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The recent proliferation of portable communication devices or data storage
equipment is strongly related to the development of memory technology. Non-volatile
semiconductor solid-state memories are needed for high-capacity storage media, highspeed operation and low power consumption, with stringent requirements of retention and
endurance. Phase change memory (PCM) is currently seen as one of the most promising
candidates for a future storage-class memory with the potential to be close to dynamic
random-access memory (DRAM) in speed but with much longer retention times and as
dense as flash memory. PCM devices utilize chalcogenide materials (most commonly
Ge2Sb2Te5 or GST) that can be switched rapidly and reversibly between amorphous and
crystalline phases with orders of magnitude difference in electrical resistivity. Since PCM
devices operate at elevated (current-induced) temperatures and are significantly impacted
by thermoelectric effects it is very important to determine the high temperature material
properties of GST. Resistivity, carrier mobility, and carrier concentration in
semiconducting materials are three key parameters indispensable for device modeling.
In this work two measurement setups for high temperature thin film
characterizations were developed, a Seebeck setup and a Hall setup. The Seebeck
coefficient measurement setup is fully automated and uses resistive and inductive heaters
to control the temperature gradient and can reach temperatures up to ~650 °C. The Hall

Lhacene Adnane - University of Connecticut, 2018
measurement setup, developed based on the van der Paw method for characterization of
semiconducting thin films, can measure thin film samples of a wide resistivity range from
room temperature to ~500 °C. The resistivity, carrier concentration, and Hall carrier
mobility are calculated from I-V measurements and the constant magnetic field applied in
‘up’ and ‘down’ directions.
Measurement results on GST thin films with different thicknesses revealed
interesting correlations between S-T and ρ-T characteristics and showed that GST
behaves as a unipolar p-type semiconducting material from room temperature up to
melting. The thermoelectric properties of the GST films were also correlated to the
average grain sizes obtained from in-situ XRD measurements during crystallization.
These studies show that the activation energy of carriers in mixed phase
amorphous-fcc GST is a linear function of the Peltier coefficient. From these results and
the ρ-T characteristics, the expected Seebeck coefficient of single crystal fcc GST is
obtained. Using the experimental results for resistivity and Seebeck coefficient, together
with a phase separation model, the temperature-dependent thermal conductivity of the
mixed phase GST is extracted.

High Temperature Characterization of
Ge2Sb2Te5Thin Films for Phase Change Memory Applications

Lhacene Adnane
M.S., University of Connecticut, 2017

A Dissertation
Submitted in Partial Fulfillment of the
Requirements for the Degree of
Doctor of Philosophy
At the
University of Connecticut
2018

Copyright by
Lhacene Adnane

2018

ii

APPROVAL PAGE

Doctor of Philosophy Dissertation

High Temperature Characterization of
Ge2Sb2Te5Thin Films for Phase Change Memory Applications

Presented by
Lhacene Adnane, M.S.

