure the
calculated dopant densities are valid.

The results show that the calculation of dopant densities from SMM data en-
ables the simultaneous display of dopant types and densities in one image. The
accuracy of this method is about one order of magnitude. The relation factor
between the densities calculated from SMM data and the datasheet densities
ranges from 0.1 to 20. The method can be improved by fitting calculation
parameters to known densities. With one density known, the accuracy can
be improved to below one order of magnitude. If the fitted parameter is the
offset capacitance, all calculated densities below the fitted one are invalid and
hence, must not be considered. For a fit performed with the oxide thickness
as free fitting parameter, the entire measurement range stays valid. By fitting

two parameters to densities, an improved accuracy factor ranging from 0.5 to
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2 was achieved. Yet again, calculated densities below the lowest fitted density

are invalid.

5.4 Industrial Applications

The standard samples introduced in previous chapters provide ideally suited
objects to investigate the theoretical behavior of the SMM signals with reduced
parasitic influences. For the calibration sample, there was only one implant per
area on a lowly doped silicon substrate, while for the epitaxial sample there
was no implant in the substrate, besides the epitaxial doping. Thus, those
samples were ideal to develop a deep understanding of the basic influences
in the absence of further parasitic effects. In industrial applications, there are
many additional influences on the measurement data. Therefore, the developed
methods are applied and tested on state-of-the-art electronic devices to test

the methods’ capability for semiconductor industry.

5.4.1 Dopant Profile

The first investigated sample is an ESD diode structure. Figure 56 shows the
SIMS measurements obtained on the two different pads of the ESD diode.
It was used to evaluate the SMM data. The SIMS data obtained below the
big pad shows an n-p-n structure, the data below the small pad shows a p-n
structure. A cross-section was prepared enabling access to the sample area of
interest. An SMM calibrated capacitance scan was performed at +3 V DC
bias. The obtained depletion capacities were combined to one image plotted
in fig. 57. The center of the sample was scanned with a scan width of 70 pum to
image structures below both pads at one time. The two trenches in the middle
of fig. 57 separate the structure below the big pad on the left side of the image
from the structure below the small pad on the right side of the image.

The n/p/n structure below the big pad is clearly visible in the SMM image. In
contrast to the SIMS results, the n-type region below the contact seems more
confined. At the highly doped n-type region on the upper end of the image,

the depletion capacitance increases towards the edge, in agreement with the
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SIMS measurements of the big pad. At the bottom of the image, the deple-
tion capacitance increases towards the substrate. This increase matches the
increasing phosphor density towards the substrate observed in the SIMS data.
Based on the SIMS data of the big pad, the substrate phosphor density is lower
than the density in the contact implant. In contrast, the SMM data shows,
that the depletion capacitance measured at the substrate is higher than the
capacitance at the contact implant. To find the reason for those deviation in
SMM results, the minority carrier distribution needs to be taken into account.
A comparison with the SIMS results shows, that the boron density is higher
towards the substrate, increasing the amount of minority carriers. An accumu-
lation of minority carriers might to be the reason for the increased depletion
capacitance. This effect coincides with a similar effect observed at the p/n
junctions of vertical transistors, not shown here, where an increased depletion
capacitance was observed in the SCR due to the higher amount of minority
carriers.

The structure on the right side of the image, corresponding to the small pad,
matches the SIMS results. In both SMM and SIMS data, the p-type signal in-
creases towards the upper edge. The signal peak is observed a few nanometers
before this edge. In the SIMS data, the peak is located 680 nm from the edge,
which agrees well with the position in SMM of 690 nm from the edge.

To calculate the dopant densities from the measured depletion capacities, a
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Figure 56: SIMS depth profiles revealing boron (green) and phosphor (red)
concentrations obtained at the two different pads of an ESD diode structure.
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Figure 57: SMM depletion capacities showing dopant types and relations,
obtained at +3 V resp. -3 V at an ESD diode struture. The pad areas are
indicated above the plot.
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Figure 58: The calculated dopant densities obtained at the middle of an
ESD diode structure were calculated fom the depletion capacitance data
using an offset capacitance of 73.17 aF and an oxide thickness of 4.76nm.

