CHARACTERIZATION OF
ELECTRICAL CONTACTS FOR
PHASE CHANGE MEMORY CELLS

Deepu Roy



Graduation committee:

Chairman:

prof.dr.ir. P. Veltink University of Twente
Secretary:

prof.dr.ir. P. Veltink University of Twente
Promotor:

prof.dr.ir. R.A.M. Wolters University of Twente
Referee:

dr. D.J. Gravesteijn NXP Semiconductors

dr.ir. J.H. Klootwijk Philips Research
Internal members:

prof.dr. J. Schmitz University of Twente

prof.dr.ir. H. Hilgenkamp University of Twente
External members:

prof.dr.ir. B.J. Kooi University of Groningen

prof.dr.ir. R. Dekker Technical University Delft

This research was carried out under project number MC3.07298 in the framework
of the research Program of the Materials innovation institute (M2i) in the Nether-
lands (www.m2i.nl).

This research work was carried out at NXP Semiconductors, Eindhoven, The
Netherlands.

PhD Thesis: University of Twente, Enschede, The Netherlands

Title: Characterization of electrical contacts for phase change memory cells
ISBN: 978-90-77172-77-3

Author: Deepu Roy

E-mail: deepuroyjohn@gmail.com

Printed by: Proefschriftmaken.nl

Cover image: Water drops falling onto water. This illustrates charge carriers
flowing from the phase change materials into the metal electrode at the contact.



CHARACTERIZATION OF
ELECTRICAL CONTACTS FOR
PHASE CHANGE MEMORY CELLS

DISSERTATION

to obtain
the degree of doctor at the University of Twente,
on the authority of the rector magnificus,
prof.dr. H. Brinksma,
on account of the decision of the graduation committee,
to be publicly defended
on Wednesday the 28" of September 2011 at 16:45

by

Deepu Roy,
born on the 28" of May 1982
Ezhipuram, Kerala, India.



This dissertation is approved by the promoter:
prof.dr.ir. R.A.M. Wolters

ISBN: 978-90-77172-77-3
Copyright (©) 2011 by Deepu Roy

All rights reserved. No part of the material protected by this copyright notice may
be reproduced or utilized in any form or by any means, electronic or mechanical,
including photocopying, recording or by any information storage and retrieval
system, without written permission of the author.

Printed in The Netherlands



To the memories of my grandfather V. M. John






Contents

1 Introduction
1.1 Semiconductor memory technology . . . . .. ... ... ... ...
1.2 Phase change random access memory . . . . . . . . . . .. ... ..
1.3 Scope of thiswork . . . .. ... ... ... .
1.4 Outline of the thesis . . . . . . . .. ... ... ... ... .....

2 Contact resistance methodology

2.1 Contact resistance . . . . . .. ... o
2.2 Current transport at the interface . . . . . . . . ... .. ... ..
2.3 DC contact resistance measurement structures . . . . ... .. ..

2.3.1 Kelvin resistor structures . . . . . ... ... L.

2.3.2 Transfer Length Method (TLM) structures . . .. ... ..
2.4 High frequency measurement structures . . . ... ... .. ....
2.5 Comparison of the test structures . . . . . . .. ... .. ... ...
2.6 Van der Pauw structures . . . . . . .. ... oL

3 Phase change material properties
3.1 Phase change resistivity measurements . . . . . .. ... ... ..
3.2 Optical properties of phase change materials (PCM) . .. ... ..
3.3 Hall effect measurements on PCM . . . . . ... ... ... ....
34 Summary ...

4 Electrical characteristics of electrode to PCM contacts
4.1 Comparison of TiW to PCM contact resistance measurements . . .
4.1.1 Kelvin resistor measurements . . . . . . . ... ... ....
4.1.2  Transfer Length Method measurements . . . ... ... ..

vii

Tt W o =



viii

4.1.3 Comparison of Kelvin and TLM measurements . . . . . . . 40
4.1.4 Temperature dependence of contact resistance. . . . . . . . 41
4.1.5 Bias dependence of the contact resistance . . . .. ... .. 43
4.1.6  Contact resistance with bias and temperature . . . . . . . . 44

4.2 Contact resistance with different metal electrodes . . . . . . . . .. 46
4.3 Contact resistance of ultrathin PCM layers . . . ... .. ... .. 54
4.4 Conclusions . . . . . . . .. 58
5 High frequency contact resistance measurements 61
5.1 Relevance of high frequency contact resistance measurements . . . 62
5.2 Test structure and measurements . . . . . . . ... ... ... 63
5.3 Scott-TLM measurements . . . . . . . . . . ... ... ... .... 66
5.3.1 DC measurements . . . . . .. ... ... ... 66
5.3.2  High frequency measurements . . . . . . ... ... ... .. 67
5.3.3 Contact model . . . . ... ... .. L 69
5.3.4 Measurement limits . . . . .. .. ... 72

5.4 Linear-TLM measurements . . . . .. ... .. ... .. ...... 75
5.5 Summary and conclusions . . . . . .. ... oL 78

6 Influence of parasitic current paths on resistance measurements 81

6.1 Thin-film structures with re-deposited sidewalls . . . . . . . . . .. 82
6.1.1 Van der Pauw resistance measurements . . ... . ... .. 83

6.1.2 CBKR contact resistance measurements . . . . . . . . . .. 86

6.2 Amorphous PCM to crystalline PCM contact resistance . . . . . . 88
6.2.1 Kelvin resistor measurements . . . . . . . . ... ... ... 91

6.22 TEManalysis . . . . . .. ... . oo 91

6.2.3 TLM measurements . . . . . . ... ... ... ....... 94

6.3 Conclusion . . . . . . . . . ... 95

7 Conclusions and Recommendations 97
7.1 Summary and conclusions . . . . . . . ... ... L. 98
7.2 Recommendations . . . . . . . . ... o o 100

A Appendix 101
A.1 Contact interface model . . . . . . . . .. .. ... ... ... ... 101
A.2 Transmission Line Model . . . . ... .. ... ... ........ 102
A.3 Hall effect measurements on p-type and n-type silicon . . . . . .. 103
A4 Metal lift off process steps . . . . . . ..o oL 104
A5 I-V-T measurements . . . . . . . . . . . ... ... 106
A.6 Test structure fabrication; process-flow . . . . . . .. ... ... .. 107
Bibliography 108

Samenvatting 119



ix

Summary
Acknowledgments
Author biography
List of publications

List of symbols and abbreviations

121

123

127

129

131






Introduction

Phase change random access memory is an emerging candidate as a potential
replacement for transistor based flash memories. The objective of this work is
to characterize and model the electrical contacts present in these memory cells.
The contact properties have a significant influence on the electrical performance,
scaling and reliability of these devices.

This chapter begins with an introduction to the different types of emerging
semiconductor memory technologies and phase change random access memory
in detail. The significance of this research work for phase change memories is
discussed in the second session. The organization of this thesis dealing with the
characterization of the different aspects of these contacts is also presented.
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1.1 Semiconductor memory technology

Semiconductor memory is an electronic digital data storage device fabricated
in a complementary metal oxide semiconductor (CMOS) based circuitry [1][2]. A
type of non-volatile memory that can be erased in large blocks is called the flash
memory, which drives the scaling in the memory industry [3]. Flash memories
are being used in cellular phones, digital cameras, audio players, universal serial
bus (USB) memories, smart cards and many other devices [4]. The advances in
consumer electronics and mobile devices demand an increasing requirement for
a non-volatile memory with improved performance and better opportunities for
dimensional scaling. This leads to the quest for a unified scalable memory for
future integrated circuits that combines the required properties of several mem-
ory technologies [5][6][2]. They should be scalable and at the same time have the
lowest cost per bit. It should have the non-volatile nature of flash, endurance
(read and write performance) and speed of DRAM and SRAM. In addition, this
memory technology should be compatible with embedded (CMOS technology)
and stand alone application with multibit-storage and 3D integration potential.
Several novel memory concepts have been researched over the past years to qualify
these requirements. The latest classification of present and future semiconduc-
tor memory devices as projected by the International Technology Roadmap for
Semiconductors (ITRS) is given in Fig. 1.1 [2]:

Nonvolatile

( SRAM  )(_ DRAM ) ( Emerging )(Prototypical J( Mature )

—Charge-trap) ( Flash )

RRAM }— —( PCRAM ) NAND |

MRAM NOR

Molecular iJ FeRAM

Figure 1.1: Classification of semiconcductor memory technology by ITRS.

Electronic

For the short term (2016-2021 time frame) phase change random access mem-
ory (PCRAM), magnetic random access memory (MRAM) and ferroelectric ran-
dom access memory (FeRAM) are being considered as a potential replacement for
present day flash memories.
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1.2 Phase change random access memory

In phase change memory cells, information is stored as the amorphous or crys-
talline state of the integrated phase change material [7][8]. These materials are
compounds or alloys which contain one element from group VI of the periodic
table. They are widely used as the active material in compact disc- rewritable
(CD-RW) and digital versatile disc-rewritable (DVD-RW), where the optical re-
flectivity difference of the two states is used to store information [9]. In this case
programming and read out is achieved by laser pulse operation. In PCRAM cells
the difference in resistance between the states is employed to achieve the memory
functionality. The crystalline state has a two to three orders of magnitude lower
electrical resistivity than the amorphous state. Switching is achieved by electrical
pulse operation. In this study, the commonly used materials based on antimony
(Sb) and tellurium (Te), Ge2SbaTes and doped-SbeTe, are investigated. Electri-
cally controlled switching of PCM was first reported by Ovshinsky in 1968 [10].
Later the first 256 bit phase change memory array was demonstrated in 1970 by
R. G Neale, D. L. Nelson and Gordon E. Moore [11]. This memory cell consisted
of a PCM resistive storage element in series with a silicon based p-n diode as an
access device. Even though the concept was developed and prototypical devices
were fabricated, the memory industry did not follow the phase change memory
technology because of the large power required to program these cells. The reset
energy at that time was 25 pJ/bit. This energy required to program depends on
the volume of PCM in the cell.

As the semiconductor industry faithfully followed Moore’s law', lithographic
tools were developed that can define smaller feature sizes. With this shrink in
the feature size, the volume of the material in the PCRAM cell decreased with
cubic progression. Reaching the 180 nm technology node, the power required to
program a phase change memory cell is demonstrated to be feasible to be used in
electronic devices [8]. This power consumption for PCRAM cell will decrease as
the device size is further scaled down [13]. The write energy is now in the range
of 5 pJ/bit [2].

An embedded PCRAM cell consists of a thin-film PCM layer integrated in the
metallization level of an integrated circuit in combination with an access device.
Different integration schemes have been proposed [3][8][14] following the original
Ovonic Unified Memory (OUM) concept [15]. The cell architecture introduced
by NXP Semiconductors is the line cell concept. Here a thin line of PCM is
placed between two metal electrode contacts [5]. A top-view transmission electron
microscope (TEM) image of such a line cell switched to the amorphous state is
shown in Fig. 1.2(a). The memory storage or programmable part of the PCM
is the line that is switched between amorphous and crystalline states [7]. The
schematic cross section of which is shown in Fig. 1.2(b).

Programming operation of the memory cell from high resistance (Fig. 1.2(a))

IThe number of devices in a given chip area roughly doubles every year [12].
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Metal electrodes ¢ (b)

Crystalline PCM UCIEUEIEY  Crystalline PCM

PCM

Metal Dielectric Metal

Figure 1.2: (a) Top-view TEM image of the PCM line cell. (b) Schematic cross section
of the line showing the switching region, including the electrical schematic.

to low resistance (set operation) is achieved by threshold switching (Vry) and
subsequent thermal annealing (typically at 250 °C of the disordered amorphous
material part into the ordered crystalline state [8][5]. Thermal steps are achieved
by Joule heating using electrical pulses from the accompanying transistor. Switch-
ing of the memory cell from low resistance (crystalline) to high resistance (amor-
phous) (reset operation) involves the heating of the PCM by higher electrical
pulses above the melting point at typically 650 °C and cooling it quickly (quench-
ing). The material remains in the amorphous melt-quenched state. Set, reset and
read out are done by the same transistor using different electrical pulses.

The resistance of the cell in the set (crystalline) state Rge is determined by
the PCM line resistance (Ry,), contact resistance (R¢) and the metal resistance
(Rm), as depicted in Fig. 1.2(b). In the reset state, the resistance of the line cell
Ryeset is mainly determined by the amorphous PCM present in the cell. In other
cell configurations also the contact resistance of metal electrodes to amorphous
PCM is involved.

1.3 Scope of this work

This thesis deals with the characterization of electrical contacts for phase
change memory cells. Electrical contacts are an integral part of the phase change
memory cell. The nature is expressed in terms of contact resistance Rc and
specific contact resistance p.. As the critical feature size F' of semiconductor de-
vices scales down into the (sub micrometer) nanometer regime, the physical size
of electrical contacts in the device also decreases. This is because the scaling of
the contact resistance approaches F~2 for small contacts [16]. Hence the rela-
tive contribution of the contact resistance increases more rapidly than the device
resistance. In the case of a phase change memory cell, p. of the electrode to crys-
talline PCM is approximately 7 x 1078 Q.cm? (as will be shown in the following
chapters). This means that a square contact of 100 nmx100 nm results in a R¢
of 700 ) per contact. This is a significant value when compared to the PCM line
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resistance Ry,, which is adjusted to 2 kQ2 by the geometry of the PCM layer. Dur-
ing reset operation, the impedance of the access device should be matched with
the set resistance of the cell Ry, for optimum power transfer. This includes the
resistance of the crystalline line to be amorphized Ry, and the contact resistance
R, that acts as a parasitic resistance. During set operation, Vg depends on the
voltage across the amorphous region. For other technology nodes the resistance of
the line cell should be adjusted to the accompanying transistor. This includes the
geometry and the material of the line cell Ry, itself and the contact resistance Rc.
With the knowledge of p., the contacts in a PCRAM cell can be engineered for
optimum device performance, not to be a limiting parameter for the performance
of next generation CMOS devices. For other than the line cell configurations,
the R¢ for electrode to amorphous PCM are also of importance [17]. Moreover
the influence of thin (down to 5 nm) PCM layers and the behavior under high
frequencies (user) conditions further improve the understanding of the memory
cells.

Although important for electrical performance optimization and scaling of
phase change memories, very little attempts have been reported to understand
the electrode to PCM contact properties [17][18]. The aim of this work is to gain
a microscopic and macroscopic understanding of electrode to PCM contacts. As
the PCM technology scales in dimension and incorporate different material and
device architectures, improvement in performance demands the understanding of
the PCM and its contacts. In this thesis the following subjects will be discussed:

e What measurement structures are suitable to characterize electrode to PCM
contacts?

e What contact resistivity values are achievable for PCRAM cells?
e What is the charge transport mechanism at the electrode to PCM interface?

e What is the contact resistance value at the operating frequency of a PCRAM
cell?

e What is the influence of parasitic current paths in test structures on the
measured values?

1.4 Outline of the thesis

In chapter 2 contact resistance and different measurement structures used in
this research are introduced. Different types of interfacial charge transport mech-
anisms are briefly reviewed from a metal to semiconductor contact perspective.
Measurements presented in the following chapters on metal to PCM contacts
reveal similar properties.

In chapter 3 the different material parameters of the PCM like resistivity, mo-
bility, carrier concentration and optical band gap are determined from electrical,
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optical and Hall effect measurements. The knowledge of these parameters is essen-
tial along with the contact resistance values to establish the electrical conduction
mechanisms at the contact.

In chapter 4 the p. extracted for TiW to doped-SboTe and GesShsTes from
two different measurement structures are compared. In the amorphous state of
the PCM, these contacts exhibit a polarity dependence and temperature depen-
dence. Based on the measurements with different electrodes and using a metal to
semiconductor model, the interface barrier creation and charge transport mecha-
nism at the contact are modeled with the presence of donor and accepter states
in the PCM. In the last part of this chapter the extracted p. values for different
thicknesses of doped-SbyTe layers are reported.

In chapter 5 a modified test structure and a novel data extraction procedure
is presented that is suitable for electrical contact interface characterization with
frequency. The relevance of high frequency (HF) measurements, design criterion
and the steps involved in the fabrication of these test structures are described in
the first part of this chapter. Measurements were performed on two different test
structures up to 4 GHz. Based on these measurements, the contact is modeled
with a resistance capacitance network. This method can separate the interface
resistance from the interface capacitance values.

In chapter 6 the influence of parasitic current paths in the test structures
on measured resistance is discussed. They lead to additional potential drops and
higher measured resistance values. During pattering of the PCM layer, conducting
re-deposited sidewalls are formed around the etched layer. In the first part, the
presence of re-deposited sidewalls is experimentally characterized by resistance
measurements on Van der Pauw structures. The impact of the formed sidewalls
on contact resistance measurements and data extraction from these structures is
shown. In the reset state of the PCRAM cell, in addition to the electrode to
PCM interface, crystalline PCM to amorphous PCM interfaces are also present.
In the second part of this chapter, test structures are presented to characterize
the interfaces between crystalline and amorphous PCM. Attempts to characterize
these interfaces were hindered by the formation of a non-uniform interface due to
re-deposited residues and partial crystallization of the amorphous PCM. Details
of these experiments with TEM evidence are presented.

Finally in the last chapter, the results are summarized from a PCRAM line
cell perspective.



Contact resistance methodology

This chapter introduces the contact resistance and the different measurement
structures that are suitable for contact resistance characterization. In the first
part, the contact resistance in a PCRAM cell and the parameters that determine
the nature of this interface are presented. In section 2, interfacial barrier creation
and the possible charge transport mechanisms at a metal to semiconductor is
briefly discussed. Our results in Chapter 4 indicate that metal to phase change
material contacts show similar properties as metal to semiconductor contacts.
To cross the interface charge carriers have to overcome a potential barrier which
creates an interfacial potential. Contact characterization is essentially the deter-
mination of this interfacial potential drop, and it is expressed in terms of contact
resistance and specific contact resistance. Measurement structures that are suit-
able to characterize these interfaces are Kelvin resistor structures and Transfer
Length Method structures. The theory and data extraction procedure from these
test structures are discussed in section 3. In an electronic device during opera-
tion the memory cells will be accessed at a certain speed. Hence it is relevant
to know the contact resistance value at its operating frequency. In the following
section a modified test structure is presented which is suitable for contact resis-
tance measurements with frequency. Each test structure has its own design rules,
measurement range and limits. This knowledge is essential for proper selection of
a test structure for accurate extraction of specific contact resistance values. This
is discussed in the subsequent section.
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2.1 Contact resistance

In micro/nano electronic devices, a contact refers to the metallization layer
applied to have a good electrical and physical contact with the functional layers in
a (semiconductor) device. Through these contacts the current enters and leaves
the device. Depending on the pattern of current flow to these contacts, they are
classified into [19];

e Vertical contacts: The current flows vertically to the contact having a uni-
form current distribution.

e Horizontal contact: The current flows laterally to the contact. This leads
to current crowding effects at the contact edges.

A PCRAM line cell as shown in Fig. 1.2 consists of a line of phase change
material contacted with metal electrodes on both ends. The schematic cross
section of this cell with a current, I flowing from A to B is shown in Fig. 2.1.
The contacts formed in these cells are horizontal contacts. The total resistance

< Ry R R,

— 1o =2

S

- [

Figure 2.1: Schematic cross section of a PCRAM line cell with the pattern of current
flow.

between terminals A and B is then represented as:
Ras = 2R\ + Ry, + 2Rc (2.1)

The value of the resistance of the metal electrode Ry and resistance of the
PCM between the metal electrodes Ry, is determined from the geometry of the
cell and the sheet resistance values of metal and PCM. R¢, the total resistance
encountered as the current is forced from metal electrode to the PCM, can be
determined from measurements on dedicated test structures. R¢ depends on
[20](21]:

e Physical properties of the materials: At the contact in a thin surface layer
of the materials, the charge carrier density differs from that of the bulk.
This is due to the difference in the work function of the two materials at
the contact or due to the presence of surface states.
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e Process limiting factors: This could be due to the presence of a thin layer
of conducting or non-conducting foreign matter or oxidation of the material
or a chemical reaction at the interface.

e Current crowding: Due to geometrical effects, the presence of a contact
alters the electric field and hence the current distribution in the vicinity
of the contact. This change in current distribution introduces additional
resistance to current flow.

The parameter describing the physical properties of the interface is defined
as the intrinsic resistivity, p;. The contact resistance (R¢) includes the contribu-
tion of intrinsic resistivity p;, the portion of the metal below the interface and
PCM above the interface, current crowding effects and the presence of any inter-
facial layer at the contact. In a real contact these possible contributions occur
simultaneously! [20][21][23]. This leads to the term contact resistivity or specific
contact resistance p.. This value is related to Rc with the effective contact area
(see eq. 2.9). Thus the electrical nature of a contact is characterized by contact
resistance, Rc(f2) and specific contact resistance, p.(Q.cm?). When evaluated at
zero bias, p. is an important figure of merit for transport characteristics at the
barrier; defined as [24]:(Derivation in appendix A1)

87\ "
%—() (2.2)
v )
pe is considered as the figure of merit in case of ohmic contacts. It is independent

of contact area and hence it is a convenient parameter to compare contacts of
different size. This p. is used in this research.

2.2 Current transport at the interface

The general theory of equilibria [25] states that when two electronic conduc-
tors are in contact and in thermal equilibrium, the electrochemical potentials
(Fermi level) must be the same in both conductors. Charge transfer takes place
through the interface to bring the two Fermi energies into alignment. This creates
an opposing dipole that prevents further charge transfer and the contact poten-
tial developed depends on the work function difference of the two materials. A
space charge region is created in the semiconductor material close to the inter-
face, which is depleted of mobile charge carriers. The charge on the surface of the
metal is within the Thomas-Fermi Screening length (/~0.05 nm) [26]. The extent
of the space charge region into the semiconductor depends on the doping level.
The existence of a barrier to charge carriers at the metal-semiconductor interface
was independently proposed by Schottky [27][28][29] and Mott [30]. This charge

LFor metal to metal contacts treated by Holm [22] contact resistivity is the constriction
resistance, where the interface and the bulk effects are not separated.
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transfers across a metal to semiconductor (or a dielectric) interface, according
to the Schottky model is governed by a barrier height (¢). This is the energy
difference between the Fermi level and the majority carrier band edge at the inter-
face, which is valence band maximum for p-type materials and conduction band
minimum for n-type materials. For an ideal metal to semiconductor interface, i.e.
one in which the interface is inert and without surface or induced interface states
in the semiconductor, the barrier height measured relative to the Fermi level for
metal to n-type (¢p,) and p-type (¢pp,) semiconductors is given by [31]:

@Pon =P —qx &  qdup = Eg+qx — Pm (2.3)

where, x is the electron affinity of the semiconductor measured form the bottom of
the conduction band to the vacuum level and Ej is the semiconductor band gap.
This is referred as Schottky-Mott limit, by which the barrier height is determined
by the metal work function?(®y).

The current transport at a metal-semiconductor interface is mainly determined
by majority carriers crossing the barrier. The total current through the interface
at equilibrium condition constitutes of a thermionic emission component and a
tunneling component. The relative magnitude of these two cases at an inter-
face depends on the temperature T and carrier concentration Ng. The carrier
concentration at which the conduction mechanism at the contact changes from
one to other is based on the characteristic energy Fgp, a material constant that
determines the tunneling probability. Foo is defined as [32]:

h N N,
EOO = L p © =18.5 x 10_12 ¢
4dr V m*e (m*/m)e,

(2.4)

where, hy, is the Planck’s constant, ¢ is the electronic charge, m* is the effective
mass of the tunneling electron, m is the free electron mass, and e, is the dielectric
constant of the semiconductor. The ratio kyT/Ep is a measure of thermionic
process in relation to tunneling. In the case of materials with [33];

e low carrier concentration, kyT >> Epyo and thermionic emission (TE) pro-
cess dominates the current transport through the interface.

e large carrier concentration, kT’ << Eyg and current transport is by tunnel-
ing or field emission (FE) through the barrier.

e In between, kT =~ FEyg, current flows due to electrons with energy tunneling
through the mid section of the potential barrier. This is called thermionic
field emission (TFE).