Major Advisor ______________________________________________
Helena Silva

Associate Advisor ____________________________________________
Ali Gokirmak

Associate Advisor ____________________________________________
Rajeev Bansal

University of Connecticut
2018

iii

Thanks, and gratitude is due to Allah.
I would like to dedicate this work to the memory of my mother Messaouda
Haddad who always believed in my ability to be successful.
Acknowledgments
I would like to offer special thanks to my advisors, Prof. Helena Silva and Prof.
Ali Gokirmak for their mentorship and guidance during my Ph.D. And I am grateful for
their friendship throughout my Ph.D. career. I would like also to thank my father Hocine
for being my role model, to thank my supportive brothers Belkacem, Hamouche, Said,
Achour, Bachir, Abdullah, and my caring sisters Dahbia, Louiza, and Fatima.
I would like to thank my dear wife Nabila for being the best support to me, to
have so much belief in me, and provide excessive motivation and encouragement. I
would like also to thank my little son Adam who brought a lot of happiness and joy to our
life.
I would like to thank Prof. Rajeev Bansal, Prof. Mehdi Anwar, Prof. Michael
Pettes, and Prof. Faquir Jain for being on my advisory committee and instructing me in
their excellent graduate courses. I would like to thank Dr. Arvind Kumar at IBM for
giving me the opportunity to collaborate with the neuromorphic group at the Watson
Research Center, and Dr Babar Khan and Dr. Ed Cartier for helpful discussions and
guidance on characterization and measurements.
I would like to thank my former and current labmates; accordingly, I thank Kadir
Cil, Gokhan Bakan, Ahmet Teber, Mustafa Akbulut and Faruk Dirisaglik for the fun
times we shared together and for being so kind and helpful to me in and out of the lab.
Raihan Khan, Nadim Kanan, Husien Salama, Hasan Talukder, Nafisa Noor, and Sadid
Muneer who never wanted to believe in the flat earth theory. I thank Jacob Scoggin,
Adam Cywar, Nicholas Williams, Abdiel Rivera, Azer Faraclas, Sean Fischer, Aaron
Ciardullo, Zachary Woods, Niaz Khan, Luca Lucera, Zoila Jurado, Lindsay Sullivan, and
Jon Rarey for being great team members.
I would also like to acknowledge the sources of my funding and support: The
National Science Foundation for the Graduate Research Fellowship Program award, the
Department of Education for the Graduate Assistantship in Areas of National Need
award, IBM for the internship and collaboration, and the University of Connecticut for
the Research Assistantship.

iv

Table of Contents
Table of Contents ................................................................................................................ v
List of Figures .................................................................................................................. viii
1.

2.

Introduction ................................................................................................................ 1
1.1

Phase change memory.......................................................................................... 2

1.2

Thermoelectric effects in nanoscale devices ........................................................ 5

1.3

Other effects to consider for characterization ...................................................... 6

1.4

Phase change memory and thermoelectric effects ............................................... 8

Thin film thermoelectric effect characterization...................................................... 10
2.1

Seebeck measurement setup .............................................................................. 11
2.1.1 Measurement setup and procedure............................................................... 12
2.1.2 Measurements .............................................................................................. 23
2.1.3 Discussion .................................................................................................... 27

2.2

Hall measurement setup ..................................................................................... 29
2.2.1 Hall measurements ....................................................................................... 30
2.2.2 Setup description .......................................................................................... 32
2.2.3 Measurements and discussion ...................................................................... 39

3.

Measurement results on GST ................................................................................... 48
3.1

Sample preparation ............................................................................................ 48

3.2

GST Resistance to resistivity scaling ................................................................. 50

v

4.

3.3

Continuous RT measurement ............................................................................. 52

3.4

Simultaneous R-T and S-T measurement .......................................................... 55

3.5

Multiple heating/cooling cycles R-T and S-T measurements ............................ 57

3.6

Hall measurements ............................................................................................. 61

Analysis and discussion ........................................................................................... 70
4.1

Boltzmann approximation transport model ....................................................... 70

4.2

Activation energy ............................................................................................... 72

4.3

Average grain size from XRD measurements ................................................... 76

4.4

Percolation model .............................................................................................. 78

4.5

Thermal conductivity ......................................................................................... 85

4.6

Thickness dependent resistivity ......................................................................... 91

4.7

Summary ............................................................................................................ 93

5.

Conclusion ............................................................................................................... 95

6.

Appendix .................................................................................................................. 97
6.1

LabVIEW programs ........................................................................................... 97

6.2

Matlab and Arduino programs ........................................................................... 99

6.3

Probe arm temperature in the Seebeck setup ................................................... 104

6.4

Error propagation calculation (Seebeck coefficient) ....................................... 105

6.5

Amplifier circuit for Hall measurement setup ................................................. 106

6.6

Room temperature Hall measurement setup .................................................... 107

vi

6.7
7.

S-T and R-T measurement results on TiN and TiW thin films........................ 108