two-parameter-fit was performed, optimizing values for the offset capacitance
and the oxide thickness. The fit was performed to match the boron peak
dopant density of 2.5x10'® atoms cm™ and the lower boron density of 4.0x10'6
atoms cm™ below the small pad. The boron densities were chosen because
no apparent underlying n-type doped region was detected by SIMS. The re-
sulting dopant density distribution is shown in fig. 58. Comparing the results
from SIMS and SMM, the dopant densities of the boron doped regions reveal
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a good match at the peak density where the implant is 2.5x10'® atoms cm™

and a lower boron density in the uniform region very noisy between 106 atoms

cm™ and 10'7 atoms cm™

. The good agreement benefits from the fact that
those densities were used for the fit. The first phosphor peak at the small pad
is in the order of 1.5x10'*® atoms cm™ according to the SIMS results, while the
density calculated from the SMM data is with 1.5x10'% atoms cm™ one order
of magnitude higher. Cause for this relatively large deviation is the overlayed
boron peak at the very same scan position (see fig. 56), increasing the deple-
tion capacitance used to calculate the dopant density. Similarly, the phosphor
density in 20 pum distance from the surface towards the substrate should be
4.6x10' atoms cm™ referring to the SIMS data and is 1.5x10%° atoms cm™ in
the SMM data. The deviation factor of 3.26 is smaller than above, however
the respective overlayed boron density in this region still contributes to the
discrepancy. The phosphor density at the edge under the big pad is 7.2x10?
atoms cm™ according to SIMS data, while SMM data gives a value of 1.5x10%°
atoms cm™, i.e., the deviation factor is 0.21. The boron peak below the big
pad should be at 1x10' atoms cm™ referring to the SIMS data. The density
calculated from the SMM data is 1.8x10'° atoms cm™, deviating only by a
factor of 1.8 from the SIMS data. This small deviation despite an increased
overlayed phosphor density only marginally supports the assumption, that the
minority carriers influence the measured depletion capacitance.

In summary, an overall good agreement between SMM and SIMS was achieved.
The results prove the suitability of the method for industrial applications.
Further investigation could improve the accuracy taking into account the ad-
ditional aspect of increased minority carrier densities and their influence on
the calculated dopant densities. This can be done by considering the minority
carrier density in eq. (16) leading to a decreased SCR width. Consequently,
the resulting densities will be lower when the dopant density is calculated from
the SCR width. As SMM provides no opportunity to measure the minority
carrier density, this solution could only be applied for samples with a known

minority carrier density, e.g. from process simulation or SIMS measurements.
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5.4.2 Trap Generated Charges

Trapping effects and their influence on device performance are critical for de-
vice reliability in semiconductor applications. Ongoing miniaturization in the
semiconductor industry leads to an even higher sensitivity of device character-
istics on trap-related effects such as unexpected charges or unstable potentials.
Techniques to improve the understanding of trapping effects and trap distribu-
tion in electronic devices are therefore essential to enhance device performance
and reliability. Various established methods investigate the trapping effects
in semiconductors by analyzing the electrical properties on device level. For
example, C-V curves, voltage pulse measurements, charge pumping techniques
and deep-level transient spectroscopy (DLTS) can be used to characterize the
influence of traps on the device performance in great detail [96-98]. Nonethe-
less, these methods investigate the impact of charge trapping on the final de-
vice characteristics and can only provide, in combination with a trap model, a
rough estimate of the location of traps within the device. Hence, a direct and
reliable method is needed to spatially resolve trapping effects within electronic
devices. SMM is a powerful tool to characterize charge carrier distributions in
semiconductor devices. It is ideally suited to spatially probe electrical proper-
ties in semiconductors, but is not directly sensitive to oxide or interface trap
states. As traps induce a change in charge distribution, e.g. in the local ca-
pacitance, the trapping effect can be visualized by observing the accumulated
charge carriers at the Si-side of the Si/SiO, interface in case of interface-near
oxide traps.

In contrast to typical SMM applications, this chapter introduces a SMM based
method for the localization of oxide traps. The results of are published in
ref. [99]. The investigated sample is a Si diode structure, showing an electri-
cally abnormal leakage at the edge. The leakage indicates a conductive path
at the Si/SiOy interface. Trapping effects in the oxide could be considered
as a possible root cause, positively charged oxide or interface traps accumu-
late electrons, which form the leakage path [100,101]. A cross-section of the
sample was prepared to access the region of interest. The conventional ap-
proach for charge carrier detection was to measure the dS;,/dV signal at the

sample cross-section. Figure 59 shows the spatial distribution of the measured
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Figure 59: Real part of the dS;;/dV signal obtained at the edge structure
of the investigated diode. The p+doped substrate, p-doped epi and n-type
contact implant are highlighted with dashed lines. The solid rectangle marks
the Si/SiOq interface where the “trap channel” would have been suspected.