2Work function ®y; is the energy difference between the vacuum energy level and the Fermi
energy level. Vacuum energy level represents the energy at which the electron can be free of the
material and could be emitted away from the solid. ®); is related to the potential ¢p; by the
relation @y =qom
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The current transport at a contact is primarily described by TE theory if the
barrier height is larger than k7", and the carriers are thermally excited over the
barrier. Assuming Maxwell-Boltzmann approximation, the current density (J) at
the metal to semiconductor junction, without image force lowering is expressed

as [31]:
T e ()] e

The first term in this is saturation current density Jgr, which is dependent on the
zero bias barrier height. Using eq. 2.2, p. at zero bias is calculated for thermionic

emission model as [24]:
) —qdp
pe = o (122 (2.6

As evident from this equation for TE model p. decreases exponentially with de-
creasing ¢, and increasing temperature. At the same time p. is independent of
N¢ and voltage bias (unless image force lowering is considered which will lowers
bb)-

At high N¢ the extent of the space charge region in the semiconductor will
also be small such that quantum mechanical tunneling of the charge carriers
takes place through the interface. In this case the current through the interface is
proportional to the quantum transmission coefficient multiplied by the occupation
probability. With current transport dominated by tunneling, p. is expressed as

31]:
() -w[SE ()] w

In the tunneling regime p. is independent of temperature, but depends strongly
on N¢ and tunneling effective mass. The tunneling probability increases with N,
making the potential barrier thinner and easier to tunnel through.

Thermionic field emission (TFE) is the situation that bridges the two limits.
In this case the thermally excited carriers reach an energy where the barrier is
reasonably narrow for tunneling to occur. With TFE, p. is expressed as [33]:

a% Amy/em* Pb
—— | =exp
uocoth (£5) o \VNG e ()

Pe = €Xp (2.8)

In this case, p. depends on temperature, N¢, tunneling effective mass, and on the
Po-

A good ohmic contact has no potential barrier at the interface, hence p. should
be sufficiently small to exhibit a linear or quasi-linear current-voltage (I- V') char-
acteristic. For devices, a contact is also considered ohmic, if the voltage drop
across the contact is small compared to the voltage drop across the active region
of the device [34]. In the case of dedicated test structures, metal-semiconductor
contacts with a high carrier concentration in the semiconductor, the depletion
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region width becomes small, such that the electrons can tunnel through the bar-
rier in addition to thermionic emission process [35]. This added component of
tunneling current reduces the voltage across the contacts, resulting in an ohmic
contact [33]. Similar case exists for electrode to crystalline PCM contacts. Ideal
interfaces are homogeneous, intimate, abrupt, and free from any structural or
chemical defects. Our measurements indicated that structural defects exist in the
PCM at the interface. This leads to deviation of the metal to PCM interface
properties form an ideal metal to semiconductor interface. These non idealities
will be treated in the subsequent chapters.

2.3 DC contact resistance measurement structures

Metal-semiconductor contacts had been identified and researched for the past
two centuries are now commonly referred as Schottky-barrier devices in honour
of Walter H. Schottky [36] who formulated the first acceptable theory of rectifi-
cation at these contacts [27][28][29]. For electrical conduction at these contacts
charge carriers need to pass the potential barrier at the interface. Depending
on the nature of the interface, as described in the previous section this results
in an interfacial potential drop. Characterization of the contacts is essentially
determination of this interfacial potential drop. This interfacial potential drop
is separated from the potential drop in the device and is expressed as contact
resistance, Rc. This section describes the test structures suitable for interface
characterization, and the data extraction procedure to obtain p. values from these
structures. Direct measurement of individual contact resistance is possible using
a four-terminal Kelvin resistor structure [37]. A technique to measure planar con-
tact resistance associated with metal-semiconductor interface was developed by
Shockley [38]. In this approach, current is constrained to flow from one metal
contact to the semiconductor, through which it flows for a length and then enters
into the second metal contact. From the associated voltage drop and knowledge of
the sheet resistance Rgy of the semiconductor layer the contact resistance is esti-
mated. A model describing planar contacts on monolithic structure was developed
by Kennedy and Murley [39]. This model shows large current crowding effects at
the contacts, which was refined independently using transmission line equations
by Berger [40] and Murrmann and Windmann [41] [42][43]. When the current
flows from PCM to metal or vice versa at the contact it encounters Rgy and pe,
choosing the path of least resistance. This leads to current crowding at the con-
tact which results in a suitable parameter, the transfer length [ from which the
pe is extracted. The p. extraction model based on this parameter is known as the
transfer length method (TLM). In the case of the measurement structures based
on this model, contact resistance determination deals with a difference rather than
absolute values. Various other two terminal methods like twin contact method,
extrapolation method, differential method and contact chains or contact strings
[20][44] also exist for contact resistance determination. In this work we focus on
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Kelvin resistor and transfer length method structures.

2.3.1 Kelvin resistor structures

The Kelvin resistor is a planar structure suitable for interfacial contact resis-
tance measurements with minimum parasitic resistance interference [37]. In the
Kelvin measurement, the current and voltage at the contact are measured us-
ing a four terminal force-sense configuration. The schematic of a Kelvin resistor
structure and its cross section along the contact area is shown in Fig. 2.2. The
structure consists of a metal segment and a PCM segment, with an overlap area
(A) which serves as the contact.

(b)

s pem

wi U]

Figure 2.2: Schematic representation (not to scale) of the Kelvin resistor structure (a),
cross-section (b) along the contact region.

To measure the metal to PCM contact resistance, a current is forced from the
metal to PCM (1 to 2) and the voltage is measured orthogonal to the direction
of current flow (3 and 4). This allows measurement of the average voltage, V
(is V4-V3) at the contact, from which the contact resistance (R¢) is calculated.
This four terminal measurement avoids the probe to contact pad resistance and
the resistance of the current and voltage taps up to the contact region from
the measured resistance. The specific contact resistance, p. is then calculated
from R¢ as:

pe [Q.cm®] = R x A (2.9)

Misalignment of the layers at the contact could lead to a contact width which
is different from the tap width. This results in a resistive drop due to current
flow in the periphery of the contact area. This lateral current crowding strongly
affects the measurement accuracy of p. which is appreciably visible in the range
lower than 107% Q.cm? [45][46]. In this case the extracted p. using eq. 2.9 will
be over estimated due to the current crowding effects around the contact. Two-
dimensional numerical simulations were required to extract p., taking into account
the current crowding in the overlap region around the contact area [45][47][48].
This misalignment tolerance can be avoided by fabricating the same structures
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with a defined contact area (A) in the dielectric surrounded by a well defined over-
lap region (). These structures are basically the same Kelvin resistor structures.
They are known as cross-bridge Kelvin resistor (CBKR) structures [48]. The SEM
image of such a CBKR structure with a contact area (A) and an overlap length
(0) is shown in Fig. 2.3(a), the schematic cross-section is shown in Fig. 2.3(b).
As the current flows through these structures, it creates a potential drop in the
interfacial contact region as well as in the 0 region. The measured resistance (Rk)
consist of two components; one due to the voltage drop at the actual contact, R¢,
and the other due to the voltage drop due to current flow around the contact in
the ¢ region, Rp. The first component, Rc depends on p. the contact area A,
while the second component, Rp depends on the geometry of the structure.

b s Contact: 5

®) AL N,

; K—B-"‘ Contactarea | |W |j I__I I

g : 50 nm TIW PCM 4 20nm
Oxide ¢ 40nm

Figure 2.3: CBKR structure showing the metal (TiW) and the PCM segments (a) Top
view SEM image and (b) cross section view. The contact area and overlap length (§)
between the two layers is also shown.

The change in Rk of the CBKR structures with 4, for given contact area is
shown in Fig. 2.4. To determine p. accurately from these CBKR measurements,
the contribution of Rp needs to be eliminated from Rk. The geometrical depen-
dence of the overlap region to the total measured resistance is given by [49]:

. ARgyo? 5
RK:RC+RD:%+ 3:;2 [1+2(W_5] (2.10)

Using eq. 2.10, p. is extracted numerically or graphically with the knowledge of
the geometrical parameters of the CBKR structure and Rgy of the PCM layer.

2.3.2 Transfer Length Method (TLM) structures

In the case of a lateral contact a current I, travelling from the metal into the
PCM will generate a voltage drop at the metal to PCM interface. At each point at
the contact the current branches through the contact and through the PCM. This
is schematically shown in Fig. 2.5. The potential distribution at the contact is
determined from Rgy and p., which is electrically modeled as a resistive network
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Figure 2.4: Change in Rk with ¢ for a fixed contact area.

[50][44]. The current in the PCM decreases exponentially with the distance. The
related voltage distribution under the contacts is given by [42][34]:

cosh [(L — ) /]
sinh (L/1)
Where Vj is the voltage at the leading edge of the contact, L is the length of the

contact, [ is the contact current transfer length and z indicates the direction of
current flow.

V(z) = ~ Voexp (—x/1) (2.11)

| =S
s x
i Metal
[ — G\ D
L

Figure 2.5: Current transfer at a metal to PCM interface showing current crowding at
the leading edge of the contact.

The contact parameters can be extracted by solving the differential current
and the voltage equations describing the transmission line equivalent circuit of
the contact [41][40][51]. The sheet resistance of the metal and the PCM and the
interfacial resistance at the contact region have to be taken into account [42].
Assuming sheet resistance of the PCM much larger than that of the metal, the
characteristic length of current transfer [ at the contact is defined as [52]:

pe
1=,/ 2.12
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This is also defined as the "1/e" distance of the voltage curve represented by eq.
2.11 [44]. For contacts with L >> [, all the current will be transferred over a
distance L >> 51 [42][39]. In TLM structures, the method to extract the contact
resistivity is based on determining the value of I. p. is then extracted using
eq. 2.12. Different layouts for TLM structures have been developed: linear-TLM
structure [41][40][53], circular-TLM structure [54], and Scott-TLM structures [55].

Linear TLM

The linear-TLM structure consists of identical contacts with different spacing
d; (see Fig. 2.6). To determine the contact parameters, resistance measurements

aasasanss aasasanss aasasanss aasasanss aasasanss E'"""""""E Metal .........
L [—rcm
P
w
Lan2l a3l 4 A d, 5. d, 5.

Figure 2.6: Schematic layout of a liner-TLM structure.

are performed between adjacent metal pads. A current is forced from one metal
pad through the PCM layer to the other metal pad using a pair of probes. The
corresponding voltage drop is measured using a second pair of probes. Assuming
an identical contact resistance for all contacts, the total measured resistance (R;)
between two metal pads is expressed as [50]: (derivation is presented in Appendix

A2)
d; 2l L
Rt; = Rsp (W) + (W)RSH coth (l) (2.13)

Rpcwm Reontact

The sheet resistance of the metal is assumed to be negligible. If the length of the
contact L is considerably larger than the transfer length [, then the equation 2.13
can be simplified to [19]:

Rsnd; | 2Rgul Rsnd;

Ry ~ — 2R 2.14
T e T 2ho (2.14)

For two metal pads with spacing d; and ds, the measured resistance is R and
Rys. Using eq. 2.14, Rc and Rgyg of PCM can be calculated as:

_ RraRy — RmiRa

Rc = 2 (ds — o) (2.15)

w

Rsy = (Rr1 — Rr2) m

(2.16)
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Figure 2.7: Measured resistance (R1) with gap spacing d for linear-TLM. Estimation
of I, Rc, and Rgy is also shown.

The resistance measured for different spacing and can be plotted versus d as
shown in Fig. 2.7. This is essentially the plot of the linear relation as is in
eq. 2.14. The contact parameters can also be extracted from the [ which can be
obtained graphically from this plot [53]. Rgy is the slope of the curve times width
of PCM layer, W. From the intercept at d = 0, two times the contact resistance
(Rt = 2Rc) can be obtained and the intercept at Rt = 0 gives two times the
contact transfer length (—d = 21). From [, the p. is extracted using eq. 2.12.

Circular TLM

The circular-TLM structure is basically the same as the linear-TLM in terms
of measurement and contact parameter extraction, but with a different layout.
These structures consist of circular metal contacts with ring shaped spacing d;
[54]. A SEM image of a circular-TLM test structure with an inner circular contact
pad of diameter, D and a ring shaped spacing d with the outer metal contact is
shown in Fig. 2.8(a). Similar structures are available with different spacing, d
(see Fig. 2.8 (b)).

For electrical contact resistance measurements a current is forced from the
inner to the outer circular metal contact and the voltage drop between metal
contacts is measured. Measurements on circular-TLM structures with different
gaps result in different resistance values. The total measured resistance, Rr
between the inner and outer contact as derived from transmission line equation
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PCM layer

Figure 2.8: Layout of (a) an individual circular-TLM structure, (b) circular-TLM struc-
tures used for measurements.

is given as [56][57][58]:

Rsu[ 1 l Lq
— LI 2.1
L T A D(Ld—di>] (2.17)

where Lq is (D/2)+d, and Rgy is the sheet resistance of PCM. When the contact
ring diameter to gap ratio (D >> d) is large, the ring geometry can be reduced
to a standard linear-TLM model. This is done by including a correction factor
to compensate for the difference between the linear and the circular ring layout.
Without these correction factors the extracted p. will be underestimated [57]. For
practical radii (up to 200 um) and gap spacing (4 — 48 um), the logarithmic term
in eq. 2.17 can be evaluated using Taylor expansion and is rewritten as [56]:

Rsnd; QRSHZ] [RSHdi
+ X c=

Zp Zp

RTi%|:
P

+ 2RC] x ¢ (2.18)
where, Zp = 2m(D/2) is the perimeter of the inner circular metal pad, and c is
the correction factor:

D [QLd]

Czﬂln D

To extract the contact parameters the measured Ry values are converted to its
equivalent linear model by application of this correction factor. Then [ and
Rsp values are extracted graphically by plotting the corrected measured resis-
tance values with d. From [ the p. is extracted using eq. 2.12.

(2.19)

Scott TLM

Scott-TLM test structures consist of a reference structure and structures with
metal segments of varying length underneath the PCM layer. The reference struc-
ture consists of a PCM line without any metal segment. The top view SEM image
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of the reference structure (REF) and the Scott structures (S1-S7) are shown in
Fig. 2.9. Metal segments of equal length are repeatedly placed at equidistance
between these two contacts such that: 1) the total length of PCM in all the struc-
tures is the same as in the reference structure and 2) the total lengths of PCM
segments and the metal segments are the same. Two large metal to PCM contacts
at the ends of the PCM line serve as the entry and exit contacts for the current.
The number and width of the metal segments for each structure we used is given

PCM

[l

Figure 2.9: Top view SEM image of reference structure (REF) and other Scott struc-
tures (S1-S7) showing the metal segments and PCM line.

in Table 2.1. A cross-sectional schematic of the Scott structure showing the PCM
layer on top of the metal segment is shown in Fig. 5.9.

Table 2.1: Metal dimensions for different Scott-TLM structures
Structure  Number (n) Length L;(pum)

REF 0 0
S1 1 25
S2 2 12.5
S3 4 6.25
S4 8 3.15
S5 16 1.57
S6 32 0.78
ST 64 0.39

The measurement technique for these structures is by eliminating the resis-
tance of the reference structure (REF) not interrupted by metal segments from
the resistance of the structures (S1-S7) interrupted by one or more metal seg-
ments. As the structures have been designed to have equal PCM and electrode
segments lengths, the difference between the reference resistance and the others
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resistances is attributed to the total contact resistance, Rcr. With the metal
resistance negligible compared to the sheet resistance of the PCM layer Rsy;

Rcer = Rty — Ryet (2.20)

where Rr; is the resistance of the structure interrupted by n metal segments,
Rref is the resistance of the reference structure. From Rcr, the contribution of
the contact resistance (Rc) of the individual metal segments in a structure is

expressed as:

Re = fmi fhet ;Rfef (2.21)

The change in Rc with the length of the metal segment L; is shown in Fig.
2.10. With the knowledge of Rsy and width of the PCM segment W, p. is then
extracted from R by fitting the measurements with the equation [55]:

_ 2V/peRsu tanh(L;/21) (2.22)

Rc W

Resistance per contact R in Q
N
[ *]

0 T T T T T
0 5 10 15 20 25

Length of the metal segment (L) in um

Figure 2.10: Change in Rc with length of the metal segments in the Scott structure.

When a current is forced through these Scott structures the current divides
itself between the PCM layer and the metal segments, based on L; of the structure
compared to [. The two limiting cases for these structures are:

1. L;j << I; the current does not have enough length to enter the metal and
hence the presence of metal has little or no effect on the measured resistance.

2. Lj >> [; the current has enough length to completely enter the metal from
the PCM, and flows through the metal before it goes back to the PCM.
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In this case the metal segment shorts that part of the PCM resistance. At
the same time it adds two metal to PCM contact resistances R¢ and the
metal segment resistance. Applying this to eq. 2.22, the limiting case of
this resistance can be expressed as;

. 2v/ pcRsn
Rc 1 =Ry=—"7"7— 2.23
c lim =R W (2.23)
These two conditions can be understood by considering the fraction of the current
I in the metal segment L; as a function of the position z. With negligible metal
resistance this is represented as [51]:
I(x)  sinh (L;i/l) — sinh (z/1) — sinh((L; /1) — x)

I sinh (L; /1) (224)

Since Scott structures are available with different metal lengths, the limiting con-
dition for Rc in eq. 2.23 can be applied to eq. 2.22 and can be expressed as

[55]:
Ry + Rc o L;
Ro—Ro P ( l > (229)

From the slope of the plot of eq. 2.25 as a function of L;, the contact transfer
length [ is calculated and p. can be extracted.

2.4 High frequency measurement structures

The test structures discussed so far are designed for contact resistance mea-
surements at DC current and voltages. An embedded phase change memory cell
will be accessed in a nano-second (ns) time scale during the operation of the de-
vice. They will be typically operated in the MHz frequency range. Hence the
current and voltage at the contacts in this memory cell will not be static during
operation. In this section a modified TLM test structure is presented which is
proved to be suitable for High Frequency (HF) contact resistance measurements
[59].

To be able to perform high frequency S-parameter measurements, test struc-
tures are designed in a Ground-Signal-Ground (GSG) configuration. Scott-TLM
structures can be adapted in this GSG configuration. Identical test structures
were fabricated on the same dies in the GSG and in the DC four terminal config-
urations to validate this HF approach. An SEM image of a Scott TLM structure
with four metal segments in the GSG configuration and the DC configuration is
shown in Fig. 2.11. From the measured S-parameters the real and the imagi-
nary part of the differential impedance (Z) offered by each of the structures is
calculated as [60]:

Z = Zag = ZL11 — L1 — L2+ La2 (2.26)
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Figure 2.11: SEM image of Scott-TLM structure with the PCM line intercepted by
four TiW metal segments. (a) In the GSG configuration for HF measurements. (b) In
the four bond-pad configuration for DC measurements.

From this measured Zyig, p. is extracted with frequency. The design rules for the
HF measurement structure, fabrication details, contact resistance measurements
and data extraction are presented in Chapter. 5.

2.5 Comparison of the test structures

Both the Kelvin and TLM methods are suitable for accurate characterization
of rectifying and ohmic contacts [57]. Since the underlying principles in the pa-
rameter extraction from these structures are different these structures are subject
to different geometrical design criteria and measurement limits.

A Kelvin resistor structure employs a four terminal measurement and hence
measures only one contact from which p. can be extracted. The value of RC
determined by this method is made up of several contributions, which bear direct
relevance to the contact resistances in real device contacts [61]. The determination
of p. is based in the assumption of having a uniform contact interfacial layer. For
non uniform layers p. cannot be defined since it is not constant from point to
point in the contact [62]. This is presented experimentally in detail in Chapter
6.2. A design criterion for Kelvin structures is that, for accurate p. extraction
the size of the contact area should be such that it is completely used for current
transfer (less than 5/). Another source of error in CBKR structures is when they
are designed with a relatively large overlap region compared to the contact area.
This leads to a larger geometrical resistance and inaccurate estimation of p. [63].

In the case of TLM structures, contact resistance determination deals with
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difference values rather than absolute values. TLM structures are less sensitive to
overlap region since these structures are based on the transfer length principle. It
detects only the front contact potential [64]. Hence the design criterion for these
structures is that contact length L should be greater than 5. With L >> [, the
current density at the contact is influenced only by the contact width W and not
L. An advantage of TLM structures over Kelvin structures is that these struc-
tures can be adapted in the GSG configuration suitable for HF contact resistance
measurements. Limitation of a linear-TLM and circular-TLM structures:

e The main limitation of TLM structure is that it is a differential measure-
ment and the PCM resistance is measured along with the contact resistance.
This limits the accuracy of data extraction to the errors in determining the
geometrical values of d, W and L.

e If the metal resistance is not negligible compared to Rgyy, this results in an
appreciable voltage drop within the contact metal layer [58]. This situation
occurs for highly resistive or thin contact metal layers. In this case the metal
no longer acts as an eqi-potential layer and hence in this case the transfer
length approximation and model is not valid.

e The transmission line approximation also fails in the case when sheet resis-
tance of the PCM at the contacts is different from the sheet resistance of
PCM between the contacts [53][21].

The main advantage of a circular-TLM structure is that due to the circular
geometry of this structure current can only flow from the central contact to the
surrounding contact. Any isolation is not required. In the case of linear-TLM
structures a parasitic current could flow from contact to contact in non-isolated
regions [44]. Circular-TLM structures can be fabricated on blanket films using a
relatively simple metal lift off process. They can be processed at a lower thermal
budget [56][65].

In the case of a Scott TLM structures, most of the limitations of a linear-
TLM are subdued. Sheet resistance of PCM at the contact and on the metal
segments can be different from that between metal segments. In the case of high
resistive metal, or thin metallic layers this resistance should be taken into account
in the analytical model [50][51]. In these structures the width of the metal contact
segment L; need not be greater than the [. The limit of p. that can be extracted
depends directly on L; relative to I. For commonly used lithography techniques
these structures are suitable to measure metal to PCM contacts with p. in the
1079 Q.cm? range, which was not possible from other TLM structures.

2.6 Van der Pauw structures

The knowledge of the sheet resistance Rgy of a PCM layer is important for
pe extraction from CBKR test structures and for TLM structures. In addition the
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state of the PCM and its properties can also be identified from sheet resistance
values. Van der Pauw structures of the type shown in Fig. 2.12 can be used for
sheet resistance measurements of a thin film layer.

""" ] i Metal | I
] — PCM |
== Contact

Figure 2.12: Schematic layout of a square Van der Pauw structure of side S.

To measure the sheet resistance of the layer, a current is forced from pad 1
to 2 and a voltage is measured at pad 3 and 4 in the structure. From this the
resistance (Ry) of the layer is calculated. The length of the electrical contact
(r) should be negligibly small compared to edge length of the structure (5). An
advantage of this structure is that Ry is independent of S. From Ry the sheet
resistance (Rgpy) of the layer is obtained by using the geometrical factor, which is
7/1n(2) for a square structure [66][44]:

~ 4.53 x

T 1%
Rsu = T

1%
In(2) 1

(2.27)

Rgy is related to the Intrinsic layer resistivity (p) normalized with the thickness
(h) as given by:
p=Rsu xh (2.28)

The measurement structures for p. determination are always accompanied by Van
der Pauw structures to accurately measure the Rgy values.



Phase change material properties

In this chapter, the relevant electrical and optical properties of two different
classes of PCM are summarized. In the first part of this chapter, the temperature
dependence of the resistivity of amorphous PCM is studied. From these measure-
ments the amorphous to crystalline phase transition (crystallization) temperature,
activation energy for conduction in the amorphous state and the temperature co-
efficient of resistance (TCR) in the crystalline state are determined. In the fol-
lowing section, the optical band gap and absorption coefficient for doped-ShsTe
is determined from ellipsometric measurements. In the last part of this chap-
ter, the carrier type, the concentration and the mobility in the crystalline PCM
is determined from Hall effect measurements. The knowledge of these parame-
ters is essential for understanding and modelling the electrical charge transport
mechanism at the metal to PCM interfaces.

25
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3.1 Phase change resistivity measurements

In the application of PCM as embedded RAM, the electrical properties are
of importance for write, erase and read operation. Phase change materials can
be divided into two classes based on their crystallization mechanisms; nucleation
dominated and growth dominated materials [67][8]. Phase change materials with
composition on the tie-line GeTe-ShyoTes in the phase diagram are classified as
nucleation dominated materials. If these materials are sufficiently heated in the
amorphous state crystallites nucleate in the layer, followed by growth of these
nuclei over a small distance until they impinge on other crystallites [9]. These
materials have a large nucleation probability, which occurs rather fast. Materi-
als with a composition around the eutectic point SbggTes; are growth dominated
[8]. These materials have a lower nucleation probability, but once a crystallite is
formed it grows faster. In the application for optical data storage, the crystal-
lization initiates from the amorphous to crystalline interface, i.e. there is no nu-
cleation needed [8]. In the application for memories; the Ovonic Unified Memory
(OUM) cell uses a nucleation dominated material, in particular the composition
GeyShsTes is known to yield good results, for memory line cells a growth domi-
nated doped-ShsTe material is preferred, doped with one or more elements from
the series Ge, In, Ag and Ga [5].

The change in resistivity of an amorphous thin film of doped-SbyTe and
GeySbyTes with temperature is shown in Fig. 3.1. These measurements were
performed on Van der Pauw structures in a No atmosphere with a temperature
ramp rate of 5 °C/min.
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Figure 3.1: Change in resistivity of amorphous (a) doped-SbaTe and (b) GezSbaTes
with thermal cycle.

