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Abstract

A novel mechanical model was proposed to calculate the contact resistance at tip and capping
layer interface for scanning probe phase-change memory applications. The resulting I-V curve
calculated from this model that combines Hertzian contact theory with the Schottky diode
effect has exhibited a good agreement with the experimental measurements under the same
system architecture. The role of contact resistance on the write efficacy of scanning probe
phase-change memory was also evaluated by introducing the calculated contact resistance into
the previous electrothermal simulations for cases of writing crystalline bits in amorphous
starting phase and writing amorphous bits in crystalline starting phase. The consequent written
marks and /-V curve show a closer match with the experimental observation compared to the

case without including contact resistance.
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1. Introduction

Global digital data is currently increasing at an unprecedented
rate due to the recent progress achieved in information
technology (IT), which is much faster than the growth rate
of the storage capacity for conventional storage devices such
as magnetic hard disks and Flash memory [1-3]. In order to
outperform the pace of digital data, one possible approach is
to store ever-increasing amounts of data in ever-decreasing
dimensions of storage devices through the development of
microelectronic packaging technologies such as system-on-
chip (SOC), multi-chip module (MCM), system-in-package
(SIP), and system-on-package (SOP) [4, 5]. Such acceleration
on higher package density obviously triggers the requirement
for more advanced wafer level integrated circuit (IC) testing
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that is performed to examine the testing and validation
of the circuits at the wafer level. Today, probe cards are
commonly used in wafer level IC testing as an interface
between an electronic test system and a semiconductor wafer
so as to provide an electrical path between them. The
microelectromechanical systems (MEMS) based probe card
has recently gained more attention than its compatriot due
to its better compatibility with present IC technology and its
lower cost for fabricating high-density probe arrays [4, 6]. In
the MEMS based probe card, test current that flows between
a probe and an electrical pad on the wafer employed to give
an electrical/mechanical interface between pin packaging and
the signal lines in the die, is constricted to the intermetallic
contact areas. Therefore, the contact resistance across this
interface would dramatically affect the integrity of the test
signal and may disadvantageously result in false device failure
identification if it is not carefully exercised.

In addition to MEMS probe card, contact resistance also
plays an important role in determining the performance of

© 2014 0P Publishing Ltd  Printed in the UK
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Figure 1. Schematic of scanning probe phase-change memory in
two-dimension (2D). Cylindrical symmetry is assumed.

scanning probe phase-change memory regarded as one of the
most promising candidates for next generation data storage
device [7], as shown in figure 1.

In scanning probe phase-change memory, recording
is accomplished by applying suitable voltage pulse via a
conductive tip into a phase-change layer whose phase can be
switched between highly resistive amorphous state and highly
conductive crystalline state through Joule heating, while replay
can be realized by detecting the change in electrical resistivity
between crystalline and amorphous region through a readout
potential. At present, scanning probe phase-change memory
has been considered as one of the promising candidates for
next-generation mass storage devices due to its ultra-high
density, fast data rate, and low power consumption, and thus
received considerable attention from both experimental and
theoretical points of view [8—17]. However, to the authors’
knowledge, none of the already existing theoretical models for
scanning probe phase-change memory has seriously taken into
account the contact resistance at the interface between tip and
capping layer that is usually adopted to protect phase-change
layer from wear and corrosion. In practice, when the probe
system is subjected to a writing voltage pulse, an electrical
potential difference between tip and capping layer will take
place, and thus give rise to a current to flow them to generate
the contact resistance. It is obvious that the advent of contact
resistance would change the whole system resistance as well
as the Joule heating generated inside the phase-change layer,
which can finally have a pronounced influence on the phase
transformation behavior of the recording media.

Several analytical and numerical models that investigate
the contact mechanics at the interface between the probe and
sample have so far been proposed. Kwak er al investigated
theoretically the influence of various tip shapes on the contact
resistance when contacting with rough surfaces using the
Johnson—Kendall-Roberts (JKR) theory [18-20]. It should
be however noted that the JKR model is only suitable for
compliant solids, while the practicality of applying JKR theory
to capping layer with good mechanical hardness that is usually
required by scanning probe phase-change memory is not
ensured yet. The contact mechanics between atomic force
microscopy and non-polar molecular monolayer was evaluated
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Figure 2. Schematic of tip—sample interface for a loading force.

by Nikogeorgos et al based on the Derjaguin—Muller—Toporov
(DMT) theory [20-22]. Similar to the previous case, in spite
of the wide application of DMT model on organic materials,
its suitability for modeling contact mechanics in scanning
probe phase-change memory still remain uncertain. Bora et al
developed a numerical contact model using degrees of freedom
normal to the surface and the Boussinesq solution to relate the
normal load to the long-range surface displacement response
[23]. Nevertheless, a rough surface was assumed in their model
rather than a flat surface usually needed for scanning probe
phase-change memory. Considering the limits of the above
models, the requirement to develop a more physical based
model to calculate the tip-capping layer contact resistance
so as to more closely mimic the practical setup, and thus to
provide a better scenario for system optimization becomes
very necessary.