dS,,/dV signal in the active device region. The Si/SiO, interface located in
the right part of the image does not show any abnormality, which would con-
firm the suspected electron channel concluded from electrical measurements.
Therefore, the calibrated capacitance method was employed for further investi-
gation. The SMM scan using the AC approach on the embedded cross-section
of the diode structure was performed at 7 GHz, scanning each line twice, first
with a tip bias of +3 V and second with a tip bias of -3 V. The capacitance
data was then calculated from the acquired S;; signal, as shown in fig. 60
for the +3 V scan. A relatively sharp cantilever tip was used to obtain an
improved resolution. As the area of the MOS capacitor is mainly defined by
the tip diameter, the measured capacitance was relatively small. That led to
a large influence of the typical drift in the reflected microwave. In the marked

region in the upper right of fig. 60 the interface between p-doped Si and the
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Figure 60: Capacitance data acquired at +3 V tip bias, calculated from a
scan at the edge structure of the diode. The expected regions of differently
doped Si are indicated by dashed lines. The solid rectangle marks the region
of accumulated carriers.

Si02 can be seen. Although no accumulated charges in the intentionally lowly
p-doped region would be expected for p-type, a small channel with a higher
capacitance was found at the Si/SiOj interface. This channel indicates n-type
carriers at the interface caused by process related interface traps. Still, the
increased capacitance might also relate to a higher amount of p-type carriers
at the Si/SiO, interface, which would increase the depletion capacitance. In
fig. 61, the calculated AC of this SMM scan is shown, revealing the spatial
distribution of the dopant type. The drift is eliminated by the subtraction of
positive and negative data. The p+ region on the left side of the image is
clearly distinguished as well as the n-doped region on the lower right. The
p-doped region in the center could not clearly be separated from undoped re-
gions, possibly due to a low doping concentration close to the detection limit
of SMM. In the marked area on the upper right of the sample, similarly to
the initial S,; data (see fig. 60), the expected accumulated charge appears at
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Figure 61: AC distribution calculated from a scan at the edge structure
of the diode. Positive values indicate n-type carriers, negative ones to p-
type. The channel of accumulated traps, indicated with the solid rectangle,
is consequently n-type.

the interface between p-doped Si and SiO,, which forms a conductive path.
The AC data clearly proves this charge, accumulated on the Si-side of the
Si/SiO, interface, to be n-type. Hence, the possibility of positive charges in
the silicon can be ruled out. The detected negative charge on the Si side in-
dicates positively charged oxide traps at or near the Si/SiOy interface. These
possibly provide the driving force for the accumulation of electrons in the
semiconductor. Since this method is based on the analysis of AC, it is also
applicable to other SMM-related methods such as SMIM and SCM, where ca-
pacitive data is acquired. An established procedure for SMIM, e.g., enables
the separation of the capacitive part of the signal from the resistive part [59].
For SCM, a similar procedure could in principle be applied to the resonance
circuits raw data output. Hence, the differential capacitance method presented
here provides a universal approach to study trapping effects in electric devices
by different scanning techniques. By means of the example of a Si diode, SMM
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has proven to be a valuable method to spatially resolve charge carriers accu-
mulated by trapping effects. In conclusion, the SMM-based method provides
a way to localize trapping effects at the Si/SiO, interface with a high spatial
resolution. The differential capacitive method presented here provides a way

to study trapping effects by SMM as well as related measurement systems.



6 Summary

Two dimensional charge carrier profiling of semiconductor devices is an applica-
tion of essential importance for device development, process control and failure
analysis. It allows to check the implant density distribution and compare it
to the results of the process simulation to correct and optimize parameters.
In failure analysis, deviations from intended dopant densities or even missing
implants in electrically failing devices, e.g. due to shading in a lithography
mask during frontend process, can be localized.