At crystallization, at approximatly 150 °C, the resistivity of the layer de-
creases by more than three orders of magnitude. The temperature at which
this transition occurs is called crystallization temperature. The crystallization
temperature as such depends on the type of the phase change material, the tem-
perature ramp rate, the surrounding layers and other parameters [8]. A ramp



3.1 Phase change resistivity measurements 27

rate of 5 °C/min for uncapped thin films of 20 nm, the crystallization tempera-
ture of doped-ShyTe is 154 °C and for GesSboTes is approximately 130 °C [5].
GesSbyTes is observed to have a phase transformation in the crystalline state at
a higher temperature of approximately 300 °C; it changes from the meta-stable
fce phase into the stable hexagonal phase [68]. This large contrast in resistivity
between the amorphous and the crystalline state is employed to realize a PCRAM
cell [5].

In the amorphous state, the resistivity/conductivity of the PCM follows an
Arrhenius type exponential relation with temperature. This is expressed as [69]:

-
0 = 0gexp (ﬁ) (3.1)

From eq. 3.1, Ea can be calculated. The change in conductivity (o) of amorphous
PCM layer with temperature in the range from -40 °C to 60 °C is shown in Fig.
3.2.
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Figure 3.2: Change in o with temperature measured for amorphous PCM layers.

In the amorphous state, an Ex for conductivity of 0.26 eV is calculated for
doped-ShoTe and 0.35 eV for GeySbyTes. For uncapped PCM layers, with a
thickness in the range of 5 to 200 nm, the same crystallization temperature and
EA is observed. In the crystalline state PCM shows metallic characteristics. A
linear dependence of resistivity (p) with temperature is observed as shown in Fig.
3.3(a). The calculated TCR of crystalline PCM after anneal at a temperature in
the range 150 to 400 °C is shown in Fig. 3.3(b). In the crystalline state low TCR
is observed for both PCM’s. After anneal at a higher temperature the sign of the
TCR changes. This transition depends on the annealing time and temperature.
In the perfect crystalline state, a positive TCR, is observed.
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Figure 3.3: Change in p with temperature for crystalline PCM layers (p scale has a break

in between) (b) the calculated TCR for crystalline PCM after anneal at temperatures
in the range 150 to 400 °C.

3.2 Optical properties of phase change materials
(PCM)

The first commercial application of PCM for data storage is in CD and DVD
rewritable. Write, erase and readout of data are done optically. For light of a spe-
cific wavelength (\) the optical constants are expressed as the complex refractive
index, expressed as n+ jk , where n is the reflective index and k is the extinction
coefficient. These optical constants of the material are determined from optical
transmission and reflection ellipsometric measurements. The change in n and &
values with photon energy, Ep for doped-SbsTe in the amorphous state is shown
in Fig. 3.4. The reported n and k values for similar PCM exhibits identical
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Figure 3.4: Change in the n and k value with photon energy for doped-SbaTe in the

amorphous state.

behavior in this wavelength range [70][71][8].

If a light beam with intensity Iy propagates over a distance z in the material,

Photon energy (hv) in eV
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then the intensity decreases to I, which can be expressed as [44]:
I =Iyexp(—ax) (3.2)

where, « is the absorption coefficient of the material. With the knowledge of the
optical constants, the absorption coefficient @ of a material can be calculated. «
is related to k as:

4k
DY

These optical properties of the PCM play an important role in the experimental
section in Chapter 4.

The optical band gap, Egpt of a material is determined by the onset of optical
absorption that occurs when the photon energy of the incident light just equals
the energy separation of the highest occupied electron states in the valence band
and the lowest empty states in the conduction band. Photons with energy greater
than this energy separation are absorbed. Light with energy less than the band-
gap will be transmitted or reflected. Hence Egpt is determined by measuring «
with Ep, which is related as [8]:

a (3.3)

ahv = (constant) (hv — EgP)" (3.4)

In the case of indirect band-gap materials » = 2 (Tauc plot), or for direct gap
materials » = 1/2. The plot of (ahv)'/? with Fp and (ahv)? with Ep for doped-
SbhyTe in the amorphous state is as illustrated in Fig. 3.5(a) and Fig. 3.5(b)
respectively.
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Figure 3.5: (a) Plot of (ahv)'/? with Ep for amorphous doped-SboTe. of 0.6 €V is
calculated from this plot. (b) Plot of (ahr)? with Ep

The relation with r of 2 is valid for chalcogenide materials indicating that
these are indirect band-gap materials [72]. The calculated for doped-SbyTe in the
amorphous state is 0.6 eV. GesShsTes is reported to be an indirect gap material
with a of 0.7 €V in the amorphous state and 0.5 €V in the crystalline state [8][73].
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3.3 Hall effect measurements on PCM

In this section the carrier concentration N¢, mobility p, and polarity of the
charge carrier (n-type or p-type) of crystalline PCM are determined from Hall
effect measurements. The Hall effect [74] arises due to the existence of Lorentz
force, which is the combination of electric force and magnetic force. When the
charge carriers involved in the conduction, move along an electric field E with a
speed ¥ and with a direction perpendicular to an applied magnetic field E, they
experience a magnetic force (¢ x E) acting normal to both directions. This is
schematically represented in Fig. 3.6.

Figure 3.6: Schematic illustration of a Hall bar, showing the direction of B, I and the
resulting F1,.

The resulting Lorentz force FE, on the charge carriers due to the electromag-
netic field is given by the vector representation [31][44]:

—

F, =q(E+7x B) (3.5)

This internal force deflects the charge carriers generating an electric field within
the layer. The polarity/direction of this field is determined by the nature of the
majority charge carrier involved in conduction. Given the direction of magnetic
field B and a positive current [ as illustrated in Fig. 3.6, positive charge carriers
are deflected to the left side (direction of Fl) This result in a more positive
potential at this half compared to the right half. The induced Hall field will be
diagonally from the left corner to the right corner. In the case of electrons, the
potential at the left side becomes more negative due to localization of electrons.
This results in an opposite Hall field. Assuming an energy independent scattering
mechanism, the induced Hall field, expressed as the Hall voltage, Vi, is [44]:

_ BI
~ ¢qhNc

Vi (3.6)

where h is the thickness of the layer, ¢ is the elementary charge and N¢ is the
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carrier concentration. From this, the Hall coefficient Ry is derived as:

HVy
The charge carrier density in the layer is then expressed as:
No— (3.8)
¢ qRu .

Assuming that only one type of carriers involved in the conduction, the electrical
conductivity o of the layer, is related to the electrical mobility p of the charge
carriers in the layer by:

o = quNc (3.9)

Hall effect measurements were performed on Van der Pauw structures, used
for sheet resistance measurements [66]. The electrical connections of a square
Van der Pauw structure for sheet resistance measurements and for Hall effect
measurements are shown in Fig. 3.7.

(a) Sheet resistance measurement (b) Hall effect measurement
L . 1€
I \% ’
H I V
<l .. o o “ >
1777 77

Figure 3.7: Schematic of a square Van der Pauw structure in the sheet resistance
measurement and Hall effect measurement configuration.

To perform Hall measurements, a current [ is forced through the layer and
the resulting voltage, V is monitored with and without magnetic field. To check
the symmetry, these measurements were performed with positive and negative
currents and with magnetic field in opposite directions. The measured I-V char-
acteristics with different B for crystalline doped-SbyTe are shown in Fig. 3.8(a).

The measured voltage is symmetrical and it increases with I and B. Fig.
3.8(b) shows the measurements on doped-ShoTe; without magnetic field and with
a magnetic field of 1 Tesla only (applied in opposite directions). The difference
in voltage measured with and without magnetic field is the Hall voltage (Vi).
For a fixed positive I through the layer, V increases with the application of a
positive B. This implies that the charge carriers in doped-ShsoTe in the crystalline
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Figure 3.8: Change in measured voltage with I and B for crystalline doped-SbsTe.

state are positively charged. Similar measurements performed on doped-ShsTe
and GeySbyTes samples annealed at different temperatures in the range from 250
°C t0 400 °C also show p-type conduction. From these measurements Vi, Nc and
w are calculated using eq. 3.6 to eq. 3.9. These calculated N¢ and p values for
both crystalline PCM materials are shown in Fig. 3.9. The N¢ values for doped-
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Figure 3.9: Change in N¢ and p with anneal temperature.

SboTe and GesSbhoTes remain constant upon annealing up to 400 °C. The N¢
for doped-SbsTe is approximately 2 x 102! cm™3. This is one order of magnitude
higher than that of GeyShoTes (~ 5 x 10%° ecm™3). Our measured values for
GeyShyoTes agree well with the reported values [8][73]. The calculated u increases
upon annealing at higher temperatures, as shown in Fig. 3.9(b). This increase in
1 is more pronounced for GeaSboTes. The value of i and N¢ are related to the
resistivity by eq. 3.9. Hence the observed decrease in resistivity upon annealing
is due to the increase in the mobility of the charge carriers rather than a higher
N¢ [75]. In this case during heating crystallites grow and the scattering of the
charge carriers at the grain boundaries decreases [68]. This results in an increased
mobility [8].
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Fig. 3.10 shows the change in the N¢ and p with measurement temperature for
crystalline doped-SboTe and GeySboTes. N hardly changes with temperature,

but p decreases slightly with temperature.
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Figure 3.10: Change in N¢ and g with measurement temperature.

Measurements on high resistive samples in the amorphous state of the PCM
show large experimental errors. This limits measurements on crystalline PCM
only. In addition, use of higher magnetic field can mitigate this problem. Finally,
to confirm the measurement results and to calibrate the Hall effect measurement
setup, p-type and n-type silicon samples with a known Ng were fabricated and
measured. The details are given in Appendix A3.1.

3.4 Summary

The electrical properties of growth dominated doped SboTe and nucleation
dominated GeySboTes were investigated. When heated at a ramp rate of 5 °C/
minute amorphous doped-Sbh2Te crystallizes at 150 °C and GesShsTes at around
130 °C. In the amorphous state both the PCM’s exhibit an exponential depen-
dence with temperature with an activation energy of 0.26 eV for doped-ShyTe
and 0.35 eV for GesShoTes. The calculated optical band gap for doped-ShsTe
from ellipsometric measurements is 0.6 eV. In the crystalline state, an almost
zero TCR is observed for both the PCM with p-type conduction. The calculated
carrier density form Hall effect measurements is 2 x 10%! cm =3 for doped-Sb,Te
and 5 x 102! cm ™3 for GeySbyTes. When annealed at a higher temperature, in
the crystalline state the carrier concentration remains constant while the mobility
increases.
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Electrical characteristics of electrode to PCM
contacts

The aim of this chapter is to provide the reader with a complete understanding
of contacts for metal to PCM in the amorphous and in the crystalline states.
The first step in the understanding of these contacts is to accurately determine
the electrical contact resistance. Dedicated test structures were fabricated from
which the contact resistance is electrically determined. This measured value is
expressed in terms of specific contact resistance p., which is a suitable parameter
to compare different contacts. The next level of understanding of these contacts
is to physically model the charge transport mechanism, based on the measured
values.

In the first section of this chapter, p. is extracted and compared for identical
metal to PCM contacts using the Kelvin resistor method and the transfer length
method. This is performed for both the amorphous and crystalline state of two
classes of PCM. The temperature and voltage bias dependence of p. for these
contacts are also studied. In the second section, the p. is extracted for doped-
Shy Te to different CMOS compatible electrodes W, TiW, Ta, TaN and TiN. Based
on these measurements, the barrier formation and charge transport mechanism at
the contact is modeled. Reset current reduction for maximum power transfer is
an essential requirement for the scaling of PCRAM cells. In these devices this can
be influenced by changing layer thickness of the PCM. In the following section the
change in contact resistance with the layer thickness is studied. Measurements
on structures with ultra thin PCM layers under different illumination conditions
indicated the existence of a modified region in the PCM at the interface. A
detailed understanding of these contacts is essential for selection of the electrode
metal for design, integration, scaling, modeling and optimization of PCRAM cells.

35
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4.1 Comparison of TiW to PCM contact resis-
tance measurements

Determination of the metal to PCM contact resistance is the first step to-
wards understanding of the contacts in a PCRAM cell. With the knowledge of
the p. values, the contacts in the memory cell can be optimized for maximum
power transfer during switching. In this section, the contact resistance between
titanium tungsten (Tig.3Wq.7) electrodes to two classes of phase change materials,
growth-dominated doped-SbsTe and nucleation-dominated GesSboTes is exper-
imentally characterized. The p. values are systematically determined for the
PCM in the amorphous and crystalline states. To be able to measure the con-
tact resistance to amorphous PCM the test structures should be processed below
the crystallization temperature of PCM. The amorphous to crystalline transition
temperature for doped-SbyTe is 160 °C and for GeaSboTes crystallization starts
at 130 °C [5]. Hence the test structures (Kelvin resistor and TLM) were fabri-
cated with a maximum thermal budget of 120 °C. The extracted p. from Kelvin
resistor method and TLM structures is compared for identical contact materials.
Measurement details and data extraction procedure from these test structures are
described in Chapter 2.3. In the last part of this section, the charge transport
mechanism at the metal to PCM interface is modeled based on the temperature
and voltage bias dependence of p..

4.1.1 Kelvin resistor measurements

Cross Bridge Kelvin Resistor (CBKR) structures are suitable for direct mea-
surement of interfacial contact resistance. The top view SEM image and the
schematic cross-section of this test structure used for the measurements is shown
in Fig. 2.3. To fabricate these structures, 50 nm TiW is deposited on an oxidized
silicon wafer and patterned to form the bottom electrode layer of the contact. The
top layer is 20 nm PCM which is deposited amorphous by sputtering. The con-
tact area A between the two layers is defined by a contact hole formed in a 40 nm
PECVD SiOs layer. These structures are fabricated with a metal to PCM contact
area ranging from 1 pum? to 16 ym? with different overlap lengths (§) ranging from
0.2 pm to 5 pm. The exact dimensions of the A and the § are determined using an
SEM. Resistance measurements were performed on these fabricated structures af-
ter annealing at different temperatures for 5 min in an Ny atmosphere. Annealing
the structures at temperatures above the crystallization temperature transforms
the PCM in these structures to the crystalline state. Structures annealed above
250 °C were protected against oxidation and evaporation by capping with a 50
nm PECVD SiOs layer deposited at 250 °C.

The change in measured resistance, Rk with d for TiW to doped-ShsTe CBKR
structures with A of 4 ym? is shown in Fig. 4.1. These measurements are shown
for the amorphous (a) and the crystalline (b) state of doped-ShyTe. The p. is
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Figure 4.1: Change in Rk with ¢ for CBKR structures with A of 4 ym? (a) PCM in
the amorphous state and (b) in the crystalline state. e represent the measured points
and the line represents the fit based on the 2D model. The inset figure shows the typical
I-V curve for a measurement point.

extracted from Rk excluding the resistance in the J region using the 2D analytical
model as represented by eq. 2.10. The fit for Rgvalues based on the extracted
pe is derived using eq. 2.10, and the sheet resistance Rgp of the PCM measured
on Van der Pauw structures on the same die. The measured Rk and the derived
fit show good agreement. Rk measurements and p. extraction were performed
for different contact areas on different dies on the wafer. The average extracted
pe values for TiW to doped-SbhoTe and TiW to GeaSheTes in the amorphous and
crystalline state, when annealed at different temperatures up to 400 °C, is shown
in Fig. 4.2. The error bar indicates the spread in the extracted values at each
point. A summary of the extracted p. for amorphous and crystalline PCM (after
175 °C anneal and 400 °C anneal) is given in Table 4.1. The resistivity (p) of
the PCM measured on Van der Pauw structures is also given.

Table 4.1: TiW to PCM p. (in Q.cm?) and corresponding PCM resistivity p (in Q.cm)
with anneal temperature

Contact 120 °C anneal 175 °C anneal 350 °C anneal
doped-SheTe; pe (424£0.3) x 107 (3.4422)x 1077 (1.2+£0.4) x 1077
doped-SbyTe; p 21.6 540 x 107° 250 x 107°

GeaSboTes; pe - (9.54+0.8) x 1072 (3.840.6) x 107°  (1.9+£0.7) x 1077
GeaShaTes; p 805 20 x 1073 524 x 107°

In the amorphous state, the extracted p. for GeyShoTes is 20 times higher
than for doped-SbhoTe. When annealed at 130 °C and above, the p. values for
GesSboTes show a gradual decrease up to 250 °C, as the PCM changes to the
meta-stable crystalline state. Doped-SboTe when annealed at 150 °C, there is
a sharp change in p. values as the PCM changes from the amorphous to the
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Figure 4.2: Extracted p. for TiW to doped-SbyTe and GeaSbaTes from CBKR struc-
tures after 120 °C to 250 °C anneal and after 250 °C to 400 °C anneal using oxide
capping layer. These measurements were performed at 20 °C.

crystalline phase. From these measurements, a p. of 1.2 x 10~7 Q.cm? is extracted
for TiW to GeySbyTes after 350 °C anneal. This is in good agreement with a
pe value of 2.6 x 107 2.cm? reported for GeyShyTes contacts in OUM cells [17].
Annealing at the highest temperature of 350-400 °C, which is common for CMOS
processing, the crystalline state is stable showing a p. value of (1 —2) x 1077
Q.cm? for both the materials. These p. values measured in the crystalline state
of PCM are at least one order of magnitude above the minimum measurement
range of approximately 1078 Q.cm? for the CBKR structures [76].

4.1.2 Transfer Length Method measurements

The TLM structure used for our measurements is the circular-TLM structure
shown in Fig. 2.8. Each of these structures consists of a circular inner contact of
the same diameter D and surrounding outer contact separated by a ring shaped
gap spacing, d of different lengths. Circular-TLM structures are selected due to
their advantages of having a circular geometry (discussed in section 2.3). These
structures were fabricated with a relatively simple metal liftoff process with a
low thermal budget (Details in Appendix A4). Using the metal liftoff process,
test structures were fabricated and p. is extracted for TiW to doped-ShyTe and
GesSbyTes in the amorphous and crystalline states.

The electrical characteristics of each circular-TLM structure is determined
by current-voltage measurements performed using a semiconductor parameter
analyzer. A normalized -V characteristic measured on a TiW to GesShoTes
circular-TLM structure with PCM in the amorphous state and crystalline state
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Figure 4.3: Change in measured resistance, Rt; and corrected resistance, Rci with the
gap spacing for circular-TLM structures. The estimation of transfer length, | from the
measurements is also shown. The inset shows the normalized I-V characteristics for
TiW to Ge2SbaTes with PCM in the amorphous and crystalline state.

is shown in inset in Fig. 4.3. In the amorphous state, a nonlinear I-V charac-
teristic is observed while the crystalline state shows a linear I-V characteristic.
Similar characteristics are observed in the case of TiW to doped-SbyTe contacts.
The measured resistance (Rr;) of the circular-TLM structure is shown in Fig. 4.3
(open circles). Rty increases with the gap spacing (eq. 2.18). Due to the circular
geometry of the gap, Rr; varies non-linearly with the gap spacing. This non-linear
relation is transformed into a linear curve by application of the correction factor,
cineq. 2.19 to Rri. The corrected circular-TLM resistance values, R¢i (= Rri/c)
varies linearly with gap spacing. The change in Rr; and Rc; values with the gap
spacing is shown in Fig. 4.3.

From extrapolation of the line, two times the contact resistance, (2R¢ at d = 0)
and two times the transfer length, (—2[ at Rc= 0) are obtained. The sheet resis-
tance, Rgy of the PCM layer is calculated from the slope of the line. p. is then
calculated from [ using the eq. 2.12. Resistance measurements and p. extraction
were performed on TiW to doped-SbyTe and TiW to GesShsoTes circular-TLM
structures fabricated at 120 °C. Starting from the amorphous state, measure-
ments were performed on the structures annealed at different temperatures up to
250 °C (5 minutes in a Ny atmosphere). The change in extracted p. is shown in
Fig. 4.4.

The extracted p. for TiW to doped-SbsTe contacts decreases sharply from
9.1x 1073 Q.cm? t0 6.8x 1077 Q.cm? when the PCM changes from the amorphous
to the crystalline state. In the crystalline state, p. does not change much with
temperature. In the case of TiW to GeySbyTes contacts, the extracted p. from
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Figure 4.4: The extracted p. for TiW to doped-SboTe and GezSbaTes from circular-
TLM structures. Measurements were performed at room temperature after anneal.

these structures after fabrication is 7 x 107* Q.cm?. A measured resistivity of 6
Q.cm indicates that this PCM is in the metastable state or is partially amorphous.
Upon annealing at higher temperatures, p, decreases gradually as the GeaSbyTes
changes from the meta-stable fcc phase to hexagonal phase. A summary of the
extracted p after fabrication and annealing at 175 °C and 250 °C is given in Table
4.2. The state of the PCM in these structures is confirmed by PCM resistivity
values.

Table 4.2: TiW to PCM p. (in Q.cm?) and corresponding PCM resistivity p (in Q.cm)
with anneal temperature

Contact 120 °C anneal 175 °C anneal 350 °C anneal
doped-SbyTe; pe (9.243)x 1072 (6.8+6.7) x 1077 (5.54+0.0) x 1077
doped-SbyTe; p 16 502 x 107¢ 449 x 1076
GeaSbaTes; pe (T+2)x107*  (1.840.2)x 107° (1.240.0) x 107

GeaSbyTes; p 6 23 x 1073 3.9 x 1073

4.1.3 Comparison of Kelvin and TLM measurements

Contact resistance expressed in terms of p. gives the magnitude of the electrical
resistance encountered by the charge carriers at the metal to PCM interface. Upon
crystallization, structural changes take place in the PCM alloys and subsequently
change the charge transport at the metal to PCM interface. This results in lower
pe values and PCM resistivity. The p. values extracted for TiW to doped-SbyTe
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and TiW to GeaSbaTes from CBKR structures (Kelvin resistor method) and
circular-TLM (transfer length method) structures are compared in Fig. 4.5. This
data is presented for amorphous (a) and crystalline (b) PCM.
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Figure 4.5: Comparison of p. values extracted using Kelvin resistor method and transfer
length method (CTLM) with PCM in the amorphous state (a) and crystalline state (b).

In the amorphous state of doped-ShsTe, the extracted p. is approximately the
same for both methods. For GeaSboTes, the large difference in p. is attributed to
the fact that PCM is in a metastable phase in these structures. In the crystalline
state, the extracted p. values from both structures are in the same range. Even
though the differences are not large, the extracted p. for identical TiW to PCM
contacts from CBKR structures are systematically slightly lower. This could be
due to the difference in data extraction procedure from these structures. In the
TLM structures p, is extracted graphically, while the Kelvin method employs di-
rect four terminal measurements of the average potential at the contact interface,
and the numerical extraction of p.. Further-on in this chapter, the Kelvin resistor
method is employed to characterize the contact properties and to establish the
charge transport at the interface.

4.1.4 Temperature dependence of contact resistance

In this section, the effect of measurement temperature on measured contact
resistance and extracted p. is studied. The change in I-V characteristic of CBKR
structures when measured at different temperatures in the range from 0 °C to 60
°C for doped-SbyTe and GesSbyTes in the amorphous state is shown in Fig. 4.6.
These measurements were performed with a positive voltage across the contact.
A positive voltage (Vecm — Vietal Positive) implies a higher potential on the
PCM side relative to the metal. For negative voltages, similar characteristics are
observed with a slight asymmetry. In the crystalline state the I-V characteristics
hardly change with temperature.

The current through the structures increases when measured at higher tem-
perature. The Kelvin resistance, Rk of a contact is calculated at an infinitesimal
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Figure 4.6: Semi-logarimithic I-V characteristics measured for TiW to amorphous
PCM structures.

region around zero (eq. 2.2). The change in this Rk with delta of TiW to amor-
phous doped-SbyTe CBKR structures in the temperature range of -20 °C to 60
°C is shown in Fig. 4.7(a). Similar measurements with temperature (-40 °C to
100 °C) in the crystalline state of PCM is shown in Fig. 4.7(b) .These measure-
ments are for structures with a contact area of 4 um?. As expected, the Rk values
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Figure 4.7: The change in measured CBKR resistance with delta for different temper-
atures with PCM in the (a) amorphous and (b) crystalline state.

increase with delta for all the temperatures. In the amorphous state, the Rk val-
ues show a significant change with temperature while in the crystalline state,
there is not much variation. p. values are extracted from these measurements for
each temperature using eq. 2.10. The change in extracted p. with measurement
temperature for both PCM’s in the amorphous and crystalline state are shown
in Fig. 4.8. In the amorphous state (Fig. 4.8(a)), p. shows a strong exponential
dependence with temperature. This behavior of p. can be described by an Ar-
rhenius type equation, from which an activation energy of 0.35 eV for GeySbyTes
and 0.26 eV for doped-ShsoTe is estimated. In the fully crystalline state p. shows
only a weak (linear) dependence with temperature (Fig. 4.8(b)).
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Figure 4.8: The temperature dependence of p, values for TiW to doped-SbyTe and
GezSbaTes in the (a) amorphous and (b) crystalline states.