2. Model techniques

The contact interface between a smooth tip and a smooth
flat sample surface with an application of a loading force is
schematically shown in figure 2.

This applied loading force will obviously cause a
deformation in the shapes of the tip and sample. Deformation
can be generally classified into elastic deformation that
is recoverable after removal of loading force and plastic
deformation that is irremovable after retreating the loading
force. As the permanent tip deformation was not observed in
previous experiments [24], the tip deformation considered here
is assumed to be elastic. According to Hertzian contact theory
[25], the indentation, Hgeq, can be written as a function of the
radius (r) of curvature at the apex of the tip, and the loading
force F, given by [26]:

9F2 3

Hyep = (W) ) (D
where E* is the equivalent Young’s modulus of elasticity,

defined as [26]:
1 1-— V12 1-— v% )
- L + 5 2
where E; and E, are the elastic modulus of the tip and
the sample, respectively, and v;, v, are the corresponding
Poisson’s ratios. In this case, the contact area radius for a
Hertz elastic contact under a given force, r,, is calculated by:

ren = (7 = (7= Hia) ) ®
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Figure 3. Geometry of tip—sample system used for experiment and
simulation.

Alternatively, the contact radius can be written as [25, 27]:

3Fr 3 @
Tcon = .
4E*

It should be noticed that equation (3) is equivalent to
equation (4) at nanoscale dimensions, due to the fact that
deflection caused by pushing the tip down into the sample
only occurs at the contact point at tip—sample interface rather
than the rest of the sample surface [26, 28, 29] due to the
relatively small loading force. In addition, the contact radius in
equation (3) is described as a function of the tip indentation in
comparison with equation (4). As tip indentation may change
the actual distance between tip and phase-change layer and
thus modify the whole system resistance, the dependence
of contact radius on tip indentation allows for an effective
evaluation on the role of tip indentation on contact resistance,
thereby essential for the optimization of system performance.
Considering the aforementioned factors, the contact radius in
this note is chosen to be written in the form of equation (3).

The contact resistance can thus be estimated as a function
of the contact surface resistivities and the radius of the contact
area, resulting in [30]:

Ptip T Psample
47con

; &)

Reontact =

where pgp and pgample are the resistivity of the tip and sample,
respectively.

The mechanical model introduced above allows for the
estimate of contact resistance when tip is brought into close
proximity to the sample provided that tip loading force and
tip apex radius are already known. In order to verify the
physical reality of this model, the contact resistance for a PtSi
tip and traditional Si tip that scan over the surface of an Au
sample (note that the phase-change media stack is not included
in this case) were calculated, and the resulting I-V curve
was subsequently compared with the experimental counterpart
[24]. The stack system deployed for both experiment and
simulation is schematically illustrated in figure 3.

As can be seen from figure 3, the resistance determined by
an I-V curve is not just contact resistance, but also a summation
of cantilever resistance, tip resistance, and sample spreading
resistance. Therefore, the total measured resistance can be

interface

Infinitesimally
small cylinder

dcy[inder o d

Figure 4. Geometry of PtSi apex for resistance calculation.

expressed by:
Rmeasure = Rcantilever + Rtip + Rsample + Rcontact
= Ocanti L+R,+&+R (6)
cantilever Wt tip 2d contact»

where pOcantilever and pay are the resistivities of the cantilever (Si
in this case) and Au sample, respectively, and d is the physical
diameter of the tip bottom area. R, can be mathematically
calculated through:

Riip = Rsi + Rpsi. @)

Rpsi can be calculated through the integration of the
resistance of an infinitesimally small cylinder over Hps;, as
shown in figure 4.

The resistance of such a cylinder is given by:

4 i dh
’OPL’ 8)

2
T dcylinder

Rcylinder =

where dh is the height of the cylinder, and dcyiinder i the
diameter of the cylinder.