References .............................................................................................................. 114

vii

List of Figures
Figure 1.1. PCM cell structures a) conventional mushroom cell, b) line cell, and c) dogbone cell structure. .................................................................................................. 3
Figure 1.2. Thermoelectric effects, thermomagnetic effects and Galvano-magnetic effects
in semiconductors. The effects in the outside perimeter involve a magnetic field in
the z direction. ......................................................................................................... 4
Figure 2.1 Schematics of the high-temperature Seebeck coefficient and resistivity
measurement setup. Two C-shaped surrounding steel plates form an enclosure for
heat confinement and probe arms heating (with either resistive or inductive
heating). The probe tip on the surface of the sample is centered with the
thermocouple probed spot. The actual setup has 4 probe arms and 4
thermocouples so that two samples can be measured at the same time. Resistive or
inductive heating can be used. With inductive heating, the non-magnetic chuck
(brass alloy) is heated by contact to the steel plate which in turn is heated by the
AC magnetic field generated by the water-cooled copper pipe coil underneath. . 13
Figure 2.2. Copper tube isolated with Kapton tape used as a planar coil for the inductive
heater. Cold water continuously flows in the coil to keep it cold. ........................ 14
Figure 2.3. Temperature on the surface of the chuck along the diameter perpendicular to
the heaters simulated after 60 s. The inset represents the temperature profile on
the surface of the chuck. ....................................................................................... 15
Figure 2.4. Photographs of the developed high-temperature Seebeck coefficient and
resistivity measurement setup showing the vacuum chamber (a) and the chuck,
electrical probes and thermocouples arrangement, without thermal paste (cleaned

viii

to show the alignment between the electrical probes and thermocouples) (b) and
with thermal paste to improve adhesion and thermal contact between the
thermocouple leads and the chuck (c). .................................................................. 16
Figure 2.5. Comparison between temperatures measured with thermocouple and RTD. 18
Figure 2.6. COMSOL simulation results for the difference in temperature between the
surface of the chuck and the surface of the sample as a function of chuck
temperature. The temperature values were obtained 60 s after setting the heat
source temperature. Top-left inset shows the cross section of the setup showing
the heat sources at the bottom of each C-shaped steel plate. To simulate the
experimental conditions the test area is surrounded by a box filled with nitrogen
with surface-to-ambient radiating boundaries set to room temperature. .............. 19
Figure 2.7 Algorithm for temperature control in our setup. When inductive heater is used
alone, ΔT is generated by moving the coil right or left. When the inductive heater
is used along with cartridge heaters, the coil is fixed in the center and ΔT is
generated by adjusting the On/Off cycles of the two resistive heaters. ................ 21
Figure 2.8 Cross section schematic of the setup showing the inductive heater direction to
establish the temperature difference across the sample. ....................................... 22
Figure 2.9. Open circuit Seebeck voltage measurement. .................................................. 24
Figure 2.10. Example data obtained for a single-crystal low-doped silicon sample (n-type,
Phosphorous doped, n = (7.4 ± 0.3)×1015 cm-3 and mobility μ = 1310 ± 24 cm2/Vs) using resistive heating only and inductive heating only. The sample was
annealed at 620 °C for 15 minutes prior to the measurements. I-V characteristics
from which the resistances and open-circuit voltages are obtained, at 200 °C (a)

ix

and at 500 °C (b). Open-circuit voltage versus temperature difference at T = 200
°C (c) and at T = 500 °C (d) to obtain the Seebeck coefficient. ........................... 25
Figure 2.11. a) R-T, resistance vs. temperature and b) S-T, Seebeck coefficient versus
temperature, obtained for the single-crystal low-doped silicon sample (n-type,
Phosphorous, n = (7.4 ± 0.3)×1015 cm-3 and mobility μ = 1310 ± 24 cm2/V-s)
using resistive heating only and inductive heating only. Solid lines in (b) are the
calculated S-T curves for n-type single-crystal silicon with carrier density n =
7.35×1015 cm-3 for scattering factor r varying from -0.5 (lattice scattering
dominated) to 0.5 (impurity scattering dominated) [27], [45]. ............................. 27
Figure 2.12. Hall effect on a conductor in a magnetic field perpendicular to the current
direction. ............................................................................................................... 31
Figure 2.13. Schematic of the Hall measurement setup. On the right is the brass chuck
sitting on a ceramic glass support with the probing contacts (larger in the
schematics to show the different components). The movable magnetic stage is
brought around the sample holder to apply a magnetic field on the sample in ‘up’
or ‘down’ direction. The 4 coax cables are connected to the probes from
underneath the glass support. An aluminum cover (not shown in the figure) is put
on top of the chuck to form an enclosure for nitrogen and block light. ................ 34
Figure 2.14. Measured magnetic field in the measurement plane between the magnets. . 36
Figure 2.15. Optical image of the measurement setup. The white mark on the magnetic
frame indicates that the magnetic field is directed up between the magnets. ....... 37
Figure 2.16. Average temperature measured between the heaters and near the sample as a
function of chuck target temperature. The inset represents the evolution of