4.1.5 Bias dependence of the contact resistance

The dependence of p. on the sign and magnitude of the applied bias voltage is
determined for TiW to doped-ShsTe and TiW to Ge;SbyTes contacts with PCM in
the amorphous and in the crystalline state. The contact resistance measurements
were performed on CBKR structures with a PCM thickness of 20 nm and a contact
area of 1 yum?. In this section from the derivative of the I-V curve at the specified
bias voltage, Rk is calculated and the value of p, is extracted using eq. 2.10. The
change in extracted p. with positive and negative bias voltage across the contact
in the amorphous and crystalline state of doped-SbsTe and GesShsTes is shown
in Fig. 4.9 and Fig 4.10, respectively. The inset shows the corresponding current
voltage (I-V) characteristics.
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Figure 4.9: Change in p. with applied bias voltage for TiW to doped-SbsTe contacts;
(a) amorphous state, (b) crystalline state. The inset represents the I-V characteristics
in the respective state of the PCM.

In the amorphous state non-linear I-V characteristics is observed and the
extracted p. depends on the sign and magnitude of the applied bias. A positive
measurement voltage (Veem — Vatetal positive) implies a higher potential on the
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PCM side relative to the metal. Since PCM behaves like a p-type semiconductor
material, with a positive potential the metal-PCM junction is forward biased.
Hence with a larger positive bias the carriers can cross more easily from PCM to
metal, resulting in a strong decrease in p. values. With a negative potential at
the contact, however the barrier for carriers moving from the metal to the PCM
remains the same and a small change in p. values are observed.
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Figure 4.10: Change in p. with applied bias voltage for TiW to GeaSboTes contacts;
(a) amorphous state, (b) crystalline state. The inset represents the I-V characteristics
in the respective state of the PCM.

In summary, the results show a stronger dependence of p. with positive bias
compared to negative bias. This bias dependence of p. is larger for GeySboTes.
For the crystalline state of the PCM, a linear I-V is observed and Rk and p. re-
main unchanged with the applied voltage bias.

4.1.6 Contact resistance with bias and temperature

The differences in the charge transport at the interface between metal electrode
and amorphous or crystalline state of the PCM is discussed in the following sec-
tions. In the amorphous state of the PCM, p. extracted for different bias voltages
follows an exponential dependence with temperature. From this, Arrhenius type
activation energy Ea can be calculated. This calculated Ea for different positive
and negative voltage across the contact is shown in Fig. 4.11. The calculated Ea
decreases with increase in positive voltage at the contact, while it remains almost
constant for negative voltages. PCM is a p-type defect semiconductor. A positive
potential means the metal-PCM junction is forward biased. At a larger positive
bias, the barrier for charge carriers moving from PCM to metal is lowered. At a
negative potential at the contact, the barrier for charge carriers moving from the
metal to the PCM remains unaffected by the applied voltage. The estimation of
barrier height from /- V-T measurements is in Appendix. A5.

If a barrier is formed at the metal-PCM interface, the carrier concentration
(N¢) at which the conduction mechanism changes from thermionic emission to
tunneling can be determined based on the characteristic energy FEg, expressed
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Figure 4.11: Calculated activation energy (Ea) for positive and negative voltage bias
across the contact with PCM in the amorphous state.

by eq. 2.4. The value of N¢ and the mobility for both PCM’s in the crystalline
state is determined from Hall effect measurements (See Chapter 3.3). In the
crystalline state of doped-SbyTe, the measured carrier density is 2 x 102! cm ™3
and the mobility is 8 cm?/V.s. The calculated resistivity in the crystalline state
is (36 — 45) x 107® Q.cm, while in the amorphous state it is (15-21) Q.cm. That
is a four orders of magnitude change in resistivity. The reported carrier mobility
of PCM in the amorphous state is approximately 0.1 cm?/V.s [77][8][78]. This
means, as the PCM changes from crystalline to amorphous state, the resistivity
increases by four orders in magnitude, while the mobility decreases by only two
orders. Hence it is reasonable to assume that the carrier density also decreases
by at-least two orders in magnitude. Using the reported dielectric constant (e,)
for PCM of 17.7 in amorphous state and 38 in the crystalline state [79][80] ,
the characteristic energy FEyo can be calculated. This is given in Table 4.3 for
doped-ShoTe and GesSboTes. These calculations performed for the amorphous
and crystalline state of PCM with tunneling electron mass m* assumed equal to
the electron mass m [81] and with m*/m of 0.69 [82].

Table 4.3: Calculated Eg (eV) for metal to pcm contacts in the amorphous and crys-
talline states

Contact Amorphous state Crystalline state
m*/m=1 m*/m=0.69 m*/m=1 m"/m=0.69

Metal to doped-SbsTe 0.02 0.024 0.134 0.162

Metal to GeaSboTes 0.008 0.01 0.05 0.063

For doped-SbhyTe in the amorphous state, the calculated value of Eyq is in the
range of kT (0.026 V at 300 K) suggests thermionic-field emission at the con-
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tacts. For GesShoTes an Fyo value smaller than k1" suggests thermionic emission
as the major conduction mechanism at the contact. The bias and temperature
dependence of p. values measured for amorphous doped-SbyTe show similarities
with metal-semiconductors contacts for the case of thermionic-field emission: The
pe values are not symmetrical with the bias voltage and the resistance peak is not
occurring at zero bias [83]. The metal to amorphous PCM contacts show identi-
cal behavior to a metal to semiconductor contact with thermionic/thermionic-field
emission as the main charge transport mechanism.

In the crystalline state of the PCM, the calculated Eyy values are larger than
kT, indicating tunneling as the major conduction mechanism at the contact. In
addition the extracted p. values exhibit a weak dependence with the temperature
and with the voltage bias. Given a similar carrier concentration of crystalline
PCM, in the case of a metal to semiconductor contact shows ohmic behavior with
a linear I- V. This is the condition where the tunneling process dominates [31]. Tt
should be noted that the extracted p. value is at least two orders of magnitude
higher than common metal to metal contacts [63]. The metal to crystalline PCM
contacts show identical behavior as metal to doped semiconductor contacts with
tunneling as the main charge transport mechanism.

For regular semiconductors, the metal-semiconductor interfacial barrier height
can be determined from the saturation current from current-voltage (I-V) mea-
surements, activation energy (I-V-T) measurements, capacitance-voltage(C-V)
measurements or from photo current measurements. For metal to PCM contacts
an exponential I-V characteristic is not obtained at a small region around zero.
Hence saturation current cannot be determined accurately from these measure-
ments (See Fig. 4.6). Measurements on capacitance structures show large leakage
currents resulting in inaccurate measurements. Even though inaccurate, barrier
height estimation from activation energy measurements (Richardson’s plot) has
been performed (see appendix A5). The extracted activation energy is slightly
lower than the activation energy calculated from p. shown in Fig. 4.11. As the
calculated activation energy does not scale with the applied forward bias voltage
determination of barrier height from these measurements is not valid.

4.2 Contact resistance with different metal elec-
trodes

In the previous section TiW electrode to PCM contact resistance is systemat-
ically determined and expressed in terms of p.. In this section the mechanism of
interfacial barrier formation and the charge transport mechanism at the electrode
to doped-ShoTe interface are discussed. This is based on p. measurements on
Kelvin resistor structures (Fig. 2.2) realized with (CMOS compatible) electrodes
of different work function. To fabricate these Kelvin resistor structures, first a 100
nm electrode layer is deposited by sputtering on an oxidized silicon wafer which
is subsequently patterned to form the bottom electrode layer at the contact. A
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500 nm PECVD SiOs layer is then deposited and the wafer surface is planarized
by Chemical Mechanical Polishing (CMP) down to the electrodes. Walfers were
prepared with W, TiW, Ta, TaN and TiN electrodes. Process remnants and the
native oxide layer on the electrode surface is removed by insitu sputter etching in
argon plasma, and a 50 nm doped-SbsTe is then deposited by sputtering, resulting
in amorphous layers. This PCM layer is patterned with a maximum thermal bud-
get of 90 °C to form the metal to amorphous PCM contact. The PCM in these
structures were capped with a 25 nm evaporated SiOs layer to protect against
oxidation and evaporation during subsequent anneals.

Contact resistance measurements were performed on Kelvin resistor structures
fabricated with these W, TiW, Ta, TaN and TiN electrodes. From these measure-
ments on structures with different contact area, A the p. is extracted using eq.
2.9. Measurements were performed on different dies annealed at different tem-
peratures in the range 90 °C to 250 °C in an Ny atmosphere for 5 minutes. The
PCM in the as-fabricated structures is in the amorphous state and will remain
amorphous when annealed at temperatures less than 150 °C. The p. of metal to
amorphous doped-ShoTe is extracted from the contact resistance measurements
on these dies. Annealing at different temperatures in the range 175 °C to 250
°C transforms the PCM into the crystalline state. The p. of metal to crystalline
doped-ShoTe is extracted from the contact resistance measurements on these an-
nealed dies. The average extracted p. from these measurements in the amorphous
(a) and crystalline (b) state of doped-SbyTe is shown in Fig. 4.12.
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Figure 4.12: Change in extracted p. as a function of annealing temperature in the
amorphous (a) and in the crystalline (b) state of doped-SbyTe.

The extracted p. for metal to PCM depends on the state of the PCM and the
metal electrode. The extracted p. in the amorphous state is higher than in the
crystalline state for all the metal electrodes. In the amorphous state of the doped-
SbyTe, metal nitrides electrodes (TaN and TiN) have a lower p. as compared to
metal electrodes (Ta, TiW and W). The lowest p. (= 2x 10~ Q.cm?) is extracted
for TaN and the highest p. (= 5 x 1073 Q.cm?) for TiW. The extracted p. for all
electrodes remain more or less constant when annealed up to 150 °C. The slight
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increase when annealed at 150 °C could be due to the partial crystallization
of PCM (explained in Ch. 6.2). In the crystalline state, the extracted p. for
both metal and metal nitrides is in the same range. The highest p. is measured
for TaN. For TiW and W, the extracted p. with PCM in the crystalline state
increases slightly with the annealing temperature. The change in extracted p. with
measurement temperature in the range of -40 °C to 40 °C for different electrode
materials is shown in Fig. 4.13. These measurements are for doped-SbsTe in
the amorphous state (after 120 °C anneal) and in the crystalline state (after 200
°C anneal). In the amorphous state an exponential dependence is observed for
pe with temperature for all the electrodes, which is the energy required by the
charge carriers to cross the interfacial potential barrier. The activation energy
calculated for a TaN is 0.35 eV and for W is 0.254 eV. In the crystalline state
pe is almost independent of the temperature. From Fig. 4.12(a), a lower electrical
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Figure 4.13: Change in extracted p. with measurement temperature in the amorphous
(a) and in the crystalline (b) state of doped-SbaTe.

interfacial resistance is observed for metal-nitrides (=~ 10~* Q.cm?) as compared
to the metal electrodes (=~ 1073 Q.cm?). In the case of pure metal electrodes,
a chemical reaction is expected at the metal-PCM interface, which commonly
results in a better defined and clean interface. On the other hand, in the case of
metal nitrides, less chemical reaction is expected. The higher extracted p. values
for metal to amorphous doped-ShsTe suggest that the electronic conduction is
determined by the barrier formed and not by the material interaction at the
interface. FEj calculations in Table 4.3 showed that charge transport through
the metal to amorphous doped-SbyTe interface is dominated by thermionic-field
emission, which in-turn is dependent on the barrier height. A change in barrier
height changes the contact resistance. In addition an exponential dependence of
pe is observed with temperature for all the electrodes. This indicates that in the
amorphous state the charge transport through the metal doped-Sbs Te interface is
dominated by thermionic-field emission, which is dependent on the barrier height
and temperature.

In the crystalline state, the extracted p. for both metal and metal nitrides is
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in the same range ( p. ~ 10~7 Q.cm? ). The highest p. of ~ 5 x 1077 Q.cm? is
extracted for TaN electrode, while for W, Ta and TiN electrode extracted p. is
~ 8 x 107 Q.cm? . In the case of TiW and W electrodes, p. increases slightly
when annealed at a high temperature. In the crystalline state of doped-SbhsTe,
the charge transport at the interface is dominated by tunneling and the extracted
pe is weakly dependent on the electrode metal (due to differences in barrier height)
[31]. In the crystalline state p. is almost independent of the temperature which
is also a characteristic of tunneling.

The electrode work function can be obtained from literature!.The resistivity
of the electrodes can be calculated from associated Van der Pauw structures on
the same wafer. The electrode work function and the resistivity values are shown
in Table. 4.4.

Table 4.4: Measured resistivity and reported work function of the metals and metal
nitrides

Electrode ~ Work Function in eV Resistivity in p£2.cm

W 4.55 19.6+0.4
TiW 4.2 103.3+1

Ta 4.25 298.8+2.4
TaN 3.5 2327427
TiN 3.7-4.1 218.1+2.4

The plot of extracted p. with the work function of the metal electrode in the
amorphous state (after 120 °C anneal) and in the crystalline state (after 200
°C anneal) of doped-SbaTe is shown in Fig. 4.14.

With the PCM in the amorphous state, the extracted p. increases with in-
crease in electrode work function. PCM a defect material, behaves like a p-type
semiconductor. For metal to p-type semiconductor contacts the interfacial barrier
height decreases with increase in metal work function. A decrease in barrier height
lowers the p.. The opposite is true for an n-type semiconductor contact, where a
lower work function metal decreases the barrier height and results in a lower p..
As observed from Fig. 4.14(a), electrodes with a lower work function (metal ni-
trides) have a lower p.. Hence, metal to amorphous doped-Sby Te contacts behave
like a metal to n-type semiconductor contacts. It is reported that the presence
of donor states in the band gap alter the contact properties and show opposite

IThe work function Ta is 4.25 €V, W is 4.55 eV [84] and for TiW is 4.2 6V [85][86]. The
work function of sputter deposited metal nitrides TiN and TaN depends on nitrogen content,
deposition conditions and also annealing condition after deposition. For these materials work
function is obtained by comparing the reported resistivity with work-function. In the case of
TiN with a p of 218 u€.cm the reported work function is between 3.7 eV to 4.1eV [87][88] [89].
For TaN without a high temperature anneal with a p of 2.3 mQ.cm the work function is reported
to be 3.5 ¢V [90].
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Figure 4.14: Change in p. with metal work function for doped-SbsTe in the amorphous
and in the crystalline state. For TiN the arrow indicates the range of work function.

behavior. The presence of deep acceptor traps will increase the resistivity of the
superfacial layer and may even reverse the surface conductivity [91][92].

The Eyy value calculated in the amorphous state of doped-ShoTe suggests
thermionic-field emission as the dominant charge transport mechanism across the
interface. In this case, the p. is described by eq. 2.8. Assuming the same pre-
exponential factor for all the different electrodes, the difference in barrier height
(A¢r, = Pp1 — dp2) for two different electrodes can be calculated from the ratio
of its p. as:

Pel _ exp _4(9p1 — Pp2) (4.1)
Pc2 EOO coth (%)

The extracted p, for the lowest available work function metal, TaN is 1.9%1074
Q.cm? and for a highest work function metal, W is p. of 1.6 x 1072 Q.cm?. Using
the thermionic-field emission model, the difference in barrier height calculated
using eq. 4.3 for TaN and W is 70.7 meV2. The actual value of Richardson’s
constant, A* is not significant and it will be removed from the ratio. From Ta-
ble. 4.4, the metal work function changes by approximately 1 eV. Based on the
Schottky-Mott model in eq. 2.3, this change in metal work function should re-
sult in a change in the barrier height of the same order. Apparently for metal
to amorphous doped-ShyTe interface, Schottky-Mott rule is not obeyed and the
barrier height is not dependent on the metal work function. This could be due to
the presence of interface defect states in amorphous doped-Shy Te.

In the crystalline state of the PCM, extracted p. is almost independent of
the metal work function as observed from Fig. 4.14(b). The largest p. of 4.5 x
1077 Q.cm? is extracted for TaN which has the lowest work function. Metal to
crystalline doped-SbyTe contacts behaves like a metal to p-type semiconductor
contact with the extracted p. almost independent of the metal work function.

2A¢y, calculated using eq. 4.3 between TaN and TiW is 0.1 eV. Calculations with thermionic
emission model also results in the same range of Agy,.



4.2 Contact resistance with different metal electrodes 51

Donor/acceptor defects levels in amorphous doped-Sbh,Te

For an ideal interface that is homogeneous, intimate, abrupt, and free from
any structural or chemical defects, the barrier height is measured relative to the
Fermi level given by eq. 2.3. Charge transfer takes place through the interface
creating a contact potential (interface dipole), which is the difference between the
two work functions. The total charge @\ on the metal surface is compensated
by an equal and opposite amount of charge Qp on the PCM side of the interface.
With the presence of defect states/interface states in the PCM, the total charge on
the PCM side is the sum of the charges in the interface state and in the depletion
region. The charge neutrality condition is Qy + Qp + Qs = 0, where Qg is the
charge in the interface states.

Surface states created may be either interface defects [93] or Metal Induced
Gap states (MIGS) [94]. The interface defects are created by either a vacant
atomic site, disorder at the interface, dangling bonds, presence of impurities or for-
eign atoms, a thin oxide interfacial layer, or a chemical reaction or inter-diffusion
at the interface. The metal-induced gap states (MIGS) model suggests that, for
an intimate contact between metal and semiconductor, the metal wave functions
are not abruptly terminated at the interface but extend far enough into the semi-
conductor to create states in its band gap. These states decay exponentially inside
the semiconductor depending on the band gap.

In amorphous PCM, dangling bonds are considered to be point defects where
the normal co-ordination is not satisfied. Depending on the atomic configuration
of the dangling bond, a defect can have three charge states; neutral (D°) when
occupied by one electron, negatively charged (D) when occupied by two electrons
and positively charged (D) when unoccupied. A defect center can be donor like
when negatively charged or acceptor like when positively charged [69][95][96]. The
transfer of charge between two neutral defect is represented as 2D° <= D+ +D~.
The energy difference between the left hand side and the right hand side is the
correlation energy.

Amorphous chalcogenide is reported to have a negative correlation energy
(negative U centers) [97][69][95]. This results in an equilibrium state which com-
prises of an equal density of DT and D~ defects with no singly occupied states.
Since the upper level is empty, and the lower level is filled, Fpmust lie between the
two energy levels [98]. The states below Ep are represented as donor like states
(Eq4) and the states above Ep are represented as acceptor like states (F,). The
resulting energy band diagram of amorphous PCM with valence band (Ev) and
conduction band (E¢) separated by the band gap, E, is shown in Fig. 4.15. The
energy level at the interface at which the dominant character changes from donor
like to acceptor like is represented as the level ¢ [99]. This also represents the
level Ecni,, below which the surface states should be filled for charge neutrality
[94]. Energy considerations make it favorable for Er to be located at Ecnr,.

With the contact established, charge transfer takes place between the metal
and the interface states within the band gap. Donor like states are neutral if
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Figure 4.15: Energy band diagram of amorphous PCM showing the donor and acceptor
defect states.

filled and are positively charged when ionized (unoccupied by electrons) while an
acceptor states is neutral without an electron and negatively charged when ionized
(occupied by an electron) [31][34]. When contacted with a high work function
electrode material (®pp), the neutral level Ecny, can be above Eg. Ionized
empty donor states build up a large net positive interface charge as shown in
Fig. 4.16 (a). Establishing a contact with a low work function electrode material
(Py1), Font can be below Er, excess electrons are transferred from the metal
into the acceptor states in the PCM. Ionized occupied acceptor states lead to a
net negative interface charge. The resulting energy band diagram is as shown in
Fig. 4.16 (b).
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Figure 4.16: Band alignment between amorphous PCM with interface states and (a)
high work function electrode (®mu), (b) low work function electrode (P, ).

In the case of PCM, charge carriers (holes) must be transported across the
interface to establish conduction. A high work function electrode accumulates
positive charge in the donor states at the interface. To maintain charge neutrality,
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Qp will be greater than that without interface states. While a low work function
electrode, accumulates negative charge at the interface and Qp will be smaller
than that without surface states. This results in the higher extracted p. values for
high work function metals compared to low work function metals. These localized
donor and acceptor defect states situated in the band gap determines the electrical
properties at the contact. The presence of interface states in the PCM creates a
double layer, resulting from the surface charge in the interface states and in the
space charge region. This double layer makes the barrier height independent of
work function of the metal. This is called the Bardeen limit, where the barrier
height is ’pinned’ by the high density of interface states in the band gap. This
results in the barrier height to be almost independent on the metal work function
Dy [99][94][100]. In this case, Py is replaced by effective work function (®eg),
which is the weighted average of the work function of the different interface states
[101].

A strong Fermi level pinning is reported at the metal to PCM interface by x-ray
photoelectron spectroscopy for different electrode materials [102][103][104][105].

In the case of Fermi-level pinning due to the presence of donor/accepter sur-
face states which arise from unsatisfied dangling bonds or other defects on the
semiconductor surface, de-pinning could be achieved by passivating those surface
states [?]. This is not easily possible for phase change materials. MIGS created
at the interface can be depinned by the introduction of a thin insulator layer at
the interface [106][107][108]. Introduction of a thin oxide layer at the metal to
PCM interface is reported to result in a lower contact resistance [18] and lower
reset current in PCRAM cells [109]. Hence the creation of MIGS at the metal to
PCM interface cannot be ruled out.

With the presence of interface states, the Schottky barrier height is represented
as [110]:

qbvn = S (®m — Eont) + (Eent — X) (4.2)
qdup = S (Eent — @m) + (B + x — Ecni) (4.3)
where, S is the pinning factor which is experimentally obtained as [107]:
I
S=_-— 4.4
Dont (4.4)

with S equals 1, describes the Schottky-Mott limit of no pinning with the
barrier height described by the set of eq. 2.3, and with S as zero, describes the
Bardeen limit of strong pinning due to the presence of large density of surface
states. The barrier height is then represented as [111][94][26][110]:

qpvn = Eg — o = EcnL — X & qbvp = ¢o = Eg +qx — Eon. (4.5)

By convention, ¢g is measured from the valence band maximum and Ecnp, mea-
sured from the vacuum level, but both of them effectively represent the same
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energy level. In the amorphous state, Fermi level pinning is observed at the con-
tacts due to the high density of donor/acceptor states in the PCM. This results
in a weak barrier. Summarizing, based on the energy band diagram shown in Fig.
4.16(a) and (b), a high work function electrode results in larger p. values and vice
versa.

In annealed crystalline PCM, a neutral defect state (dangling bond) is ener-
getically favorable [112][69]. Crystalline PCM is reported to have 20% of these
vacant atomic sites exist in its lattice [113][96]. These structural vacancies in the
material create acceptor like traps close to the valence band maximum, with the
Fermi level close to this level [96]. Hall effect measurements on crystalline PCM,
indicate p-type semiconductor properties. Due to the high density of these states,
charge carriers tunnel through the interface resulting in an ohmic characteristic
for crystalline PCM contacts.

4.3 Contact resistance of ultrathin PCM layers

In the case of a PCRAM line cell, writing current reduction is possible by con-
trolling the PCM line resistance for maximum power transfer. This is possible by
increasing the material resistivity by doping the chalcogenide layer, for instance
with nitrogen [8] and also by controlling the geometry (thickness of the layer
and width of the cell). The thickness of the chalcogenide layer can be controlled
during the fabrication and is independent of the lithography limits. Reducing
the film thickness leads to an increase of the cell resistance, decrease of the reset
current and hence leads to a reduction in the current carrying capacity of the
access transistor. Indeed, the thickness dependence of the switching properties of
PCRAM cells shows that thinner layers have decreased power consumption [114].
In addition, crystallization temperature and crystallization rate [115][116] of the
phase change materials have been studied with film thickness. Phase transfor-
mation from crystalline to amorphous and vice versa on the required timescales
has been shown to be possible for chalcogenide layers as thin as 1.3-2 nm [8]. In
this section, the effect of the layer thickness of the PCM (doped-SboTe) on the
contact resistance is studied.