In this thesis a number of different carrier- and dopant profiling techniques
were compared using a standard dopant calibration sample. The methods
were evaluated based on their resolution, their ability to distinguish dopant
types and their quantification ability. SIMS and SRP have a superior quan-
tification ability, but lack in spatial resolution. Chemical decoration does not
require complex equipment and was therefore often employed in the past, but
has issues with reproducibility and offers no way to distinguish different den-
sities. SEM offers a good resolution and signal scaling with dopant density,
but cannot be used to distinguish dopant type or obtain quantitative results.
The SCM signal scales with dopant density over a large range offering a good
resolution. However, the non-monotonic signal hinders the direct quantifica-
tion of dopant density possibly leading to misinterpretations. Nevertheless,
it allows to differentiate p- and n-type if the type of at least one region on
the sample is known. The signal scales with dopant density in SSRM, while
allowing an even better spatial resolution than all other methods. The lim-
ited ability to distinguish dopant types and to measure absolute densities are
disadvantages of SSRM. SSNOM provides the ability to measure absolute den-
sities, but the range is limited to densities above 4x10'® atoms cm™. Even
with a THz laser, the lower density limit is 4x10'” atoms cm™. Furthermore,
the dopant type cannot be extracted. SMM and SMIM stand out by fulfilling
all requirements. They offer spatial resolution and signals scale with dopant
density, also inheriting the information to distinguish the dopant types. The
possibility to obtain absolute capacitance and resistance using SMM enables
the development of dopant quantification methods. These advantages make

SMM an ideally suited method to study dopant characteristics in semicon-
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ductor devices. Therefore, SMM is in the focus of this thesis.

Considering the cantilever parameters used in SMM to scan the sample sur-
face, most SMM applications deal with a relatively smooth topography of a
few nanometers and can thus be scanned with standard full metal probes.
For samples with a more demanding topography, metal coated Si probes pro-
vide better wear stability. An FEM model of the probe-sample-interaction
in SMM was developed to obtain the sensitivity of coated tips and to check
the their suitability for SMM. Different probe parameters were varied in the
model as well as in the experiment in collaboration with cantilever manufac-
turer NanoWorld. As a result, a set of optimized parameters was found for
metal coated Si probes. The developed probes allow an SMM scan with an
up to thirteen times higher sensitivity on dopant variations compared to the
commercially available Si probes.

Since SMM combines the mechanical tip dimensions with the microwave exci-
tation region the effective scan resolution is not directly given by the cantilever
parameters. In order to investigate the effect of the microwave excitation region
on the scan resolution, the highly confined 2DEG in a standard AlGaN/GaN
heterostructure was scanned and the corresponding SMM signal was recorded.
The deconvolution of the extracted profile with the expected shape of the
2DEG profile revealed the effective tip radius in SMM. A comparison between
different cantilevers showed that the effective scan resolution is affected by the
cantilever radius and shape as well as to a smaller extent by the microwave
excitation region. For probes with a sharp tip, the effective tip radius was in
agreement with the SEM image of the tip. The effective tip radius of unevenly
shaped tips was found to differ from the SEM image. The effective tip shape
could only be extracted from the profile. The introduced method was proven
to enable the characterization of the effective tip radius and quality in SMM.
An established procedure allows the extraction of capacitance and resistance
from calibrated S;; data recorded in SMM. A method to calculate resistivity
and dopant density from the SMM resistance was presented. This method
has been validated on two standard dopant profiling samples. It enables the
quantitative 2D dopant profiling with an accuracy better than 60 % [79].

As the presented method does not reveal the dopant type and the capacitance

calibration can be reproduced with a better repeatability than the resistance
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calibration, a second method based on the capacitive signal was introduced.
SMM C-V spectroscopy was performed to show, that the difference between
accumulation and depletion capacitance, AC, can be used for dopant type dis-
tinction down to 4x10'% atoms cm™. Frequencies above 16 GHz were demon-
strated to improve distinguishability between n- and p-type doped regions
down to 10' atoms cm™, based on a better SNR. The accumulation capac-
itance was shown to decrease for a low dopant density level, while the rate
of the decrease was found to depend on measurement frequency. This phe-
nomenon could be attributed to a frequency dependent effect known from high
resistive substrates, where it occurs already at lower frequencies. It is related
to the reduced charge carrier mobility at low dopant densities. Consequently,
AC could not be used for a quantitative approach. To overcome this deficit,
the depletion capacitance was shown to present a reliable tool to investigate
the relations between dopant densities. The accuracy of dopant density cal-
culation from depletion capacity densities is about one order of magnitude,
deviating from the datasheet densities by a factor between 0.1 and 20. The ac-
curacy could be improved by fitting unknown parameters, which vary slightly
between measurements. It was improved to better than one order of magnitude
deviation by using the oxide thickness as a free fitting parameter and fitting
the calculated densities to a known density. With two free parameters, oxide
thickness and offset capacitance further improvement to a deviation between
0.5 and 2 was achieved. Calculated densities below the lowest fitted density
are not valid due to the subtraction of the fitted offset capacitance and were
therefore neglected. In conclusion, it was demonstrated that the calculation
of dopant densities from SMM data is a powerful tool to display dopant types
and densities in one single image with all data obtained in one scan.