x

temperature with time. When the chuck temperature reaches the target, the
regulation starts and allows 10 minutes stabilization time (region 1) before
measurement starts. During measurement (region 2), the increase of the sample
temperature is less than 2 ºC between the start and end of the test....................... 38
Figure 2.17. Sample contacts configuration for van der Paw resistivity measurement. ... 39
Figure 2.18. Van der Pauw geometry correction factor F as a function of the ratio Rr. ... 40
Figure 2.19. Sample contacts configuration for Hall voltage measurement. .................... 41
Figure 2.20. Steps followed by the system control. The steps delimited by the dashed line
are repeated n times at same stabilized temperature for statistical analysis of the
data (3 times are sufficient to check repeatability of measurement as represented
in Figure 2.21). ...................................................................................................... 43
Figure 2.21. Variation of VH/BI with temperature measured on a phosphorous doped
single crystal silicon sample. The inset represents the plot of R13,24 vs. B for the 3
different measurements at 201 ºC. The coefficient VH/BI is then calculated as the
average of the 3 slopes from R13,24 - B with its associated standard errors. ......... 44
Figure 2.22. ρ-T measured simultaneously with data in Figure 2.21, in 4 different cycles,
on a phosphorous doped single crystal silicon sample. In the first cycle,
temperature step was 40 °C starting from 40 °C up to 120 °C. In the second cycle,
the measurement was performed between 140 °C and 360 °C with 10 °C step. In
the third cycle, the step was 20 °C starting from 360 °C up to 680 °C. In the
fourth cycle, the step was 50 °C and the measurement was performed between
400 °C and 700 °C. ............................................................................................... 45

xi

Figure 2.23. Electron and hole mobility and concentration calculated from VH/BI and ρ
measurement on a phosphorous doped single crystal silicon sample. .................. 47
Figure 3.1. Top-view optical image and schematic of the 100 nm thin film GST sample.
The film is deposited on top of 2 mm × 2 mm W bottom contacts aligned in 2.2
cm spaced columns and 0.7 cm spaced lines. Films are capped with ~10 nm SiO2
to prevent evaporation and oxidation. Samples with 2 and 4 in-line contacts are
cleaved and used for Seebeck coefficient and 4-point resistivity measurement
respectively. .......................................................................................................... 48
Figure 3.2. Numerical modeling of the cooling of sample by the probes a) Temperature of
the sample simulated after 60 s sample heating to 400 C, b) Temperature of the
simulated probe tip region while the tip surface is maintained at 200 C, c)
Temperature on the surface of the sample across the metal contact. .................... 50
Figure 3.3. Schematics of measurement settings showing the position and the numbering
of electrical contacts for (a) Configuration for room temperature measurement. (b)
4 point configuration for R-T measurement. (c) 2 point configuration for R-T and
S-T measurement on 2 different samples.............................................................. 51
Figure 3.4. GST resistivity versus temperature measurements on 200 nm GST film using
4-point in-line measurement, scaled from R-T using the vdP measurement at room
temperature after heating and cooling down the sample from 200 °C and from 300
°C at the same rates. .............................................................................................. 52
Figure 3.5. GST resistivity versus temperature. All the curves are the 4 point resistance
measurements obtained with the same heating rate of ~ 5 °C/min, scaled to