Contact resistance measurements were performed on Kelvin resistor structures
fabricated with TiW electrode and with different thicknesses of the PCM layer.
From these measurements, p. is extracted using eq. 2.9. The extracted p. with
the contact area for various thicknesses of doped-ShsTe in the amorphous and
crystalline state is shown in Fig. 4.17. The extracted p. is independent of the
contact area for all thicknesses in the amorphous and crystalline states of the
PCM. This indicates that in these structures the complete contact area is used
for current transfer. In Fig. 4.17, the extracted p. in the amorphous state for the
thinnest layer is almost two orders in magnitude lower than for the thicker layer,
whereas in the crystalline state there is hardly any influence of extracted p. with
the layer thickness. The dependence of the average p. on the PCM thickness is
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Figure 4.17: Extracted p. with the contact area for different thickness of the doped-
SbaTe layer; (a) in amorphous state, (b) in the crystalline state.

shown in Fig. 4.18. In the amorphous state, the average p. extracted for a 5
nm thick PCM layer is 1.5 x 104 Q.cm?, which increases to 6 x 1072 Q.cm? for
a thickness larger than 20 nm, while in the crystalline state, the extracted p. is
approximately 2.5 x 1077 Q.cm? and independent of layer thickness. The change
in extracted p. with the measurement temperature in the range —40 °C to 60
°C for different thickness of doped-ShyTe in the amorphous state is shown in Fig.
4.18. An exponential dependence of p. is observed with temperature for all the
layers with almost the same slope.
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Figure 4.18: (a) Change in p. with the thickness of doped-SbzTe layer in the amorphous
and crystalline states. (b) Change in p, with the measurement temperature for different
thickness of doped-SbyTe in the amorphous state.

From accompanying Van der Pauw structures, the sheet resistance Rgpy of
the PCM layer is measured. Rgy is related to the resistivity p of the material
by the eq. 2.28. The p calculated is 15.0940.2 Q.cm for the amorphous state
and 364.4+9.5 puQ.cm for the crystalline state. In our case, p is independent of
thickness h in the range of 5-50 nm. The calculated transfer length using eq.
2.12 and Rgyg from Van der Pauw measurements for the thinner amorphous PCM
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layers indicate that the complete contact area is not used for the current transfer.
However, the measurements in Fig. 4.17, shows that the contact is completely
used for current transfer. This suggests that the PCM at the contact in these
Kelvin structures is modified or has a different electrical properties compared to
PCM in the Van der Pauw structures.

When PCM, a low mobility defect semiconductor, is brought into contact with
a metal, charge transfer takes place through the interface to bring the Fermi levels
into alignment. This results in an interface dipole which prevents further charge
transfer and results in a modified region at the interface. This existence of a
modified (depleted or accumulated) region in different chalcogenide materials at
the interface with metals has already been postulated earlier [117][118][119].

Assuming a semiconductor model, the width of this modified region x4 is given

by [120]:
o 2d)iGS
Tq =/ Vo (4.6)

where,;/q is the built in voltage at the space charge region (which is the work
function difference between metal and PCM), € (= ege; g = 8.85 x 107 F/cm)
is the permittivity of the PCM and N¢ is the charge carrier density.

In the crystalline state of the PCM, the reported dielectric constant (e;) is
38 [79] and our measurements show an N¢ of 2 x 10! em™3 and mobility of 8
ecm?/V.s. Using this, the width of the space charge region is calculated to be 0.55
nm. The value of ¢; for TiW to PCM interface is assumed to be 0.1 eV [117].
Given this carrier density and depletion width, the charge transport at a metal to
semiconductor contact is dominated by tunneling and p. remains independent of
layer thickness. In the amorphous state, the carrier density changes (decreases) by
at-least two orders in magnitude (See section 4.2). Given the reported dielectric
constant (e,) of approximately 17.7 for the PCM in the amorphous state [80][79],
the width of the modified region x4 is calculated to be 5.3 nm. This is in the same
order as the lowest thickness of doped-ShyTe studied in this work, from which a
lower p. is extracted in the amorphous state of the PCM.

The space charge region formed creates a barrier for charge transport at the
contact. In the case of crystalline semiconductors, information about this barrier,
surface states and screening length can be obtained from I-V characteristics,
frequency dependent capacitance-voltage measurements, or contact surface photo
voltage measurements. In the case of metal to amorphous chalcogenide contacts,
it is rather difficult to estimate the barrier height from any of these techniques
[118]. When illuminated, additional charge carriers are generated in the modified
region and in the rest of the layer. These photo-generated carriers in the modified
region change the internal field in this region. At a metal PCM contact, this
changes the contact resistance. Charge carriers generated outside this region
follow the external field if applied. Hence the existence of a modified region at
the interface can be investigated by electrical measurements on Kelvin structures
with and without illumination.
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It has been reported that in chalcogenides, radiation effects do not result in
any permanent changes in the material structure. It only results in the generation
of charge carriers [119]. As light propagates through the material the intensity
decreases exponentially due to absorption [119]. This is characterized by the
absorption coefficient, «, the inverse of which is the average distance travelled by
the photon before it gets absorbed. « is obtained from the extinction coefficient,
k. The k and « values for doped-ShyaTe for a wavelength (A\) range of 300 nm to
700 nm are shown in Table 4.5.

Table 4.5: Range of « and k for white light
A(nm) k a(em™)  a7! (nm)
300  2.26 9.5 x 10° 10.6
400  2.89 8.85x 10° 11.3
700 229 4.11 x 10° 24.3

To investigate the existence of a modified region at the TiW to doped-SbyTe
interface, I- V measurements were performed on Kelvin structures with and with-
out light exposure. Fig. 4 shows the result of these measurements performed on
the Kelvin structures with 5 nm, 10 nm, 20 nm, and 50 nm thick doped-SbyTe
in the amorphous state. As shown in Fig. 4.19, the I-V characteristics in these
measurements changes from an asymmetric non-linear pattern to an almost linear
pattern with increasing PCM thickness. In the case where measurements were
performed in dark, the I-V characteristics for Kelvin structures with a 5 nm
doped-Shy Te layer show significant asymmetry. In these structures, doped-ShsTe
is on top of the metal and is not capped with SiO5. When exposed to light, it will
first enter the PCM. As shown in Table 4.5, the maximum characteristic length
over which visible light is absorbed in amorphous doped-SbeTe is 24 nm. The
exponential decrease in intensity of the light with the distance generates only a
small amount of photon at the maximum depth. The measured voltage, V, on the
Kelvin structures is independent of current and it is the average potential drop
across the contact. In the case of thinner layers, the PCM is modified down to the
metal. In addition, if the light reaches the metal at the contact it will be reflected,
creating additional absorption in the PCM. As observed from Fig. 4.19, for 5 nm
layers the I-V characteristics changes significantly with the application of light
and the measured voltage at the contact decreases. However for the thicker lay-
ers, light modifies the PCM regions only far from the contact and hence, a small
effect is observed in the contact potential. This indicates that modification of
the PCM close to the interface influences the contact resistance confirming the
existence of a region in the amorphous PCM close to the interface with different
properties compared to the film. This explains the lower extracted p. values for
thinner layers. In the case of crystalline PCM layers linear I-V characteristics
are observed, insensitive to light.
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Figure 4.19: Change in current-voltage characteristics measured on Kelvin structures
with and without illumination for 5 nm, 10 nm, 20 nm, and 50 nm doped-Sb>Te in the
amorphous state.

4.4 Conclusions

In this chapter the electrode to PCM contacts are electrically characterized
and modeled. The electrical resistance measurements performed on identical
contacts from Kelvin resistor method (CBKR) structures and Transfer Length
Method (circular-TLM) test structures resulted in similar p. values for amor-
phous and crystalline PCM. Contacts to growth dominated doped-SbsTe and
nucleation dominated GeySboTes were studied. In combination with measure-
ments for different CMOS compatible electrodes (W, TiW, Ta, TaN and TiN) the
charge transport at the electrode to doped-ShyTe interface is modeled.

The extracted p. for TiW to amorphous doped-SbsTe is approximately 1073
Q.cm? and for TiW to amorphous GesSbyTes is approximately 1072 Q.cm?. The
extracted p. for metal nitride electrodes to doped-ShyTe (p. ~ 10~* Q.cm?) is
lower than for the corresponding metal electrodes (p. ~ 1073 Q.cm?). In the
crystalline state of the PCM, a p. value of approximately 2 x 1077 Q.cm? is
extracted for TiW electrode to doped-ShsTe and GesShoTes. They do not show
any dependence with the work function of different electrode, and the values are
in the same range (p. ~ 10~7 Q.cm?). When measured with different thickness
of the amorphous doped-ShoTe layer, the average extracted p. increases from
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1.5 x 107* Q.cm? for a 5 nm thick PCM layer to 6 x 1072 Q.cm? for a thickness
larger than 20 nm. In the crystalline state the extracted p. remains constant,
which is approximately 2.5 x 107 Q.cm? .

In the amorphous state, p. values show a strong exponential dependence with
measurement temperature. In addition a stronger dependence of p. values with
positive bias is observed as compared to negative bias. These measurements
and the calculated Eyy values based on the material parameters derived from
the previous chapter, it is concluded that the charge transport at the metal to
amorphous doped-SbyTe interface is dominated by thermionic-field emission. The
interface barrier formation at a metal to amorphous doped-SbhyTe interface is
modeled with the presence of donor like and acceptor like defect states created in
the PCM. Measurements performed on Kelvin structures with ultra-thin doped-
SboTe layers indicated the existence of a modified region in the PCM at the
interface, which is attributed to the dependence of p. on the layer thickness. In
the crystalline state, the extracted p. is almost independent on the measurement
temperature as well as on polarity of applied bias voltage. The measurements
presented in this chapter and the calculated Eyg values, indicate that tunneling
is the main charge transport mechanism at a metal to crystalline PCM interface.
The electrical properties of the metal to PCM contacts in both states show close
similarities with the metal to semiconductor contacts.
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High frequency contact resistance measurements

During operation, the current enters and exits through the contacts to the
functional layers in a device. Depending on the nature and operation of the
device, current may flow continuously (DC) or for short intervals (HF) through
the contacts. Hence, during operation, the potential at the contacts may remain
static or is dynamic with time. For complete understanding of the contact, the
pe values at its operating frequency range is essential.

In this chapter, the (Scott and linear) TLM structure is modified and a novel
data extraction procedure is presented, that is suitable for contact resistance
measurements at high frequencies. From the measurements on these structures the
pe values are extracted with signal frequencies up to 4 GHz. This chapter starts
by explaining the relevance of high frequency contact resistance measurements for
PCRAM cells. In the subsequent section, the design requirements and fabrication
steps for test structures are presented. Use of different interface treatments during
fabrication resulted in TiW to crystalline doped-SbsTe contacts with different
pe values. In the following sections, the contact resistance measurements with
frequency from modified Scott TLM and linear TLM structures are presented.
The frequency dependence of the contacts is electrically modeled with a resistance-
capacitance network. Scott TLM structures have contacts with varying contact
area while linear TLM structures have a fixed contact area, which is visible in the
extracted interface capacitance values.

61
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5.1 Relevance of high frequency contact resistance
measurements

PCRAM cells often consist of a thin-film of chalcogenide alloy or PCM layer
integrated into the metallization level of the integrated circuit [7]. The principle
of operation of these cells is based on the switching of this PCM layer between the
amorphous (reset state) and the crystalline (set state) phase. Typically set, reset
or read operation of the cell are achieved using different electrical pulses of nano-
second duration [7][121]. Phase change memory cells have been demonstrated for
very fast material switching times down to 1 ns for both set and reset operation
[122]. A PCRAM cell with 2 ns read-time is reported to allow up to 200 MHz data
throughput [121]. Furthermore, research is progressing to improve the electrical
switching speed of PCM, which has been demonstrated to switch with pico-second
laser pulses [123]. With these improved switching speeds, a PCRAM cell can
operate at even higher data throughput rates.

Electrical current flows through the memory cell only when it is accessed for
either set, reset or read operation. Hence, during operation of the device, the
electric potential at the contacts follows this fast changing signal. Metal to PCM
contact resistance measurements and p. values reported in Chapter 4 are obtained
from static DC current and voltage signals. For complete understanding of the
performance of a PCRAM cell, the contacts of which follows a fast changing (dy-
namic) signal, the properties of the contacts at its operating frequency range is
crucial. In this chapter, Scott TLM structures and the linear TLM structure are
modified and a novel data extraction procedure is presented, which is suitable
for interface characterization at High Frequencies (HF). Two port S-parameter
measurements were performed on these structures, from which metal to PCM
contact impedance and p. is extracted as a function of frequency (up to 4 GHZ).
These extracted contact parameters are validated with the values measured at
DC using identical four point test structures. The frequency dependence of the
contact interface is electrically modeled with an interface resistance and capac-
itance network. Finally, based on the measurements the model parameters are
extracted for different p. values.

With the presence of parasitic capacitances at the contact, the application of
a step-function bias results in a transient current response [124]. The presence
of parasitic capacitance is shown to influence the transistor circuit performance
[125]. It was also shown that the presence of the electrode to substrate parasitic
capacitance can influence the programming performance of PCRAM cells at high
frequencies [126]. The measurements presented in this chapter deal with the
characterization of the electrode to PCM interfacial capacitance. The uniqueness
of contact resistance measurement with frequency is that, these measurements can
identify and separate this interfacial capacitance from the interfacial resistance.
Attempts to extract the interfacial capacitance with voltage at a Schottky contact
have also been reported [127][128].



5.2 Test structure and measurements 63

5.2 Test structure and measurements

Scott TLM structures (in Fig. 2.9) and linear TLM (in Fig. 2.6) structures
were fabricated in the Ground-Signal-Ground (GSG) configuration to facilitate
HF measurements. To validate these measurements, identical TLM structures
should be available both in GSG configuration (HF measurements) and four bond-
pad configurations (DC measurements). A SEM image of a Scott TLM structure
in both the configurations is shown in Fig. 2.11. In order to increase the mea-
surement accuracy it is important to match the characteristic impedance of the
test structure with the measurement equipment source/load impedance, which is
typically 50 . This is adjusted by the number of squares (unit area) of the PCM
layer in the measurement structure. In addition, for each TLM structure an open
circuit and short circuit de-embedding structure is required. These de-embedding
structures are essentially the same GSG TLM structure, however for the open
calibration structure the PCM layer is not present and for the short calibration
structure the PCM layer is replaced by a very low resistive aluminium line.

Two port S-parameter measurements were performed in the frequency range
from 1 MHz to 4 GHz on GSG TLM test structures using an Agilent E5071C
network analyzer. The analyzer is first calibrated up to the probe-tips using
a Short-Open-Load-Thru (SOLT) calibration. To remove the influence of the
bond pads and interconnects in the test structure, the dedicated open and short
de-embedding structures are measured [129][130]. Then from the measured S-
parameters after calibration and de-embedding, the real and the imaginary part
of the differential impedance (Z) offered by each structure is calculated using
eq. 2.26. The contact impedance (Z¢) is calculated from Z. The DC electrical
resistance of the structure is obtained from the current voltage measurements
performed using an HP 4155C semiconductor parameter analyzer.

Test structure fabrication

HF test structures, calibration structures and DC measurement structures
were processed on the same oxidised silicon wafer. To fabricate these test struc-
tures, first, a 100 nm TiW layer is sputter deposited and patterned to form the
bottom electrode layer in the TLM structures. For Scott structures it is required
to have metal segments of equal length distributed at constant pitch. To pattern
these metal segments first a resist mask is created on the metal by photo lithog-
raphy. Then this resist mask pattern is transferred to the metal by reactive ion
etching. Changing the exposure energy during lithography changes the dimen-
sions of the resist mask pattern and hence the dimensions of the metal segments.
To meet the design requirement of the Scott structures, the exposure energy is
optimised by creating a "focus exposure matrix" wafer. Different dies in this wafer
are exposed with increasing energies of a fixed step size. After exposure the photo
resist is developed and the metal is etched. The dimensions of the metal segments
after etching was measured using a SEM. Fig. 5.1 shows the change in length of
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the metal segments, L; and spacing with exposed energy in the range from 190
pJ/em? to 240 pJ/cm?.

Figure 5.1: Change in L; pitch of the metal segments with exposure energy for Scott
TLM structure S6.

The change in L; and spacing between metal segments with exposure energy
for three Scott TLM structures S5, S6 and S7 is shown in Fig. 5.2. With constant
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Figure 5.2: Change in L; and the spacing between metal segments with exposure ener-
gies used for Scott structure S5, S6 and S7.

pitch for the metal segments, L; decreases when exposed at higher energies used.
Considering the limiting condition for the Scott structures, to have equal L; and
the spacing between the metal segments, an exposure energy of 240 pJ/cm? is
used in the fabrication of the test structures.

Once the metal segments are formed, the wafer surface needs to be planarized
to obtain a uniform PCM line. For this, a 500 nm PECVD SiOs layer, (greater
than three times the step height), is deposited at 400 °C and then the wafer
surface is planarized by Chemical Mechanical Polishing (CMP) to remove the
SiOg from the TiW surface [131]. Metal dishing or oxide erosion effects [132] of
the type shown Fig. 5.3 may occur during the CMP. To limit these effects, a dense
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|

Figure 5.3: Dishing and erosion effects during CMP

metal pattern is required and hence, metal tiles have been designed and included
in the open spaces around the structures [133]. These metal tiles included around
the Scott structure are shown in Fig. 2.11. Cross sectional SEM images of realized
buried metal segments of three different lengths are shown in Fig. 5.4.

Figure 5.4: Cross-section SEM images of the metal segments after CMP

A 500 nm aluminium layer is then sputter deposited and patterned to form the
ground lines to reduce the ground impedance between the ports, and the bond
pad regions to facilitate probing. Finally, a 50 nm PCM Ilayer is deposited by
sputtering and patterned to form the metal to PCM contacts in these structures.
Three different wafers were fabricated with these test structures having different
surface treatments before PCM deposition and patterning. The first wafer (wafer-
1) is fabricated with Ar pre-clean (sputter-clean) before PCM deposition. This Ar
pre-clean step removes all the process remnants and native oxide from the metal
surface resulting in a good metal to PCM interface [134]. For the second (wafer-2)
and third wafer (wafer-3) the Ar pre-clean step is omitted, and for wafer-3, an
additional treatment was done in oxygen plasma at 110 °C for 5 min (descum).
Here an interfacial layer is introduced intentionally between metal and PCM. In
the case of wafer-3 an even thicker oxidised interfacial layer is expected. The
fabrication differences of the three wafers are summarised in Table 5.1. Prior
to measurements, these structures were annealed at 200 °C for 5 min in a Ny
atmosphere. This transforms the PCM in these wafers to the crystalline state.
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Table 5.1: Fabrication details of the three wafers
Fabrication Step  Wafer-1 ~ Wafer-2 350 Wafer-3

O2 descum No No Yes
Ar pre-clean Yes No No

5.3 Scott-TLM measurements

In this section, the DC measurements and HF measurements performed on
Scott TLM structures are presented. These measurements were performed on
structures fabricated on all three wafers with different interface treatments. Scott
TLM structures were available with a PCM line width of 50 pm, 20 pm, 10 pm,
5 pm, 2 pm, and 1 pm. Test structures were available with L; varying from 25
pm to 390 nm as given in Table 2.1.

5.3.1 DC measurements

From the measured resistance of each structure, the total contact resistance,
Rcr and the resistance per contact, Rc is calculated using eq. 2.20 and 2.21
respectively. Fig. 5.5(a) shows the dependence of normalised resistance (RcW)
per contact with L; for three different width, W of the PCM layer. These mea-
surements are for wafer-3 (with descum and no Ar pre-clean). Based on these
measurements the plot of eq. 2.24 with L; is derived as shown in Fig. 5.5(b).
From the slope of this curve, a transfer length () of 6.2 pm and using eq. 2.12,
a pe value of 3.2 x 1075 Q.cm? are calculated.
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Figure 5.5: Plot of (a) RcW with L; (b) limiting condition of the contact resistance
(eq. 2.24) with L; for wafer-3

Similar measurements performed for wafer-2 result in an [ of 3.2 ym and p. of
8.8x 1076 ©2.cm?, and for wafer-1 results in an [ of 250 nm and p,. of approximately
8x107% Q.cm?. The fit derived for Rc based on this extracted p. and Rgy values
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and using eq. 2.22 is shown in Fig. 5.6. These measurements are for the Scott
structures with PCM width of 20 yum. The Rgy of the PCM layer is measured
using Van der Pauw structures, which is approximately 70 Q /0O for all three
wafers. The measured Rc and calculated fit shows good agreement for all the
three wafers.
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Figure 5.6: Plot of Rc with L; for all three different wafers. The extracted p. from
these measurements is also indicated. The symbols e, [1, and A represent the measured
points and the line represents the derived fit. W is 20 pm.

Wafer-1 has a clean metal to PCM interface. This resulted in the lowest
extracted p., while wafer-3 which has an oxidised interface, resulted in the highest
pe. In this case, the presence of an interfacial layer creates an additional barrier
at the interface.

5.3.2 High frequency measurements

The real and the imaginary parts of the differential impedance Z, offered by
each Scott TLM structure is calculated using eq. 2.26 from its measured S-
parameters. Then, by deducting the impedance of the reference structure from
the measured impedance Z using eq. 2.20, the real and the imaginary part of the
total contact impedance Zct offered by each Scott structure is calculated. The
calculated real part of Zct (Re{Zcr}) and the imaginary part of Zer (Im{Zcr})
for Scott structure S1 with only one metal segment are shown in Fig. 5.7 for all
three wafers. Hardly any frequency dependence is observed for the real and the
imaginary part of Zgr for wafer-1. In the case of wafer-2 and wafer-3, both
real and imaginary part of Zct do show a frequency dependence. The resistance
measured at DC; 1.9 Q for wafer-1, 23.1 Q for wafer-2 and 51 Q for wafer-3.
This is consistent with the measurements at 1 MHz shown in Fig. 5.7. In Scott



68 Chapter 5. High frequency contact resistance measurements

(b)

N=a= Wafer 1 i
—o— Wafer 2
40| —o— Wafer 3

,,,,,
Ty,

—a— Wafer 1
—e— Wafer 2
-59| —o— Wafer 3

Re{Z }inQ
Im{Z_}inQ

0+ T T T "
10° 10’ 10° 10° 10° 10’ 10° 10°
Frequency in Hz Frequency in Hz

Figure 5.7: (a) Comparison of frequency dependence of Zcr of Scott structure S1 for
all three wafers. (a) Real part of Zcr, (b) imaginary part of Zcr.

structure S1 (one metal segment) the total contact impedance Zcr is the same as
the contact impedance per metal segment Zc. From the measured impedance of
Scott structures (S2-S7), the value of Z¢ can be calculated assuming eq. 2.21. The
change in calculated Re{Zc} with the length of the metal segments at different
frequencies for wafer-3 is shown in Fig. 5.8(a). The measured value at DC is also
shown. From these measurements, p. is extracted using eq. 2.25. In Fig. 5.8(b),
the extracted p. with frequency is shown for wafer-2 and wafer-3.
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Figure 5.8: (a) Change in Re{Zc} with the length of the metal segments for wafer-3
measured at different frequencies, (b) extracted p. for wafer-2 and wafer-3 with fre-
quency.

In the case of wafer-1, the extracted p. of 8 x 1078 Q.cm? is independent of
the frequency. Wafer-2 and wafer-3 had an intentionally formed interfacial layer
between the metal and the PCM. This interfacial layer acts like a capacitor at the
contact resulting in a frequency dependent behaviour. In the case of wafer-3 the
thicker interfacial layer results in the relatively prominent frequency dependence.
A capacitive interface when measured with frequency, shows a visible change in
the measured impedance when the real part of the contact impedance equals the
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imaginary part of contact impedance.

5.3.3 Contact model

The frequency dependence of the metal to PCM interface can be electrically
modelled as a resistance Rcg in series with a parallel combination of a capacitor
Ccp and a resistor Rocp. The contact interface is modelled as shown in Fig. 5.9:

R,
Res A M
o—MM— -
R |
I
CCI’

Figure 5.9: Electrical model of metal to PCM interface.

The series resistance Rcg is the interfacial contact resistance formed due to
the difference in work function of the two materials at the contact. The inter-
face capacitor Ccp is formed due to the presence of the interfacial layer at the
contact (only for wafer-2 and wafer-3). The resistor Rcp accounts for the leak-
age through Ccp. The same model has been preposed for metal-semiconductor
contacts [135][136].

The electrical contact model for an individual metal segment with L; much
greater than [ is shown in Fig. 5.10(a). The equivalent electrical model for Scott
structure S1 including the metal segment and the contacts for entry and exit for
the current into the structure is shown in Fig. 5.10(b). In this model, Ry is the
resistance of the metal segment and Rp and Rp; are the resistance of the PCM
segments in the structure. With L;>> [, there is no current flowing through

Res Ry, Res

Metal segment Metal segment

Figure 5.10: Electrical model of the metal to PCM interface (a) an individual metal
segment (b) structure S1 with one metal segment.

the PCM resistance Rp;. Then by shifting the resistances and capacitances, a
simplified equivalent network is derived for the structure as shown in Fig. 5.11.
In this model, Rg as the sum of all the series contact resistance (=) Rcg),
Rc as the sum of all the parallel capacitor resistance (=Y Rcp) and Cc is the
effective capacitance of all the capacitors (=) Ccp) in the structure. The total
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Figure 5.11: Equivalent electrical model for a TLM structure.

impedance of this model network in Fig 5.11, Z)y; is calculated as:

Rc
Zu=Rs+ | 4——F—F | =Rs+ |——F5—+ 5.1
M s %c + jwCc S [1 +ijCcc] (5-1)
where the real and the imaginary parts is expressed as:
R R%C
Re{Zy} = Rs + ¢ & Im{Zy}=-—-—CC (5.2)

1+ (wRcCc)? 1+ (wRcCe)?