According to homothetic triangle theory, deylinger Can be
described by:
h(Dmt[eirface d) ’ (9)

PtSi

Substituting equation (9) into equation (8) and integrating
equation (8) over the height of PtSi apex, equation (10) is
obtained:

dcylinder =d+

4ppsi dh

Hpisi
Rcylinder = / D P 3
0 T (d + “Z:§€7 ))

(10)

After mathematical integration, the final form of Rpys; is
written as:

2
_ HptSiPPtSi
Dinertace=d\ ( DintertaceFpisi |
(Pt ) ((Pmaigetlos:)

an

H, gtSi PPtSi
() (T

Rpsi =

Rs; can be calculated in a similar manner to Rps;
introduced above, thereby given by:

HszipSi
 (P) (75

2
12)

Hszi Psi

Rsi = (%) (M) —

where the physical meaning of the geometry parameters and
the corresponding values can be obtained from figure 3. It
should be also kept in mind that the resulting /-V curves may
not simply obey the Ohm’s law but exhibits an exponential
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Figure 5. Resulting /-V curves for both PtSi tip and SI tip. The
experimental /-V curves were adapted from [24]. The loading forces
for PtSi tip and Si tip are 56 and 500 nN, respectively. The effective
Young’s modulus is estimated to be 62.6 GPa.

increase due to the formation of metal-semiconductor contact
between tip and sample that behaves like a diode, known
as the Schottky effect [31]. Therefore, the influence of the
Schottky diode on the current flowing through the system can
be described as [32]:

quiode - qIDRcomact
Ip=1Iy-|exp -1,
nkT

where I, is a constant with a value of 2-10711A [33] that
is related to the Schottky barrier height; Vgioqe is the voltage
across the diode; n is a constant with a value of 1 and Ip
is the current that flows through the system. As a result, the
corresponding /-V data can be obtained by simultaneously
solving equations (13) and (14) defined as follows:

13)

ID = (Vapplied - Vdiode)/(Rcantilever + Rtip + Rcontact + RAu)s
(14)

where Vipiieq 18 the electrical potential between cantilever and
sample.

3. Results and discussions

The comparison between the calculated /-V curves and the
experimentally measured one, as shown in figure 5, has
demonstrated the ability to accurately estimate the contact
resistance using such a mechanical model, as the calculated
I-V curves display a good match with the corresponding
measurements.

It is therefore informative to introduce this mechanical
model into the previous electrothermal simulation to evaluate
the role of contact resistance between tip and sample (capping
layer in this case) on the writing efficacy of scanning probe
phase-change memory, resulting in figure 6.

The phase-change media stack adopted here for both the
experiment and simulation consists of a 20 nm recording layer
sandwiched between a 6 nm N, doped carbon capping layer
and 120 nm N, doped carbon underlayer, deposited on top of
a Si substrate. The ability to experimentally write crystalline
bits using such a media stack is illustrated in figure 6(a) [16],

exhibiting crystalline marks with average diameter of 50 nm
by a4 V pulse of 100 us. The corresponding simulated bit with
a diameter of approximately 64 nm that was obtained from the
previous electrothermal simulation by simultaneously solving
the Laplace equation, the heat transfer equation, and the IMAK
equation [8, 11, 12] but with the exclusion of tip-capping layer
contact resistance is depicted in figure 6(b). The difference
on the mark diameter between figures 6(a) and (b) may arise
from the neglect of the tip-capping layer contact resistance,
which would decrease the whole system resistance, and thus
generate larger writing current and more Joule heating inside
the recording layer. However, the introduction of tip-capping
layer contact resistance into the previous electrothermal model
results in a simulated bit with a diameter of around 50 nm
shown in figure 6(c), which fits well to experimental finding.
According to equation (5), the value of the contact resistance
calculated for figure 6(c) is approximately 80 k2 for a tip
force of 300 nN (typical for that applied during writing)
and for pgmple = 6 X 103 Qm (in our case sample is the
capping layer) and pgp, = 0.3 x 107° Qm with an effective
Young’s modulus of 20.2 GPa [34]. The physical reality
of this proposed mechanical model can be further verified
through the comparison between the experimental /-V curve
in figure 6(a) and the simulated curve in figure 6(c), as shown in
figure 7. It is clearly observed that incorporating the previous
electrothermal model with the calculated contact resistance
exhibits a similar maximum magnitude of the resulting current
and a slightly smaller threshold voltage as compared to the
experimental one. It should also be noted that it is difficult to
reproduce exactly the same I-V curve, as reported by the real
experiment, most probably due to uncertainty in the values of
the resistivity of the under layer. Underestimating this value
in the model could increase the value of the electrical field,
thus slightly lowering the threshold voltage. Nevertheless, even
with such an uncertainty the developed model is still able
to well approach the experimental observation. Therefore,
the reported comparisons presented above clearly indicates
that the tip-capping layer contact resistance plays a critical
role on determining the whole system resistance and thus
can influence written mark size and the writing current for
a given write pulse, thereby necessitating the inclusion of the
contact resistance effect into the theoretical model for scanning
probe phase-change material so as to more closely simulate the
practical environment.