The transfer of the dopant density calculation to an industrial application was
demonstrated on example of an ESD diode. The accuracy of the dopant densi-
ties calculated from SMM data when compared to the expected dopant profile
was within a factor of 0.2 and 10. Further investigation on additional effects in
complex semiconductor structures could help to further improve the accuracy.
A further industrial application demonstrated in this thesis is the spatially
resolved imaging of charge carriers accumulated by trapping effects. On the
example of a Si diode the extraction of AC' from SMM data clearly identified
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an electron channel caused by positively charged oxide traps.

Further improvements in calibration algorithm could be used to gain accuracy
of the calibrated capacitance and accordingly make the necessity of parameter
fits for this purpose obsolete. The presence of an SMM signal on the Al-
GaN/GaN heterostructure demonstrates that the methods introduced in this
thesis are not limited to silicon, but can also be transferred to wide band-gap
semiconductors. In summary, SMM was shown to provide reliable quantita-
tive 2D dopant profiles with a high spatial resolution for failure analysis and

product development.






6 NOTATIONS AND ABBREVIATIONS

Notations and Abbreviations

2DEG
ay
AFM

by

Cy

Cos

Cis
Cscr
Ceries
C-v

def fective
DLTS
DPMM
DUT

€00, €01, €10, €11
Ec

HEB

KPEFM
MIS

2 dimensional electron gas
output wave quantity

atomic force microscopy
incident wave quantity

depletion capacitance

oxide capacitance

local tip sample capacitance
space charge region capacitance
series capacitance
capacitance-voltage

shortest path to ground

deep level transient spectroscopy
dopant profiling measurement module
device under test

error-2-port parameters
conduction band energy

fermi energy

midgap energy

valance band energy
electrostatic force microscopy
EFM constant force term

EFM force term at 1st harmonic
EFM force term at 2nd harmonic
finite difference time domain
finite-elements-method
frequency modulation

full width half maximum
conductance-voltage

head electronics box

high frequency

Boltzmann constant

kelvin probe force microscopy

metal-insulator-semiconductor
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MoM method of moments

MOS metal-oxide-semiconductor

Ny acceptor density

Np donor density

n; intrinsic carrier density
nano-FTIR nano broadband infrared nearfield spectra
OSL open short load

PEC perfect electrical conductor

Pt platinum

Ptlr platin-iridium

PtSi Platin-silizide

q elementary charge

rDUT reflection caused by DUT

R resistance

R, surface resistance

Rycries series resistance

R, sheet resistance

RMN Rocky Mountain Nanotechnology
Si silicon

SiOq silicon-dioxide

SMM scanning microwave microscopy
S-parameter scattering parameter

Siy microwave backscattered from port 1 on port 1
S11.meas measured backscattered microwave
SCR space charge region

SEM scanning electron microscopy
SIMS secondary ion mass spectroscopy
SMIM scanning microwave impedance microscopy
SMM scanning microwave microscopy
SNR signal to noise ratio

SPM scanning probe microscopy

SRP spreading resistance profiling

SSNOM scattering-type scanning nearfield optical microscopy
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STM

T
ToF-SIMS
Vapplied
Vip

Vis

Vrs

VNA

Wy

Wy, max

XDUT

Z
Zdislocated
Zpur
ZpuT
Zin

)

Ac

€

€S

0

p

Psi
Pom
Pe

b

P
Pms
Ps

an
¢Bp

scanning tunneling microscopy
temperature in Kelvin

time of flight SIMS

applied voltage

flatband voltage

Voltage between tip and sample

Voltage between tip and substrate

vector network analyzer

space charge region width

maximum space charge region width
admittance of the device under test
complex impedance

characteristic impedance

normalized impedance transformed by transmission line
impedance of the device under test
normalized impedance of the device under test
input impedance

skin-depth

capacitance difference

insulator permittivity

silicon permittivity

relaxation time

resistivity

silicon resistivity

backside metal work function

contact potential, similar to ¢,

built in potential

metal work function

metal semiconductor work function difference
surface potential

electron affinity

n-Si fermi potential with respect to midgap

p-Si fermi potential with respect to midgap
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