The capacitance and resistance values of the structure are extracted by fitting the
measured frequency dependence of Zcr with the respective model equations Zy;.
Fig. 5.12 shows the measured frequency dependence of real and imaginary part
of Zcr for Scott structure S1 in wafer-3, when fitted with eq. 5.4. The measured
impedance values and the calculated fit show good agreement with the model.

(a) ()

--+- Calculated
45 o Measured -- =-- Calculated
40 -5 4 | —@— Measured
L)

20 /= 1
L
15 2nR.C.
T T T -20 T T
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Figure 5.12: Change in Zcr with frequency for structure S1 for wafer-3, with PCM
width of 20 pm. (a) Real part of Zcr, (b) imaginary part of Zcr. e represents the
measured points and the line represents the calculated fit derived based on the electrical
contact model.

The flat portion in Fig. 5.12(a), accounts for the sum total of all the resistance
in the structure; that is Rg+R¢. If the total contact impedance of the structure
(Z) is plotted with frequency then in addition to Rg+Rc, the resistance of the
metal Ry segment and PCM segment Rp in the structure is also included. At
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higher frequencies, Rc will be shunted by the capacitor impedance lowering Zcr.
The rate of decrease of the impedance with frequency depends on Cc and Rc.
The frequency at which the Im{Zcr} in Fig. 5.12(b) reaches its minimum value
is obtained by equating the first derivative of the imaginary part of the model
equation to zero.

O(Im{Zn})
———= =0 5.3
% (5.3)
Thus obtained minimum frequency, fi, is:
1
L=—— 5.4
! 21 RcCc (54)

By fitting both these curves simultaneously the capacitor and resistor values in the
contact model can be derived for all the Scott structures. From the fit an interface
capacitance C¢ of 5.4 pF, a parallel resistor Rc of 33.5 €2 and a series resistor
Rg of 17.5 Q are extracted for the metal segment in S1. The same calculation
and fit for the same structure S1 in wafer 2 results in a C¢ of 50 pF, R¢ of 6.5 €2
and Rg of 18 ) for the metal segment. For wafer-1, only a series resistor Rg of
1.9 Q is extracted. In the case of wafer 3, the thicker oxidized interfacial layer
results in a lower interfacial capacitance and a larger R¢. At higher frequency, the
capacitive effect is negligible and it shunts R, hence only the series impedance
will be visible. This is approximately the same for both wafer-2 and wafer-3 (See
Fig. 5.7(a) and model).

The total capacitance value extracted from the different Scott structures for
wafer-2 and wafer-3 are shown in Fig. 5.13. The extracted capacitance values
from the measured impedance Z of the different structures (S1-S7) is shown in
Fig. 5.13(a). Z includes the impedance of the contacts for entry and exit points
for the current shown in the equivalent electrical model in Fig. 5.10(b). Hence
the extracted value includes the capacitance contribution of these contacts in-
addition to the capacitance offered by the metal segments. Fig. 5.13(b) shows
the extracted capacitance value from the total contact impedance Zcp. The
extracted value from Zcr is the total capacitance contribution of only the metal
segments in the structure.

As observed from Fig. 5.13(a), for both wafers the extracted capacitance is
lower for S1, S2 and S3 as compared to the REF structure. Considering wafer-
3, total capacitance extracted for the REF structure is 5.5 pF, which is 11 pF
per contact interface. Now in the case of S1, with one metal segment, the total
extracted capacitance of the structure is 2.3 pF. For this wafer, the transfer length
(I=6.2 pm) is smaller than the metal segment length (L;=25 pm), the current
enters the metal at the leading edge and leaves the metal segment at the trailing
contact edge, adding two metal to PCM contact interfaces in the current path.
Thus, in the current path of Scott structure S1, four contact interfaces are present
in series. This results in a capacitance of 9.2 pF per contact. The extracted
capacitance value from Zct for S1 is 5.5 pF as shown in Fig. 5.13(b). For
S2, having two metal segments (Lo=12.5 um), each of which adds two contact
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Figure 5.13: Extracted capacitance values for different Scott structures for wafer-2
and wafer-3. (a) From the total impedance of structure Z, (b) from the total contact
impedance of only the metal segments Zcr.

interfaces, six contact interfaces are present in series in the current path. The
extracted capacitance value is 1.5 pF, which results in 9 pF per contact. In the
case of other structures, [ >>L; either the current is not completely entering the
metal segment or, as is in the case of S5, S6, and S7, the current does not even
enter the metal segment. In this case, only the capacitance contribution of the two
contacts (as in the REF structure) is measured as seen in Fig. 5.13(a). A similar
behaviour is observed for structures with a PCM width of 5 yum. The interface
capacitance depends on the area (A) at the contact used for current transfer,
which is determined by the W and [ Using this, the calculated capacitance
density per contact for wafer-3 is approximately 8.8 uF /cm?.

For wafer-2, [ and p. are smaller and the interfacial layer is also thinner.
Smaller [ decrease the capacitance, while thinner interface increases the capaci-
tance and at the same time increases the leakage.

5.3.4 Measurement limits

To validate the assumption in the previous section, that for structures with
I >>L;, the metal segments are not in the current path, further analysis is per-
formed on the Scott measurements. Furthermore, its influence on the measure-
ments is also studied. Fig. 5.14 shows the plot of the measured Im{Z} of all Scott
structures with frequency for all the three wafers. An identical behaviour which is
independent of frequency is observed for all the structures in wafer-1. For struc-
tures in wafer-2 a frequency dependent behaviour is observed with a slight shift
in f1,. In the case of wafer-3, identical frequency response is observed for REF
structure and structures S5, S6 and S7. For this wafer from DC measurements,
an [ of 6.2 pum is extracted.

To understand these measurements, the calculated Zcr for structures in wafer-
3 is plotted with frequency as shown in Fig. 5.15. The Re{Zcr} for all the
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Figure 5.14: Frequency response plot of Im{Z} of the Scott structures with frequency
for all three wafers.

structures is normalised to the same point at the start of the frequency sweep.
Frequency dependence in this measurement range is observed only for structures
S1, S2 and S3. For all other structures [ is larger L;. Hence the current doesn’t
enter the metal segments and hence does not make any capacitance contribu-
tion. For these structures, the frequency response is identical to that of the REF
structure as seen from Fig. 5.14. The frequency response of Zcr depends on
Rc and Cg. In Scott structures where current enters the metal, the resistance
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Figure 5.15: The real and imaginary part of the Zcr with frequency for the wafer-3.

of the PCM in that part is shorted by the metal and at the same time adds two
contact resistances. For structures with | <L;, Zcr increases from the reference
value due to the addition of contact impedances every time the current enters
and leaves the metal segments. For structures with [ >>L;, the current will not
enter the metal segment and is passed through the PCM layer above it. In this
case, the resistance of the PCM layer Rp; is added to the reference value, the
value of which is the maximum measured for the Scott structures. The calculated
differential Zcr, at 100 MHz and at 4 GHz for all the three wafers is plotted as
is in Fig. 5.16. Differential Zq is calculated using eq. 2.20 and hence should be
zero for the REF structure for all the wafers.

As observed from Fig. 5.16(a), differential Zct measured at 100 MHz (same
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Figure 5.16: Change in Zct of the Scott structures for all the three wafers. (a) at 100
MHz, (b) at 4 GHz.

as DC measurements) saturates at around 90 Q for wafer-2 from S5 (with L;=1.59
pm, [=3.2 pm) and for wafer-3 from S4 (with L;=3.15 pm, (=6.2 pm) onwards.
The PCM Rgp measured in all three wafers is approximately 70 /0. The width
of the PCM layer in the structures is 20 yum. Due to the geometry of the structures
the metal segments account for 1.25 squares for a maximum increase in resistance
of approximately 90 Q. At 4 GHz, wafer-2 and wafer-3 reach approximately the
same pc, and hence they follow almost the same curve as seen in Fig. 5.16 (b).
For wafer-1, differential Zcp did not saturate for both frequencies. The slight
differences in the saturated differential Zcr value for wafer 2 and wafer 3 are due
to the differences in PCM Rgy in both the wafers. As observed from Fig. 5.8
for wafer-3, Re{Z¢} decreases at higher frequencies for structures with L; larger
than . That is only for structures S1, S2 and S3.

The exchange of the current at the metal to PCM interface for metal segments
of different length L; can be further understood by studying the fraction of current
in the metal segment. Based on the model in eq. 2.25 the fraction of the current
in the metal (I(x)/I) as a function of the distance z calculated for all three wafers
for S1 (L;=25 pm), S4 (L;=3.15 pm) and S7(L;=0.36 pm) is shown in Fig. 5.17.
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Figure 5.17: Fraction of the current in the metal segments (L;=25 pym, 3.15 um, and
0.36 pm) as a function of position z for all the three wafers.
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For wafer-1, the current completely enters and leaves the 25 um metal seg-
ment and the 3.15 pm segment. For the 0.36 pum metal segment, the current
does not have enough length to enter the metal segment completely, and hence
only 15% enters the metal segment and the remaining 85% remains in the PCM
segment. For wafer-2, for the 25 pm metal segment almost all the current enters
the segment, but only 10% of the current enters for the 3.16 pum segment and
no current enters for the 0.36 pum segment. In the case of wafer-3, only 70% of
the current enters the 25 pm metal segment and no current enters the other two
smaller segments.

5.4 Linear-TLM measurements

In this section, the HF measurements performed on linear TLM structures
modified in the GSG configuration are presented. As compared to Scott TLM
structures, these structures have a fixed contact area for all the structures, but
with different spacing d between the contacts. Structures were available with a
d of 50 pm, 20 pm, 10 pm, 5 pm, 2 ym and 1 pm all having the same contact
length Lc of 10 pm. The width of the PCM layers available are 50 pum, 20 um,
10 pm, 5 pm, 2 pm, and 1 pm. The SEM image of an individual linear TLM
structure is shown in Fig. 5.20. From the DC measurements performed on these
structures, a p. of 6.8 x 1077 Q.cm? was extracted for wafer-1 and 5.6 x 107°
Q.cm? for wafer-3.

From the S-parameter measurements performed on GSG test structures, the
real and the imaginary part of the differential impedance Z offered by each struc-
ture is calculated using eq. 2.26. These measurements for wafer-1 and wafer-3
show identical frequency response behaviour as shown in Fig. 5.7. The Re{Z}
plotted with d measured for different frequencies in the range from DC to 4 GHz
is shown in Fig. 5.18. For both the wafers, a linear TLM like behaviour with
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Figure 5.18: Re{Z} with the spacing between contacts, d for wafer-1(a) and wafer-3(b).

Re{Z} increasing with d is observed. For wafer-1, the Re{Z} is independent
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of the frequency while for wafer-3, Re{Z} decreases with increase in frequency.
From this curve, the Rgy, [ and p. can be extracted as explained in Chapter 2.3.
Rgy calculated from the slope of the curve remains constant at approximately 70
/0 for both the wafers and for all the frequencies studied. This indicated that
the sheet resistance of PCM in the crystalline state is independent of frequency
up to 4 GHz. The extracted p. with frequency for both the wafers is shown in
the Fig.5.19.
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Figure 5.19: p. with measurement frequency for wafer-1 and wafer-3.

For wafer-1, the extracted p. is almost independent of frequency, while for
wafer-3, p. value decreases with frequency due to the presence of an oxidized
capacitive interface. It should be noted that, a higher p. value is extracted for
wafer-1 from linear TLM structure compared to Scott TLM structures. This
pe value is the measurement limit for linear TLM structures [137] and hence a
reliable result is not obtained. Scott TLM structures are reported to be suitable in
this range of p. values [138]. The frequency dependence of contact impedance for
these structures can be electrically modelled with the same resistance-capacitance
network shown in Fig. 5.9. The complete electrical model superimposed on the
SEM image of a linear TLM structure is shown in Fig. 5.20. where, Rp is the
resistance of the PCM line. Shifting the resistances and capacitances, a simplified
equivalent network shown in Fig. 5.11 is derived with:

Rs = 2Rcs + Rp; Co = Ccp/2; Rc = 2Rcp (5.5)

The Re{Z} and Im{Z} with frequency for TLM structure with W of 20 ym and
d of 20 pum in wafer-3 is shown in Fig. 5.21. The measured Z and the calculated
fit using model eq. 5.3 shows good agreement. From this fit, R¢ of 43 2, C¢ of
6.5 pF and Rg of 97 € are extracted for this structure. Similar measurements
were performed on all the structures with different spacing between the contacts.
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Figure 5.20: Electrical model of a linear TLM structure superimposed in its SEM image.
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Figure 5.21: Change in (a) Re{Z} and (b) Im{Z} with frequency for linear TLM
structure. o represents the measured points and the line represents the derived fit.

Ccp and Rcp were then calculated using eq. 5.6, which remains the same for all
the structures. The extracted Rg includes Rp and Rcg, and hence increases with
d the equation of which could be rewritten as:

Rsud

Rs =2Rcs + Rp = 2Rcs + (5.6)

A linear relationship is observed for Rg with d as evident from Fig. 5.22. The
value of Rcg is then calculated from the intercept of the curve at d = 0. From
the slope of the curve Rgy can also be calculated.

The summary of the extracted contact parameters from HF linear TLM mea-
surements for TiW to crystalline doped-SbhyTe contacts for all three wafers with
different interface treatment is listed in Table 5.2.

The extracted capacitance per contact for wafer-3, from linear TLM structures
with contact area (A = W x L¢) of 20 pmx10 pm is 12.5 pF and from Scott TLM
(REF structure) of 20 umx 35 pm is 11 pF. The almost identical extracted Ccp
values indicate that its value is determined by the transfer length at the contact.
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Figure 5.22: Calculated Rg with d of the TLM structure. W=20 pm.

Table 5.2: Summary of extracted TiW to PCM contact parameters for all the three
wafers

Wafer 1 Wafer 2 Wafer 3
PCM width 20 ym 5 um 20 pm 5 pm 20 pm 5 pm
Rep in Q N.A N.A  41.3+13  227+£57 22.34+0.6 110+14
Ccp in pF N.A N.A  6.84049 1.6+0.05 12.5+£0.45 2.5+0.15

Rcs in 4.4 13.8 6.65 35 10.5 44.3
Rsu in /0 68 72 76.4 73.5 72.8 78.5
fu in MHz N.A N.A 567 438 570 562

5.5 Summary and conclusions

In this chapter, test structures and a data extraction procedure are presented
that is suitable for electrical contact interface characterization at high frequency.
This method can separate the interface capacitance from the interface resistance
values.Scott TLM and linear TLM structures have been modified in the GSG
configuration to perform contact resistance measurements as a function of fre-
quency. These test structures have been fabricated with three different interface
treatments (Ar pre-clean, oxygen plasma) resulting in different metal to PCM con-
tact resistance values. From the DC measurements; for Scott TLM structures, a
pe value of 8 x 1078 Q.cm? for wafer-1, 8.6 x 1076 Q.cm? for wafer-2 and 3.2 x 1075
Q.cm? for wafer-3 is extracted, while measurements on the linear TLM structure
results in a p. value of 6.8 x 1077 Q.cm? for wafer-1 and 5.6 x 107° Q.cm? for
wafer-3. The measurement limitations of linear TLM in the lower p. range re-
sulted in the higher extracted values for wafer-1 from these structures. For the
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same reason, a reliable p. is not obtained for wafer-2. Detailed comparison and
measurement limits of both the structure is given in Chapter 2.5

Two port S-parameter measurements were performed on Scott TLM and lin-
ear TLM test structures with frequencies up to 4 GHz. From the measured
S-parameters, the contact impedance and p. values are calculated with signal
frequency. p. values extracted from the GSG structures at low frequencies cor-
respond to the values obtained from identical test structures measured at DC in
the four point force-sense configuration. In case of structures with higher contact
resistance (wafer-2 and wafer-3), a frequency dependence is observed for contact
impedance. This is attributed to the presence of the interfacial layer at the con-
tact that acts like a capacitor. The metal to PCM interface is electrically modeled
with a resistance in series with a parallel combination of capacitor and resistor.
Comparing the frequency response of the measured contact impedances with the
electrical model, the different resistor and capacitor values are extracted.

Compared to linear-TLM structures, Scott-TLM structures are better suited
for high frequency measurements, since more parameters could be extracted from
these structures. A linear-TLM structure has contacts with a fixed area resulting
in the same extracted interfacial capacitance value for all the structures. For
Scott-TLM structures, the extracted capacitance value changes for each structure
due to the change in contact area. Impedance matching is also easily possible
for Scott-TLM structures by adjusting the geometry of the structure. This is
essential to increase the accuracy of extracted parameters from high frequency
measurements. At HF the effective contact resistance is lower for poor interfaces.
The series interfacial capacitor formed has lower impedance at higher frequencies.
For a PCRAM cell that is operated at high frequencies, the effective contact
resistance is lower an consequently it is less sensitive to the processing of the
contacts.
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Influence of parasitic current paths on resistance
measurements

Accurate electrical characterization of test structures and devices requires
identification and correction for parasitic current paths in the measurement net-
work. Sidewalls formed during etching of thin film phase change material layers
in argon plasma can result in parasitic current paths in the structures. In the first
part of this chapter thin film structures with re-deposited sidewalls are realized
and they are experimentally characterized by electrical resistance measurements
on Van der Pauw test structures. The impact of conducting sidewalls on contact
resistance measurements and data extraction from cross bridge Kelvin resistor
structures is discussed. The error introduced in the electrical resistance mea-
surements from these test structures is analytically modeled. In the attempt to
characterize the crystalline PCM to amorphous PCM contacts, a non-uniform in-
terface is formed due to partial crystallization of PCM. This non-uniform contact
interface also results in the formation of parasitic current paths which influence
the contact resistance measurements from these structures. The details of the test
structures used and measurement procedures are described in the second part of
this chapter. The experimental results are substantiated with TEM analysis of
these structures.
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82 measurements

6.1 Thin-film structures with re-deposited side-
walls

Thin film PCM layers are patterned by Reactive Ion Etching (RIE) with a
protective mask. RIE, which is a combination of physical sputtering and chemi-
cal etching in a plasma, is the preferred etching process for achieving anisotropic
etch profiles. The high etch rate of PCM (doped-ShyTe and GeyShoTes) towards
commonly used etch chemistries results in large (isotropic) under-etching [139].
With the inclusion of argon in the etch chemistry, physical ion bombardment
becomes a dominant factor for PCM etching [140]. Sputter etching due to ion
bombardment in argon plasma limits the under-etching of the PCM layers. How-
ever in the case when sputtering dominates the etch rate, fences or sidewalls of
the re-deposited material can be formed either by direct re-deposition onto the
masking layer or by condensation from the gas phase [141]. The sidewalls formed
by direct re-deposition on the protective resist mask during etching of the PCM
layers in argon plasma is schematically shown in Fig. 6.1(a). These sidewalls
may split and standup or fall over locally with or without breaking (electrical)
connections. Standing and fallen sidewalls formed after mask removal are shown
in Fig. 6.1(b). In this section, the presence of sidewalls in a thin film device and

Resist Mask °“w.
PCM at

Substrate

Figure 6.1: Schematic representation showing the re-deposition of the PCM layer on to
the resist sidewall during etching. (b)SEM image of standing and fallen sidewall formed
around a PCM layer after etching and mask removal.

its impact on the electrical characterization and data extraction from Van der
Pauw and CBKR structures is investigated. The nature of the sidewalls formed
(standing or fallen) is correlated by SEM inspection to the errors introduced in
the measurements and data extraction from these structures.

Measurement structures

Thin-film TiW and PCM Van der Pauw structures (Fig. 2.12) and TiW to
PCM CBKR structures (Fig. 2.3) were fabricated on oxidized silicon wafers.
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First, a 50 nm TiW metal layer is deposited by sputtering and is patterned to
form the metal van der Pauw structure and the bottom electrode layer of the
CBKR structure. Then, a 50 nm PECVD SiO, is deposited at 400 °C through
which electrical contacts are defined between TiW and the subsequent deposited
PCM layer. The PCM layer is deposited by sputtering and is patterned to form
the Van der Pauw structures and the top layer of the CBKR structure. Both
TiW and PCM layers are patterned by plasma etching using a 800 nm thick
photo-resist mask. TiW layers are patterned in a chlorine-based chemistry. The
chemical nature of this etching resulted in volatile components and hence no
sidewall formation. Due to the high chemical reactivity of PCM, it is etched in
argon rich plasma, which in this case led to formation of sidewalls due to direct
re-deposition. After patterning of the layers, the resist mask is removed in oxygen
plasma. The sidewall formed around the PCM layer in the CBKR structure is
shown in Fig. 6.2.

Figure 6.2: SEM image of standing sidewalls formed around the PCM layer after etching
in the CBKR structure.

6.1.1 Van der Pauw resistance measurements

Sheet resistance measurements were performed on Van der Pauw structures
to detect the presence of sidewalls and to characterize the error introduced in
the calculation of resistivity from these structures with sidewalls. These measure-
ments were performed on square structures with different edge length, S of 2 um,
5 pm, 10 pm, 20 pm and 50 pm. From these measurements, the resistivity of
the layer is calculated using eq. 2.28. The measured PCM resistivity with S is
shown in Fig. 6.3. These measurements are for PCM structures with standing
and fallen sidewalls and for TiW structures with no sidewalls. The calculated re-
sistivity for the TiW layer is almost independent of the dimensions of the Van der
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Pauw structures. Only for the smallest structure (S =2 pm), a lower value is ob-
served. This is due to non-ideal peripheral contacts with contact length of 1 pum,
which is more than 10% of S. Then, for the calculation of Rgy from square Van
der Pauw structures, a correction is required for the geometrical factor =/ 1In(2)
[44]. In the case of PCM structures with standing sidewalls observed from SEM,
the measured resistance increases with decreasing S. In the case of Van der Pauw
structures with fallen sidewalls, the calculated resistivity of the layer is lower than
that without sidewalls.
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Figure 6.3: Resistivity with S calculated for PCM structures with standing and fallen
sidewalls compared to TiW without sidewalls.

Sidewalls are formed by direct re-deposition onto the vertical edge faces of
the masking layer. Hence the height of sidewalls is mainly determined by the
thickness of the resist mask, which is approximately 1 gm. The sidewall material
could have a lower density and so a higher resistivity than the layer itself. By
first order approximation, the formation of standing sidewalls expands the Van
der Pauw square equally on all the sides. The resulting final structure will also
be a square but the expanded sidewall region will have a larger resistivity. In
addition, expansion of the Van der Pauw square due to the formation of standing
sidewalls moves the position of the electrical contacts from the corners to the
inside. As opposed to the case of having point contacts at the corners of the
square, if they are moved inside, the geometrical factor used in the calculation
of Rgn changes. The relative error introduced in the sheet resistance due to the
placement of contacts inside by a distance d for a circular structure of diameter
D is given by [66]:

ARgn d?

= 1
RSH 2D2In 2 (6 )

For smaller van der Pauw structures, the relative contribution of sheet resis-
tance of sidewalls and the effect of placement of the contacts inside the square is
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larger. This explains the increase in resistivity and larger spread in the measure-
ments for smaller van der Pauw structures with standing sidewalls as shown in
Fig. 6.3. In the case of PCM structures with sidewalls fallen onto the layer itself,
the thickness of the PCM layer is increased locally around the edges. An increase
in the thickness of the layer results in lower Rgy (using eq. 2.28) as seen in Fig.
6.3. The effect of the side walls is larger for smaller structures since the relative
area over which the side walls will be fallen is larger for these structures.
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Figure 6.4: (a) PCM resistivity with S for 20 nm, 50 nm and 100 nm PCM layers having
side walls (b) structure with 20 nm thick PCM layer having standing sidewalls measured
in two different current directions. The error bar indicates the spread in measurements
at each point.

The relative error introduced in the calculated resistivity by moving the con-
tacts inside is independent of the thickness and Rgy of the layer (eq. 6.1). The
PCM resistivity with S for three different layer thicknesses is shown in Fig. 6.4(a).
The resistivity deviates more in the case of thinner PCM layers as compared to
thicker layers. Hence for the thinner layer, a larger contribution of the sidewalls
is observed. To examine the symmetry of van der Pauw structures with sidewalls,
measurements were performed by rotating the current force and the voltage mea-
surement terminals by 90 degrees four times. Fig. 6.4(b) shows the PCM resis-
tivity measured in two different directions. Measurements in opposite directions
rotating the terminals by 180 degrees results in the same electrical resistance.