The effect of the contact resistance on the diameter of
the resulting bits is theoretically evaluated by integrating
the previous electrothermal model with this newly developed
mechanical model, resulting in figure 8. It can be seen that the
diameter of the written bit is gradually reduced along with
the increase of the contact resistance. This is expected since
the larger contact resistance would increase the whole system
resistance and thus further reduce the writing current for a
given voltage pulse. In addition, the bit diameter exhibits a
non-linear dependence on the contact resistance, which can be
ascribed to the non-linear resistivity of the phase-change layer
itself that strongly replies on the temperature and electric field
[35].

It is necessary to point out that in conventional phase-
change storage devices, including phase-change optical disks
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Figure 6. The generated crystalline bit using a typical media stack (see [16]) from (a) experiment, (b) simulation with exclusion of contact
resistance, and (c) simulation with inclusion of contact resistance. The experimental current image was adapted from [16], and the

characteristic parameters for simulations can be found in [8] and [12].
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Figure 7. The -V characteristic comparison between the
experiment (figure 6(a)) and the simulation with the introduction of
contact resistance (figure 6(c)). The experimental /-V curve is taken
from [16].

and PCRAM devices, the recording process is actually
operated by writing amorphous bits into the crystalline starting
phase. The experimental writing of amorphous bits using
scanning probe phase-change memory has been previously
realized only by Tanaka’s group which immersed phase-
change layer in an inert liquid to protect it from oxidation
[36]. Obviously a liquid protective layer is not practicable for
real storage systems. In this case, the capability of writing
amorphous bits using scanning probe phase-change memory
was evaluated here by means of the previously developed
amorphization approach [8] with the introduction of contact
resistance into the tip-capping layer interface, giving rise to
figure 9.

Note that amorphization can be achieved by heating the
crystalline starting phase to the melting temperature (around
630 °C [8]), followed by a rapid cooling. As can be seen
from figure 9, both cases reveal a formation of amorphous
bits with semi-ellipsoidal shape growing from the top portion

80

2]

B
o

Bit diameter (nm)
N
o

) 20 80 120
Contact resistance (kQ)

Figure 8. Dependence of bit diameter on contact resistance. The
phase-change media stack and the characteristic parameters used in
the simulation are as for figure 6.

of the phase-change layer where the melting temperature has
been approached, coinciding with the previous findings. In
addition, the amorphous bit without the introduction of contact
resistance exhibits a larger vertical depth than the case without
contact resistance. This is expected since the writing current
stemming from the model with contact resistance is obviously
smaller than that without contact resistance for a given pulse.
In this case, the bottom region of the phase-change layer can
not be sufficiently heated to the melting temperature due to
the heat dissipation toward the substrate, thus remaining in
crystalline phase. Figure 9 clearly indicates that similar to the
crystallization case, contact resistance also has a significant
impact on the resulting amorphous bit size, and thereby needs
to be taken into account for the future analysis in order to
more accurately describe the amorphization behavior of phase-
change materials.
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contact resistance and (b) with contact resistance. The parameters used for calculating contact resistance are as for figure 6.

4. Conclusions

A novel mechanical model that allows for the calculation of
tip-capping layer contact resistance for scanning probe phase-
change memory was described. The consequent I-V curves
and the written crystalline marks from the combination of
the previous crystallization model with this newly developed
mechanical model exhibits a good match with the experimental
counterparts, thus demonstrating its physical reality as well
as the important extent of the contact resistance to the
writing of crystalline bits using scanning probe phase-change
memory. The capability of writing amorphous bits using
scanning probe phase-change memory was also assessed by
consolidating the previous amorphization model with the
calculated contact resistance. It is found that the tip-capping
layer contact resistance has a significant influence on the
resulting amorphous bit size due to the variation of the writing
current.
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