In practice, the sidewalls do not exhibit a regular shape or uniform resistivity
by nature of its formation. They may split, stand up or fall over locally with
or without breaking (electrical) connections. This means that, due to these in-
homogeneities, the structure can become electrically asymmetric as seen in Fig.
6.4(b). This will be more pronounced for the smaller structures and it also results
in a larger spread in measurements. Electrical resistance measurements on Van
der Pauw structures, with a wide range of diamensions can be used as an indicator
for the presence of sidewalls. When the height of sidewalls in these structures is in
the same order as the dimensions of the structure, the measured resistance values
deviate more from its ideal value.
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6.1.2 CBKR contact resistance measurements

The effect of PCM sidewalls on the extracted p. is demonstrated using contact
resistance measurements on CBKR structures. The measured resistance (Rk)
with § for CBKR structures with standing sidewalls around the PCM layer (see
Fig. 6.2) is shown in Fig. 6.5(a). These measurements are for structures with the
TiW to PCM contact area, A of 9 um?. The p. extracted for each measurement
point using eq. 2.10 is shown in Fig. 6.5(b). The measured Ry includes, contact
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Figure 6.5: (a) Rk with § for CBKR structures with standing sidewalls. e shows
measurement points and o shows the values calculated with p. extracted for § = 5 pum.
(b) Extracted p. with ¢ for measurement points in Fig. 5.5(a).

resistance R and the contribution of overlap Rp, which is dependent on PCM
Rsy and the § (see eq. 2.10). p. is a property of the interface and should be
independent on the § around the contact. In Fig. 6.5(b) the extracted p. decreases
with § for structures with standing PCM sidewalls. The extracted p. for ¢ of 0.35
pm is 1.1 x 107¢ Q.cm? and for 6 of 5 ym is 5 x 1077 Q.cm?. The formation of
standing sidewalls expands the ¢ by its height, which directly influences Rp and
Rk. This results in an inaccurate extraction of p. from these CBKR structures.
The effect of the sidewalls will be relatively smaller for structure with the largest ¢
and the obtained p. for which approximates almost the actual value. The largest
§ available is 5 ym and the extracted p. from this structure is 5 x 1077 Q.cm?.
Using eq. 2.10, the Rk values are calculated with a p. of 5 x 107 Q.cm? and
PCM Rgy of 236 /0 (from Van der Pauw structures) is shown in Fig. 6.5(a).
With standing sidewalls, the largest deviation in measured Rk values is observed
for smallest §. In this case, Rk values for structures with the smallest delta (§ of
0.35 um) are over-estimated by approximately 50% and the extracted p. by more
than 60% of the actual values.

Sidewalls can also be formed irregularly in the CBKR structures. Fig. 6.6
shows SEM images of three structures with the same contact area of 4 pum? but
with different §. The CBKR structure; in Fig. 6.6(a) has a ¢ of 0.35 pm with
irregular sidewalls formed around the PCM layer, in Fig. 6.6(b) has a ¢ of 0.65
um without sidewalls, and in Fig. 6.6(c) has a § of 1.1 ym with PCM sidewalls
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formed on one side of the structure. The measured resistance Rx with ¢ for these

Figure 6.6: SEM images of CBKR structures showing different pattern of sidewall
formation. All structures have the same contact area of 4 ym? but different § (a) § of
0.35 pm with irregularly formed PCM sidewalls on all sides, (b) 6 of 0.65 ym with no
PCM sidewalls, (c) d of 1.1 pm with PCM sidewalls formed only on one side.

structures is shown in Fig. 6.7(a). The p. extracted from these measurements
is shown in Fig. 6.7(b). The p. extracted for structures without sidewalls (in
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Figure 6.7: (a) Rk with § for CBKR structures with irregularly formed sidewalls. The
inset characters a, b and c¢ corresponds to the SEM image in Fig. 6. e shows the
measurement points and o shows the calculated value minimizing the effect of sidewalls.
(b) Extracted p. with § for CBKR structures. The dotted line represents the actual
pe for this contact.

Fig 6.6(b)) is 1.1 x 1077 Q.cm?. The calculated Ry values using eq. 2.10 with
this p. value and PCM Rgy of 243 Q/0 is shown in Fig. 6.7(a). The calculated
Ry coincides with the measurement points for structures without sidewalls. The
extracted p. is higher for measurement points a and c, which are associated to
the CBKR structures for which sidewalls are observed from the SEM image (Fig.
6.6(a) and Fig 6.6(c) respectively). Also in this case, the deviation in p. with
sidewalls is larger for structure with smaller 0.

According to eq. 2.10, Rk depends on PCM Rgy. To investigate the ef-
fect of sidewalls with PCM Rgsy, additional measurements were performed on
TiW to GesShsoTes structures fabricated with a thermal budget of 120 °C. The
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measured Rk with § for A of 4 ym? is shown in Fig. 6.8(a). The inset shows
the measurements on structures with contact area of 1 um?, 4 ym?, 9 ym?, 16
pum?. From these measurements, the average p. of 3.9 x 107% Q.cm? is extracted.
The accompanying Van der Pauw structures measure a PCM resistivity of 12.2
m.cm. As observed from Fig. 3.1, GeaSboTes in these structures is in meta-
stable state. When annealed at a temperature of 250 °C for 5 min in Ny ambient,
the resistivity of PCM in these structures lowers to 416 pf2.cm. The Rk with ¢
measurements for the same structures after 250 °C anneal is shown in Fig. 6.8(b).
The p. extracted from these measurements is approximately 1.7 x 1076 Q.cm?.
The influence of side walls on Rk values is more pronounced for CBKR structures
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Figure 6.8: Rk with ¢ for CBKR structures with contact area (A4) of 1 ym?, 4 pm?, 9
pm? and 16 ym?.(a) before anneal; (b) After 250 °C anneal. The inset values show the
PCM resistivity and extracted pe.

with lower Rgy values. This is ascribed to the more pronunced current spreading
paths formed.

In this section, the presence of re-deposited sidewalls and its influences on
resistance measurements from Van der Pauw structures and from CBKR struc-
tures were investigated. However, the formation of re-deposited sidewalls in PCM
devices can be minimized. At the same time an almost uniform profile can be
fabricated by optimization of the etch gas mixing ratio, tuning the process param-
eters [140][142][143] or by the use of a hard mask [139]. In the following section,
PCM layers have been etched in an optimized Ar/Cl environment to minimize
re-deposited residues.

6.2 Amorphous PCM to crystalline PCM contact
resistance

In the reset state of the PCRAM cell, a part of the PCM in the cell is in
the amorphous state. The top view TEM image of a PCRAM line cell in the
reset state with metal electrodes and regions of crystalline PCM and amorphous
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PCM is shown in Fig. 6.1(a). On the macroscopic scale, two different types of
interfaces exist in this cell: the metal electrode to crystalline PCM interface and
the crystalline PCM to amorphous PCM interface. The presence of the latter

Metal electrodes (b)

Crystalline PCM GWECIEIR Crystalline PCM

PCM

2 Crystalline
PCM

Amorphous

Metal Dielectric Metal

Figure 6.9: PCRAM line cell in the reset state showing the metal electrode and the
amorphous and crystalline PCM regions. (a) Top view TEM image (b) Schematic cross-
section with the equivalent electrical network.

offers an additional resistance to the flow of current. Two metal to PCM contact
resistance (2 x R¢) and two crystalline PCM (¢-PCM) to amorphous PCM (a-
PCM) contact resistance (2 X Rcp) exist in the current path of the cell. The
schematic cross-section of the cell is shown in Fig. 6.9(b). The total resistance
of the cell in the reset state Ryeset, including the ¢-PCM resistance Rp and the
a-PCM resistance Rpa is represented as:

Ricset = 2Rc + 2Rp + 2Rcp + Rpa (6.2)

The resistance of interconnect metal Ry is neglected. The value of R¢ and p. for
different CMOS compatible metal electrodes to PCM are given in chapter 4. The
aim of this section is to determine Rcp and express it in terms of a-PCM to
¢-PCM specific contact resistance pcp. The test structures, the fabrication steps
and the electrical measurements are presented here.

Measurement structures

Kelvin resistor and TLM structures were fabricated to characterize the c-PCM
to a-PCM interfacial resistance. To fabricate these structures, first a metal layer
(500 nm Al or 100 nm TiW) is sputter deposited on a clean oxidized silicon
wafer and is patterned to form the bond pads to facilitate electrical probing.
Subsequently, a 50 nm amorphous doped-SbyTe layer is sputter deposited and is
crystallized by annealing at 200 °C for 5 min in Ny ambient. This crystalline PCM
layer is patterned in Ar-Cl plasma to form the bottom electrode layer (bottom
PCM layer). A second 50 nm PCM (top PCM layer) is sputter deposited under
the same conditions as the previous layer to form the top layer at the contact.
Prior to deposition of this second PCM layer, the wafer surface is cleaned by an
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in-situ Ar plasma pre-clean. The second PCM layer is then patterned to form
the measurement structures. During patterning of the top layer, the bottom
PCM layer is also masked. Hence these fabricated structures will have regions
with a stack of a-PCM on top of c-PCM and regions with a-PCM only. The
schematic representation of these structures is shown in Fig. 6.10. A top-view

(@)
[ Crystalline PCM
[——1 Amorphous PCM

Figure 6.10: Schematic representation of a (a) CBKR structure and (b) TLM structure
showing regions with a stack of c-PCM and a-PCM and regions with only a-PCM layers.

SEM image of the realized measurement structures is shown in Fig. 6.11. The
regions with amorphous PCM and crystalline PCM (a-PCM+c-PCM) and regions
with only amorphous PCM (a-PCM) are marked. To analyse the layers in the
Kelvin structure, cross-sectional TEM images were taken along the dotted line
marked in Fig. 6.11(a). This TEM analysis line is divided into three regions R1,
R2 and R3 as depicted in the figure.

Figure 6.11: Top view SEM image of the (a) Kelvin resistor and (b) TLM structure
showing the c-PCM+a-PCM regions and a-PCM regions. The dotted line in (a) repre-
sents the TEM analysis line for these structures.
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6.2.1 Kelvin resistor measurements

The expected schematic cross-section of the Kelvin structures along the TEM
line is shown in Fig. 6.12(a). To measure the electrical resistance of these struc-
tures, a current [ is forced from 1 to 2 and the voltage V3 and V4 is measured at
3 and 4, respectively. From the measured resistance Rx=(V3-V4)/I, pcp can be
calculated using eq. 2.9. The extracted pcp with contact area is shown in Fig.
6.12(b). These structures were annealed for 5 minutes at different temperatures
in the range from 120 °C to 300 °C. The extracted pcp decreases by 5 orders of
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Figure 6.12: (a) Schematic cross-section of the Kelvin structures along the TEM line.
(b) Extracted pcp with contact area for the Kelvin structures.

magnitude after annealing the structures above 150 °C. This corresponds to the
crystallization temperature of the PCM. In the amorphous state, the calculated
pcp is approximately 2 x 1072 2.cm?. This means that in a line cell, with a PCM
layer thickness of 10 nm and a width of 100 nm in the reset state an Rcp of 200
MQ per contact is obtained. This is unlikely high compared to the actual reset
cell resistance of a few M. Moreover, the measured pcp values are above the
measurement limit of approximately 7.5 x 107° Q.cm? [144][145]. In the crys-
talline state, the extracted pcp is at the measurement limit (5 x 1072 Q.cm?) of
these structures for the smaller contacts.

6.2.2 TEM analysis

To further understand these measurements, cross-sectional TEM analysis was
performed on Kelvin resistor structures along the (dotted) TEM line shown in
Fig. 6.11(a). Along this analysis line, there are regions with a stack of ¢-PCM
and a-PCM (Rl and R2) and with a-PCM layer only (R3). Prior to sample
preparation and analysis, a carbon layer is deposited on the structures to prevent
charging and a platinum layer to protect the sample during preparation in the
focused ion beam. The reconstructed TEM image of the structures is shown in
Fig. 6.13(a). In regions R1 and R2, a 50 nm a-PCM layer is sputter deposited on
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Figure 6.13: Reconstructed TEM image (not to scale) of the PCM layer. TEM image
of; (a)a-PCM+c-PCM stack layer (b) without and (c) with re-deposited etch residues in
between, (d) a-PCM layer deposited on SiOs.

top of the patterned c-PCM layer. The bottom c¢-PCM layer is patterned by RIE
in an Ar/Cl plasma to reduce the effect of re-deposited sidewalls (explained in
section 6.1). Nevertheless, re-deposited sidewalls formed during etching appeared
after mask removal. This is observed as a thin brighter layer along the edges of
the PCM layer in Fig. 6.11.

In region R1, the a-PCM is deposited on a clean ¢-PCM layer without re-
deposition. From Fig 6.13(b) it shows the a-PCM layer becomes completely crys-
talline, despite the maximum thermal budget. The total PCM layer is slightly
thinner because the Ar plasma pre-clean removes approximately 25 nm of the
original c-PCM under-layer. In region R2, the re-deposition is clearly seen. Dur-
ing the Ar plasma pre-clean, the re-deposited layer is not completely removed
and it masks the c-PCM under-layer from being cleaned. Subsequently, the PCM
deposited on re-deposited residues remains amorphous, while in the other regions
it partially turns into crystalline material. This results in an irregular and rough
PCM top layer as shown in Fig. 6.13(c). Re-deposited residues are observed
between the layers. In region R3, where the PCM layer is deposited directly on
SiOs, a smooth a-PCM layer is observed from the TEM image in Fig. 6.13(d).
No partial crystallization occurred.

In the case of Kelvin resistor structures, the contact region is formed in region
R2. This region has a partially crystalline non uniform PCM layer and interfaces.
Additional TEM images at different locations in this region are shown in Fig.
6.14. The presence of residues results in an undefined current distribution in the
contact region. This leads to an increased measured voltage at the contact and
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Figure 6.14: TEM images of different location in region R2.

high measured Rk values. Since the current spreading paths are also formed in
the partially crystalline PCM regions, the exact dimension or geometry is not
defined and the extraction of pcp from these measured Rk values is not valid
anymore.

To investigate the effect of further crystallization of the top PCM layer on
Ry values, time-based measurements were performed on Kelvin resistor struc-
tures and Van der Pauw structures at a temperature lower than crystallization
temperature of the PCM. The Van der Pauw structures were also fabricated with
a stack of a-PCM on ¢-PCM layer along with the Kelvin resistor structure. The
initial measured sheet resistance from these structures is 82 /0. The change
in the sheet resistance of the structure with time when measured at 120 °C is
shown in Fig. 6.15(a). The sheet resistance decreases with time due to the further
crystallization of the a-PCM layer. For Kelvin resistor, the change in Rk is shown
in Fig. 6.15(b) for 120 °C and 125 °C. The contact area of the Kelvin structure
is 1 pm?2.
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Figure 6.15: (a) Change in sheet resistance with time for of a-PCM+c-PCM layer
measured at 120 °C (b) Rk with time measured on Kelvin structures for three different
temperatures.

In the Kelvin resistor, the measured resistance first increases and then de-
creases. This occurs earlier for the higher temperature. At the beginning of
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the measurement, the current forced through these structures distributes itself
non-uniformly in the contact region. This additional current spreading path over-
estimates the calculated Rk values. With time, this a-PCM starts to crystallize
from the c-PCM to a-PCM interface, since doped-ShsTe is a growth dominated
material. Hence the c-PCM to a-PCM interface moves in the direction of the
arrows as shown in Fig. 6.16(a). This increases the area of crystalline regions
in the structure and it increases the current spreading path. This results in an
increase in Rk as shown in Fig 6.15(b).

0 nm 20
—_—

Figure 6.16: (a) movement of the crystallization front with time. (b) Fully crystalline
PCM layer at the end of the measurement.

The subsequent decrease in Ry is associated with the complete crystallization
of the PCM in the contact region. The measured resistance reaches a lower
value and remains constant. At the end of the measurement, the PCM layer in
these structure is completely crystalline as observed from the TEM image in Fig.
6.16(b).

6.2.3 TLM measurements

The fabricated TLM structure is shown in Fig. 6.11(b). It consists of c-
PCM to a-PCM contacts separated with different spacing d. The contacts are
fabricated such that the a-PCM layer is deposited on ¢-PCM layer with an Ar
pre-clean in between, while the spacing is formed with an a-PCM layer on SiO.
After fabrication, the PCM layer in the spacing between the contacts remains
amorphous, while at the contacts, it turns out that it is fully crystalline despite
the lower thermal budget. Fig. 6.17(a) shows the cross-section TEM image of an
interface showing the crystalline and amorphous regions. The schematic cross-
section of the TLM structures is shown in Fig. 6.17(b). Contrary to an expected
planar contact, these structures show two vertical c-PCM to a-PCM interfaces.

Electrical measurements were performed on these structures. The total mea-
sured resistance Rt is 2Rcp + Rpa. The change in Rt with d for two different
widths of the PCM line, measured at 20 °C is shown in Fig. 6.18(a). A linear
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Figure 6.17: (a) TEM cross-section of the interface. (b) Schematic cross-section of the
TLM structures showing the crystalline PCM and the amorphous PCM region. The
interface between the two is also indicated along with the equivalent electrical network.
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Figure 6.18: (a) Change in Rp with d for TLM structures. (b) Calculated a-PCM
Rsu from TLM structure and from van der Pauw structures with temperature.

relationship is observed between R1 and d as described by eq. 2.14. From the
slope of this curve, the sheet resistance of the PCM layer between the contacts
can be calculated. Fig. 6.18(b) shows the calculated Rgy from the TLM mea-
surements and those from amorphous PCM Van der Pauw structures measured in
the temperature range from -40 °C to 60 °C. The Rgy values for both measure-
ment structures show good agreement. An exponential behavior is observed with
temperature, from which an activation energy of 0.26 eV is calculated. This is
the same value as determined for amorphous PCM in chapter 3. This shows that,
the PCM between the contacts in the TLM structures is really in the amorphous
state. Determination of [ from Rt values in Fig. 6.18(a) however is impossible,
since the c-PCM to a-PCM contacts formed are not lateral but vertical in nature.

6.3 Conclusion

In this chapter, we show that parasitic current paths formed in a measure-
ment structure have a significant influence on the measured resistance values.
Re-deposited sidewalls formed during argon etching result in the creation of par-
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asitic current paths. The presence and influence of re-deposited PCM sidewalls
on electrical resistance measurements and data extraction from Van der Pauw
structures is modeled. CBKR structures with standing sidewalls leads to an un-
derestimation of extracted p., due to inaccurate estimation of Rgy and 6. The
error introduced in extracted p. with sidewalls is larger for CBKR structures with
smaller contact area, smaller § and lower p.. For these structures, the error intro-
duced in electrical measurements is related to the pattern of the sidewalls. With
re-deposited sidewalls, the resistance from Van der Pauw structures and contact
resistance measurement from CBKR structures will be inaccurate. Re-deposited
sidewalls results in an increased spread in measured resistance values, indicating
its presence.

To characterize the crystalline PCM to amorphous PCM contacts, a modified
Kelvin resistor and TLM structures were designed. Upon processing, the amor-
phous PCM crystallizes when deposited on clean crystalline PCM. Therefore the
realization of a proper measurement structure was not possible. In addition, the
formation of a partially crystalline non-uniform contact interface resulted in para-
sitic current paths. The experimental results are substantiated with TEM analysis
of these structures.



Conclusions and Recommendations

This chapter summarizes the results obtained from this thesis work. The
electrical contacts for phase change cells are characterized and modeled. Based
on the experimental results optimization of the contacts in a phase change memory
line cell is discussed. Recommendations for further research are included.
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7.1 Summary and conclusions

In this thesis, the electrical contacts for phase change memory cells are charac-
terized and modeled. A phase change memory cell stores information by physical
state changes of PCM, which is switched between the amorphous and crystalline
state by resistive Joule heating. The most commonly used PCM for memory
applications are the growth dominated doped-Sb2Te and nucleation dominated
GesSbyTes. For optimum power transfer during switching, the contact resistances
R in the cell should be known together with the cell resistance Ry,. Hence the
knowledge of contact resistance values in terms of p. is critical for scaling, design,
modeling and optimization of switching characteristics of phase change memory
cells.

In this work, Kelvin resistor structures (also CBKR) and transfer length
method structures were fabricated to characterize the contacts in a phase change
memory cell. The primary type of contact in a PCRAM cell is the electrode to
PCM interface. TiW to doped-ShoTe and GeySbyTes contact resistance measure-
ments performed on these test structures resulted in similar p. values both in the
amorphous and crystalline states. The extracted p. to amorphous doped-ShsTe
is approximately 1072 Q.cm? and to amorphous Ge;SbyTes is approximately
1072 Q.cm?. When measured with different CMOS compatible electrodes (W,
TiW, Ta, TaN and TiN) to amorphous doped-ShyTe, the extracted p. for metal
nitride electrodes (p. ~ 10~% Q.cm?) is lower than for the corresponding metal
electrodes (p. ~ 1073 Q.cm?). In the crystalline state of the PCM, a p. value of
approximately 2 x 1077 Q.cm? is extracted for TiW electrode to doped-SbyTe and
GeySbyTes. There is no dependence with the work function of different electrode,
and the values are in the same range (p. ~ 1077 Q.cm?). Scaling of phase change
memory line cells is possible by controlling the thickness of the PCM layer. When
measured with different thickness of amorphous doped-ShoTe layer, the average
extracted p. values increases from 1.5 x 10™* Q.cm? for a 5 nm thick PCM layer
to 6 x 1073 Q.cm? for a thickness larger than 20 nm. In the crystalline state the
extracted p. values remain constant, this is approximately 2.5 x 10~7 Q.cm?. This
pe value is relevant for configuration of the contact geometry.

The electrical properties of the metal to PCM contacts in the amorphous and
crystalline states show close similarities with metal to semiconductor contacts.
In the amorphous state, the extracted p. values exhibits a strong exponential
dependence with measurement temperature. In addition a stronger dependence
of p. values with positive bias is observed as compared to negative bias. These
p. measurements and the calculated Fyy values suggest that the charge transport
at the metal to amorphous doped-SbyTe interface is dominated by thermionic-
field emission. The interface barrier formation at a metal to amorphous doped-
SboTe interface is modeled with the presence of donor like and acceptor like defect
states created in the PCM. Measurements performed on Kelvin structures with
ultra-thin doped-SbyTe layers indicated the existence of a modified region in the
PCM at the interface, which is attributed to the dependence of p. on the layer
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thickness. In the crystalline state, the extracted p. is almost independent on the
measurement temperature as well as on polarity of applied bias voltage. Hall
effect measurements performed indicate p-type conduction for both the PCM.
The calculated carrier density is 2 x 102! cm ™3 for crystalline doped-ShyTe and
5x 102 cm ™3 for crystalline GeySbyTes. When annealed at a higher temperature,
the carrier concentration remains constant while the mobility increases. Based on
this carrier concentration calculated Fyy values and the p. measurements indicate
that charge transport mechanism at the metal to crystalline PCM interface is
dominated by tunneling. With tunneling the p. value is weakly dependent on the
electrode work function.

To characterize the electrical contacts in the phase change memory cell at its
operating frequency modified Scott TLM and linear TLM structures were designed
and fabricated in the GSG configuration. Two port S-parameter measurements
were performed on these test structures with frequencies up to 4 GHz. From the
measured S-parameters, the contact impedance and p. values are calculated with
signal frequency. p. values extracted from the GSG structures at low frequencies
corresponds to the values obtained from identical test structures measured at DC
in the four bond pad configuration. The metal to PCM interface is electrically
modeled with a resistance in series with a parallel combination of capacitor and
resistor. The frequency dependence of the contact impedance is attributed to
the presence of the interfacial layer at the contact that acts like a capacitor.
Comparing the frequency response of the measured contact impedances with the
electrical model, the different resistor and capacitor values are extracted.

The formation of parasitic current paths can significantly influences the mea-
sured resistance values from test structures. In this work, the parasitic current
paths formed due to re-deposited sidewalls formed during argon etching are in-
vestigated in detail. The presence and influence of re-deposited PCM sidewalls
on electrical resistance measurements and data extraction from Van der Pauw
structures is modeled. CBKR structures with standing sidewalls leads to un-
derestimation of extracted p. due to inaccurate estimation of Rgy and §. The
error introduced in extracted p. with sidewalls is larger for CBKR structures with
smaller contact area, smaller § and lower p.. Re-deposited sidewalls results in an
increased spread in measured resistance values, indicating its presence.

Another type of contacts formed in a phase change memory cell is the crys-
talline PCM to amorphous PCM contacts. These contacts exist only in the reset
state of the line cell. To characterize these contacts, a modified Kelvin resistor
and TLM structures were designed. Upon processing, the amorphous PCM crys-
tallizes when deposited on clean crystalline PCM. Therefore the realization of a
proper measurement structure was not possible. In addition, the formation of
a partially crystalline non-uniform contact interface resulted in parasitic current
paths. The experimental results are substantiated with TEM analysis of these
structures.
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7.2 Recommendations

Electrodes to amorphous PCM contacts have a strong dependence on extracted
pe values with the polarity and magnitude of the applied bias voltage (Chapter 4).
In addition, for ultrathin layer (5 nm) a modified region with different properties
is observed in the PCM at the interface. These factors should be investigated in
more detail for the switching of memory cells with electrode to amorphous PCM
contacts.

In the reset state of a phase change memory cell, the crystalline PCM to
amorphous PCM contacts discussed in chapter 6.2 can also be of relevance for
cell properties. The attempt to characterize these contacts was hindered by fab-
rication limitations. A modified test structure or fabrication steps should be
employed to fully characterize these interfaces.



Appendix

A.1 Contact interface model

In the case of ohmic interfaces a physical model is derived to model the current
transport. The interface is assumed as an infinitesimally thin layer, the total
current density J is a function of the difference in the Fermi levels of the majority
carrier on both sides of the interface:

J = J(Wm —vs) = J(vms) (A1)

where v,, is metal Fermi potential, vs is semiconductor Fermi potential and v,
is the potential difference. Then J expressed in a Maclaurin Series! as [52]:

OJ (Vms) 1 02T (vyms) 9

J(Vms) = J(0) + D) vm:ovms 3 (o) Vst e (A.2)

VUms =0

The first term is zero since there is no current at zero bias. For ohmic contacts,
the second order and higher order terms are negligible. Then A.2 becomes linear:

v
J =" (A.3)
Pc
where p. is the specific contact resistance of the interface expressed as:
T (Ums) ]
= —_— A.4
po= ] (A4)

Physically p. is the finite resistance seen by the infinitesimal current crossing
the interface at an infinitesimal small potential difference. This is the physical
parameter that governs steady state transport in ohmic contacts. At high current
densities p. is a weak function of v,,s due to other physical effects.

1A Maclaurin series is a Taylor series expansion of a function about zero.
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A.2 Transmission Line Model

To calculate Rc and to extract p., the contact is modeled using transmission
line equations assuming [51][146]:

e The current lines are normal to the metal to semiconductor interface.
e The thickness of the metal and diffusion layers can be neglected.
e The current-voltage characteristic of the contact is linear.

The equivalent circuit is as represented in Fig. A.1. The metal is assumed equi-
potential and the sheet resistance of metal is considered to be much lower than

PCM sheet resistance.
Méél }(/)/v(a%/péd
dx

> 1(x)
o R
- x=0 | 1 | x=d

Figure A.1: Transmission line model equivalent curcit of a contact

The resistance R’ and the conductance G’ per unit length of the contact can
be written as: R W
=S @=— (A.5)
w Pe
The voltage and the current between the contacts at a distance x from the front

edge of the contact is represented as:

R/

0V, = —RI,0x & 01, = -GV, 0x (A.6)
Then the differential equation of the one - dimensional TLM follows :
0?vV 1 0’1 1
- —-=0 & =——-=0 A7
8213 l 8253 l ( )

By introducing the current I(0) and the voltage V(0) at the input of the trans-
mission line, using this boundary conditions:
1 9V(x)
R Ox

V(0) = Vs 1(0) = [ L_O ~ I (A.8)

The equations can be solved to get the voltage and the current in at the contact:

V(z) = Vj cosh (%) — ZIjsinh (%) (A.9)
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I(x) = Iy cosh (?) — %sinh (?) (A.10)

where, the characteristic impedance Z of the transmission line is represented

as :
Rsul _ VpcBsn (A11)
W W
In the equivalent circuit shown in Fig A.1, I(z) = 0 for > L. Hence, the current
continuity requires that I(L) = 0 and according to equation. We can define the
contact resistance R¢ as the input resistance of the transmission line given by:

Z=Rl=

\% L
Rc = -2 = Zcoth = (A.12)
Iy l
The determination of the [ can be further simplified in the case of electrically long
contacts, with L >> [:

Rsul
W
The total resistance (Rr) between a pair of identical contacts separated by a

distance d then becomes:

Re =7 = (A.13)

R ~ RSHd QRSHZ o RSHd
T~ w W W

+ 2Rc (A.14)

A.3 Hall effect measurements on p-type and n-
type silicon

Calibration samples of p-type and n-type silicon for Hall measurements were
prepared on Silicon on Insulator (SOI) wafers. The thickness of the silicon top
layer is 600 nm. The wafers were implanted with boron for p-type doping and
phosphorous for n-type doping. The implantation energy is selected to be 70
keV for both the dopants (Maximum for the system available in MiPlaza). The
implantation dose ¢;, number of implanted ions per unit area is represented as:

o = (;le atoms,/cm? (A.15)
where, I is the beam current in A, t is the implantation time in sec, A is the
implant area in cm? and ¢ is the electronic charge. Using eq. A.15, for a layer
thickness of 600 nm, to result in an N¢ of 5 x 101? /em? a ¢; of 3 x 10*° /em?, and
for Ng of 3 x 102 /em?® a ¢; of 18 x 10'° /cm? are calculated. Separate p-type
and n-type calibration samples were prepared with high and low ¢;. To allow
for uniform dopant distribution throughout the silicon layer, after implantation
the wafer is annealed at 1000 °C in Ny ambient for 10 hours. This procedure is
deduced from SILVACO simulations. The expected value of N¢ and the calculated
N¢ from p measurements is listed in Table A.1.
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Table A.1: The calculated N¢ (in cm™2) and p (in Q.cm) after different fabrication

steps
p-type silicon n-type silicon

Fabrication step low high low 20 high

Implantation N¢ 5 x 109 3 x 10%° 5 x 100 3 x 10%°
After implantation — p  1.92x107% 72x107* 1.26x107% 3.72x107*

and anneal Nc 7 x 10" 2 x 10%° 3 x 10" 2 x 10%°

Van der Pauw p  215x107*  8x107* 1.4 x 1073 4x107*

measurements Nc 7 x 109 2 x 10%° 3 x 10%° 2 x 10%°
Hall measurements Nc  7.68 x 107 1.83 x 102°  5.28 x 10*°  3.12 x 10*°

Subsequently Hall effect measurements were performed on these silicon sam-
ples. The current voltage measurements with and without magnetic field for both
p-type and n-type samples are shown in Fig. A.2. The shift in I-V character-

600.0p 1 (a) p-type silicon 400.0p+(b) n-type silicon  _m
—@— No magnetic field ‘ Cﬁ —m— No magnetic field .I..
—O— Magnetic fielld applied (1 T) —0O— Magnetic field applied (1T) 1
o - P
300.0p 200.0p - e
e at
> > =
£ £ Dﬂﬂﬂ
0.0 [ 0.04
& g 7
3 s i
-300.0p 4 -200.0p+ o
magl
o
-600.0p -
op -400.0u o
-S.dOm -1 .éOm OAE)O 1 .Ebm 3.0'0m -3.00m  -1.50m 0.00 1.50m 3.00m
Current (/) A Current (1) A

Figure A.2: Current-voltage measurements with and without magnetic field for p-type
and n-type silicon samples.

istics and the polarity of Vi measured for PCM is identical to the characteristic
observed for p-type silicon samples. The calculated N¢ for silicon samples from
Hall effect measurements and from p measurements show good agreement.

A.4 Metal lift off process steps

Circular TLM structures have the advantage that these structures could be
processed on blanket PCM layer without any isolation. To these structures were
processed with a metal lift off process, using a lift off resist[147][148]. To fabricate
these structures, first a 100 nm PCM is deposited amorphous by DC magnetron
sputtering on a clean oxidized silicon wafer. Then the wafer surface is coated
with a 600 nm LOR (lift off resist) resist with a spin speed of 2000 rpm, which is
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subsequently baked on a hotplate at 120 °C for 2 minutes. After that the wafer
surface is coated with a 1.3 pm HPR 504 resist spin at 4000 rpm and is baked
at 90 °C for 2 minutes. The resist bake temperature determines the thermal
budget, which should be lower than the crystallization temperature of the PCM
used. The wafer is then exposed to UV light with the circular TLM mask (8sec at
950 Watts). HPR 504 resist which is sensitive to light will be modified exposure
to light. These exposed parts are then developed in a metal ion based (MIB) PLSI
developer for 70 sec. LOR is insensitive to UV exposure but will be etched in
PLSI. When etched long enough an undercut pattern is obtained with the resist
stack which is essential for metal liftoff. The etch rate of LOR resist in PLSI also
depends on the baking temperature. The SEM image of the undercut patterns
formed when the LOR is baked at different temperatures T, of 120°C, 150 °C and
175 °C is shown in Fig. A.3. Subsequently the developing time ¢, in PLSI is also
different.

HPR 504
LOR

t=50 sec ' T=120°C t=70sec -

T=175°C  t=4 min T=175°C t=5'min | T=175'°C N\ t=7 min

Figure A.3: Lift off process showing the formation of resist undercut for different baking
temperature with the subsequent developing times.

A 50 nm TiW and 250 nm Al is then deposited with a soft sputter etch (remove
2nm oxide) prior to metal deposition. The resist is then removed with metal lift
off in a megasonic acetone bath. Without a proper undercut developed in the

resist layer the metal will not be lifted off. The situation with and without metal
lift off is shown in Fig. A.4.
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e
CTLM adge_ not it off

Figure A.4: Situation with and without metal lifted off.

A.5 I-V-T measurements

In the case when V' >> k,T/q, then eq.2.5 for the total current through the
junction with thermionic emission is expressed as [31][44]:

In {%] = In (AA*) — [%] (A.16)

For a given bias from the plot of In(1/7?) versus 1/ T for TiW to doped-ShyTe
contacts with a contact area of 1 um? in the amorphous state is shown in Fig.
A.5. The slope of this curve —g(¢y, — V) is the activation energy from which the

(a) g\ Doped-Sb,Te, Area lum® [~8—0.1V (b) 5. Doped Sb,Te, Area 1um” [—#—(-)0.1V
0 —e—0.25V o g —e—(10.25V
) o —A—05V : R —A—()0.5V
1074 \A\g\ ey 1074 \i\g\ 70780.75V
. \A\g\ —0—1V NN —o— (v
—~ hd BN A\D —~ \.\\Ok
g "~ .\ \O\ 5 - ° \g\
= - o A\D = — \. \D
107 . S~ ~° 107 = \\O
\. ° A \. ° A
\.\. \.\.
1074 \- 10"+ \-
34 36 38 40 42 44 46 48 50 52 34 36 38 40 42 44 46 48 50 52
1K, T KT

Figure A.5: Plot of In(I/T?) with temperature for (a) positive voltage and (b) negative
voltage.

barrier height is determined. The value of effective Richardson’s constant can
be obtained from the intercept at 1/7=0. This determined activation energy for
positive and negative voltage across the contact for both the PCM is shown in
Fig. A.6.

As observed from the Fig. A.6 the calculated activation energy decreases with
increase in positive voltage at the contact, while remains constant for negative
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Figure A.6: Calculated activation energy (Fa) for positive and negative voltage bias
across the contact with PCM in the amorphous state.

voltages. A positive voltage (Vpem — Viatetal POsitive) implies a higher potential
on the PCM side relative to the metal. Since PCM behaves like a p-type material,
with a positive potential the metal-PCM junction is forward biased. Hence with a
larger positive bias the holes can move easily from PCM to metal. With a negative
potential at the contact, the barrier for carriers moving from the metal to the PCM
remains the same and hence the current is unaffected by the applied voltage. Note
that this extracted activation energy is slightly lower than the activation energy
calculated from specific contact resistance. The barrier height cannot be estimated
from these measurements since the extracted activation energy do not scale with
the applied forward bias. Furthermore the intercept at the lowest bias results in
approximately -19 to -17.5 for both the PCM. This value slightly decreases with
increase in bias. The contact area, A is (900 nm x 900 nm) 0.81 x 108 cm?. From
this calculated value of Richardson’s constant A* varies between 0.69 A/cm?.K?
to 3.4 A/cm?. K2

A.6 Test structure fabrication; process-flow

e Clean silicon wafer with 500 nm silicon oxide (starting substrate)

e Alignment marker formation

Resist spin (HPR 504) + Lithography (marker windows) + Resist de-
veloping + Bake at 90 °C for 10min

— Wet etching of 500 nm SiO2 in Buffered Oxide Etch (BOE)

— Resist removal with acetone

— Resist spin (HPR 504) + Lithography (allingment markers) + Resist
developing

Dry etch of markers in Si - 150 pm
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— Resist removal in Oxygen plasma

e Bottom metal electrode formation

100 nm TiW deposition by sputtering

Resist spin (SPR) + Lithography (Mask Angel -BE) with an Energy
of 240 mJ/cm? + Resist developing

Metal etching (to form the electrical connection layout and the test
structures)

Resist mask removal

300 nm PECVD oxide deposition (3 times the step height of metal)
e Chemical Mechanical Polishing (CMP)

Clearing of bondpads (in case to clear oxide from the bondpads)

— Resist spin + Lithography (Mask Angel -CB) + Resist developing
— Wet etching of SiO5 in Buffered Oxide Etch (BOE) + resist mask

removal

Bond pad formation (if the PCM should be amorphous in the device)

— Ar preclean
— 500nm Al or 100nm TiW deposition by sputtering

— Resist spin + Lithography (Mask Angel -IN) + Resist developing +
Bake at 90 °C for 10min

— Al etching in PES etch + resist mask removal

Sputter etching (Ar preclean)

— Wafer 1 - Ar pre-clean equivalent to removal of 5 nm of SiO5
— Wafer 2 - No Ar Pre-clean

— Wafer 3 - No Ar Pre-clean + Desum in Oxygen plasma at 110 °C for
5 minutes

PCM deposition 50 nm sputtering

PCM pattering to form top layer

— Resist spin + Lithography (Mask Angel -PCM) + Resist developing
— Dry etching of PCM in Cl:Ar plasma + Resist mask removal
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Samenvatting

De ontwikkelingen in geintegreerde schakelingen (IC’s) vereisen snellere en
goedkope niet-vluchtige geheugens met een betere schaalbaarheid. Geheugens ge-
baseerd op materialen met een faseovergang (phase change materialen) zijn een
goede kandidaat om aan deze eisen te voldoen. Bij het verkleinen van de maat-
voering in nieuwe technologieén nemen de (contact)oppervlakken kwadratisch af
en de kennis van de eigenschappen van deze contacten wordt steeds belangrijker.
Dit proefschrift behandelt de karakterisering van elektrische contacten in dit type
geheugens. Het betreft hier in het bijzonder de elektrische contacten binnen een
geheugencel, dat wil zeggen de contacten tussen een metaalelektrode en het phase
change materiaal in de amorfe en in de kristallijne fase.

De contacten worden gekarakteriseerd door elektrische metingen aan geschikte
teststructuren. De waarde ervan wordt gegeven als de contactweerstand (R¢) en
de specifieke contactweerstand (p.) . De gebruikte structuren van Kelvinweer-
standen en overdrachtslengte (transfer length) methode worden in hoofdstuk 2
beschreven. De metingen en berekeningen met deze teststructuren worden be-
handeld. De vorming van een grenslaag en het mechanisme van ladingsoverdracht
over een metaal-halfgeleider contact worden kort samengevat. De meest toege-
paste materialen voor phase change geheugens zijn Ge;SboTes en legeringen van
SbyTe. De temperatuur van een faseovergang, de elektrische eigenschappen zoals
soortelijke weerstand en dichtheid en beweeglijkheid van ladingsdragers en de re-
levante optische eigenschappen van deze materialen zijn verzameld in hoofdstuk 3.
Kennis van deze eigenschappen is van belang voor het maken van teststructuren en
het beschrijven van het mechanisme van ladingstransport over contacten van een
metaal met deze materialen. De verkregen waarden van de specifieke contactweer-
stand (p.) van verschillende geschikte metaalelektrodes met amorfe en kristallijne
phase change materialen worden gegeven in hoofdstuk 4. De vergelijking van
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structuren van Kelvinweerstanden en de transfer length methode geven vergelijk-
bare waarden van p.. In phase change geheugens kunnen lagen van phase change
materiaal met een dikte van 5 tot 50 nm gebruikt worden. De verandering van de
waarden van p. voor deze diktes is onderzocht. Voor contacten van amorf phase
change materiaal wordt een sterke exponentiéle afhankelijkheid met de tempera-
tuur en de aangelegde spanning gemeten. Met behulp van deze meetgegevens en
de materiaaleigenschappen kan het mechanisme van ladingsoverdracht over deze
contacten beschreven worden met het geldende metaal-halfgeleider contactmodel.
In het geval van amorf phase change materiaal is dit thermionische/thermionische
veldemissie, terwijl dat voor de kristallijne fase een tunnelmechanisme is. Door
gebruik te maken van verschillende metaalelektrodes kan het contact met amorf
phase change materiaal beschreven worden met de vorming van een grenslaag
door elektrisch positieve en negatieve defecten in het amorfe materiaal.

Normaliter wordt de specifieke contactweerstand bepaald met behulp van elek-
trische gelijkspanningsmetingen. Het programmeren en lezen van geheugencellen
kan voor bepaalde toepassingen met een hoge frequentie gebeuren. In hoofdstuk
5 wordt een nieuwe, aangepaste TLM structuur en bijbehorende berekeningen
gegeven, waarmee de contactweerstand ook bij deze hoge frequenties kan worden
bepaald. Deze structuren zijn gemaakt en gemeten; de specifieke contactweer-
stand is bepaald bij frequenties tot 4 MHz.

Het voorkomen van parasitaire weerstanden in teststructuren heeft een grote
invloed op de elektrische metingen. Randen van geredeponeerd geleidend phase
change materiaal, gevormd tijdens het patroneren van de teststructuren, geven
additionele geleidende gebieden. Deze beinvloeden de meting van de vierkants-
weerstand van Van der Pauw structuren en van de contactweerstand van Kelvin-
weerstanden. Experimenten om de contactweerstand van amorf naar kristallijn
phase change materiaal te bepalen werden nadelig beinvloed door problemen met
het maken en door ongewenste gedeeltelijke kristallisatie van het amorfe ma-
teriaal. Transmissie elektronen microscopie lieten het ontstaan van parasitaire
weerstanden zien.

Dit proefschrift geeft kennis van contacten van metaalelektrodes met phase
change materiaal in de vorm van de waarden van de specifieke contactweerstand
en het mechanisme van ladingsoverdracht in deze contacten. Dit is belangrijk voor
het ontwerpen, het modelleren en het schalen en optimaliseren van geheugencellen.



Summary

Advancements in integrated circuits demand an increasing requirement for
a faster, low-cost non-volatile memory with improved scaling potential. Phase
change memory is an important emerging memory technology qualifying these
requirements. With dimensional scaling, the contacts are scaled by F2, therefore
knowledge of the contact properties becomes even more important. This thesis
deals with the characterization of electrical contacts for phase change memory
cells. An electrical contact in this respect refers to the interfaces formed in the
memory cell, 7.e. the metal electrode to phase change material (PCM) contacts
in the crystalline and in the amorphous state.

The contacts are electrically characterized using dedicated test structures, its
value is expressed in terms of contact resistance (Rc¢) and specific contact re-
sistance (p.). The different test structures (Kelvin resistor and transfer length
method (TLM)) used for contact resistance characterization in this thesis is re-
viewed in chapter 2. The measurement and the data extraction procedures from
these test structures are discussed. Barrier formation and charge transport mech-
anism at a metal to semiconductor interface is briefly described.

The commonly used PCM for memory applications are GeaSboTes and doped-
SbsTe. The amorphous to crystalline transition temperature, electrical properties
like resistivity, mobility, carrier concentration and relevant optical properties of
both these PCM are given in chapter 3. The knowledge of these parameters
is essential for test structure fabrication and modeling of the charge transport
mechanism at the electrode to PCM interface.

The p. values obtained for CMOS compatible electrodes to amorphous and
crystalline PCM are provided in chapter 4. Comparison of Kelvin resistor and
circular TLM test structures resulted in similar p. values. Phase change mem-
ory technology uses PCM layers in the range from 2.5 nm to 50 nm thickness.
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The change in p. values is studied for amorphous and crystalline PCM layers
in this thickness range. For contacts to PCM in the amorphous state, a strong
exponential dependence of p. values with measurement temperature and voltage
bias is observed. Based on these measurements and the knowledge of the PCM
material parameters, the charge transport mechanism at the metal to PCM in-
terface is validated with a metal-semiconductor model. It turns out that the
main charge transport mechanism at the electrode to amorphous PCM interface
is thermionic/thermionic field emission, while at the electrode to crystalline PCM
interface it is tunneling. Using electrodes with different work function, the in-
terface barrier creation at the metal to amorphous PCM interface is modeled
assuming donor like and acceptor like states in the PCM.

The specific contact resistance is commonly extracted from measurements per-
formed at DC current and voltage. Depending on the application, these memory
cells may be accessed typically in the MHz range. In chapter 5, a modified TLM
structure and a novel data extraction procedure are presented, for contact resis-
tance measurements as a function of frequency. Measurements were performed
on these fabricated test structures and p. values were extracted up to 4 GHz.

The formation of parasitic current paths in test structures significantly affects
the electrical resistance measurements. Conducting re-sputtered PCM sidewalls
formed during etching result in parasitic current paths that significantly affect
the sheet resistance measurements from Van der Pauw structures and contact
resistance measurements from Kelvin resistor structures. Experiments performed
to characterize the crystalline PCM to amorphous PCM interfaces are hindered by
processing limitations and partial crystallization of the PCM. Supporting TEM
evidences for parasitic current paths are provided.

This thesis provides a general understanding of electrode to PCM contacts in
terms of p. values and interface charge transport mechanism. The knowledge of
this p. values is essential for design, modeling, scaling and optimization of memory
cells.
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List of symbols and abbreviations

Table A.2: List of abbreviations

Abbreviations  Explanation

CBKR Cross Bridge Kevin Resistor

CMP Chemical Mechanical Polishing

F Feature size or technology node of semiconductor devices
GSG Ground Signal Ground

PCM Phase Change Materials

PCRAM Phase Change Random Access Memory

SEM Scanning Electron Microscope

TEM Transmission Electron Microscope

RIE Reactive Ion Etching

IRy Current Voltage (measurements/characteristics)
K Kelvin

Hz Hertz

HF High Frequency

DC Direct current
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Table A.3: List of constants

Constant  Explanation unit

q Elementary charge 1.6 x 10719 C

€0 Permittivity in vacuum  8.85 x 107** F/cm
ky Boltzmann’s constant 1.38 x 1072% J/K
h Planck’s constant 6.626 x 1073 J.s
c speed of light in vacuum 3 x 10% m/s

Table A.4: List of symbols

Symbol  Explanation unit

Pe Electrode to PCM specific contact resistance Q.cm?
pcp crystalline PCM to amorphous PCM specific contact resistance  .cm?®
¢1 Implantation dose atoms/ cm?
b Barrier height eV

[o3V Metal work function eV

X Electron affinity eV

o Electrical conductivity S/m

p Electrical resistivity Q.cm

1 Carrier mobility cm?/V.s
v Charge carrier instantaneous velocity m/s




Table A.5: List of symbols

Symbol  Explanation unit
A Area cm? or pm?
Cb Space charge capacitance F/cm?
D Diameter cm or pum
I Current A
i Length of the metal segment in a Scott TLM structure pm
l Contact transfer length pam
Rc Contact resistance(metal to PCM) Q
Rcp Crystalline PCM to amorphous PCM contact resistance €2
Ror Total contact resistance Q
Rp Resistance of the (crystalline) PCM layer Q
Rpa Resistance of the amorphous PCM layer Q
Rsu Sheet resistance of PCM layer Q/0
Rt Total resistance of the structure Q
Rk Measured resistance of Kelvin resistor structure Q
fc Cutoff frequency Hz
fu Minimum frequency Hz
J Current density A/cm?
w Width of the PCM layer pam
N¢ Carrier concentration atoms/ cm®
Fi, Lorentz force N
B Magnetic Field Strength T
E Electric field V/m
Ea Activation energy eV
Er Fermi energy eV
FEp Photon energy eV
E, Electrical band gap eV
Egrt Optical band gap eV
v Voltage A\
Vi Hall voltage A%
Ru Hall coefficient cm?® /C
h Layer thickness pm? or nm
S Edge length of a square van der Pauw structure pm?
t Time seconds
d Spacing between the contacts for a TLM structure pm
Vru Threshold switching voltage for amorphous PCM \