xii

resistivity using the resistivity value of the 200 nm film at 200 °C (detailed in the
appendix)............................................................................................................... 53
Figure 3.6. SEM images of the surface of a 100 nm GST sample annealed ~600 °C. ..... 54
Figure 3.7. Fast ρ-T measurement results on amorphous 100 nm GST sample. .............. 55
Figure 3.8 represents the resistance and Seebeck coefficient measured simultaneously on
a GST thin film sample. The first and second transition temperatures are clearly
visible in the R-T plot as the sample changes from as-deposited amorphous to fcc
phase then from fcc to hcp phase. The positive sign of Seebeck coefficient in our
measurements confirms the p-type majority carrier (S > 0 for p-type conduction)
[73]. Seebeck coefficient seems to drop as the material becomes more conductive,
however, the transition temperatures cannot be distinguished from the S-T
characteristic. ........................................................................................................ 55
Figure 3.9. Resistance and Seebeck coefficient measured simultaneously on a GST thin
film sample............................................................................................................ 56
Figure 3.10 Simultaneous R-T and S-T characteristics measured on two different
thickness samples in 3 heating cycles starting from room temperature in each
cycle. ..................................................................................................................... 57
Figure 3.11. Resistance measured in consecutive cycles to increasingly maximum
temperature for a) 50 nm and b) 200 nm GST films. The average temperature and
temperature gradients are regulated at each step for ~20 min while measuring the
resistance and the Seebeck coefficient. The insets in the graphs show the
resistance vs. 1/kT, from which the activation energies are obtained. The dashed
lines in the insets represent the resistance values of the samples at the second

xiii

transition temperature (Rc0). Each point is the average of ~15 measurement
points, and for all tests but the first, the errors are smaller than the data markers.59
Figure 3.12. Seebeck coefficient versus temperature measured simultaneously with the RTs in Figure 3.11 for a) 50 nm and b) 200 nm GST films. The insets show the
slopes dS/dT versus the conductivity of the sample at room temperature. Standard
deviations for each point are shown as error bars but these are not visible in this
scale....................................................................................................................... 60
Figure 3.13. ρ-T measurement results on 100 nm and 50 nm square shape GST thin film
samples. The error bars that represent the standard deviation of the average of 3
values from 3 measurements at same temperature are in the size of the markers
mostly. ................................................................................................................... 62
Figure 3.14. μ-Ts calculated from the Hall coefficient measured along with ρ-Ts in Figure
3.13. The error bars that represent the standard deviation of the average of 3
values from 3 measurements on the 100 nm GST film reflect the fluctuation of the
hall coefficient at same measurement temperature. No error bars for the 50 nm
film as all the data is represented in the same plot. .............................................. 62
Figure 3.15. p-Ts calculated from the Hall coefficient measured along with ρ-Ts in Figure
3.13. The error bars that represent the standard deviation of the average of 3
values from 3 measurements on the 100 nm GST film reflect the fluctuation of the
hall coefficient at same measurement temperature. No error bars for the 50 nm
film as all the data is represented in the same plot. .............................................. 63

xiv

Figure 3.16. V2-V4 vs. I1 for a) negative B and b) positive B measured at 125 °C. The
numbers in the legend correspond to the measurement number at the same
stabilized temperature ........................................................................................... 64
Figure 3.17. Linear fit of the measurement data represented in Figure 3.16. The hall
coefficient is calculated from the change in the represented slopes with the
magnetic field........................................................................................................ 64
Figure 3.18. ρ-T measurement results on a square shape GST 200 nm thin film sample in
multiple heating cycles. Error bars are smaller than the size of the markers........ 65
Figure 3.19. p-T calculated from the Hall coefficient measured along with ρ-T in figure
Figure 3.18. Error bars reflect the fluctuation of the Hall coefficient at constant
target temperature. Fluctuations are clearly smaller for the material in the hcp
phase (360 °C target temperature and above) ....................................................... 66
Figure 3.20. μ-T calculated from the Hall coefficient measured along with ρ-T in Figure
3.18 Error bars reflect the fluctuation of the Hall coefficient at constant target
temperature. Fluctuations are clearly smaller for the material in the hcp phase
(360 °C target temperature and above) ................................................................. 66
Figure 3.21. ρ-T measurement on hcp GST up to 420 °C (Last cycle in Figure 3.18). .... 68
Figure 3.22. Calculated μ-T and p-T for hcp GST, from last measurement cycle up to 420
°C represented in Figure 3.20 and Figure 3.19 respectively. ................................ 68
Figure 3.23 Slopes of Vh vs. I measured 15 times with (no B, pos B, no B, neg B)
sequence at room temperature on 100 nm hcp GST sample. ................................ 69
Figure 4.1. ln(R) dependence on reciprocal temperature 1/kT for 50nm and 200 nm GST
thin films. .............................................................................................................. 71

xv

Figure 4.2. S-T measurement data on 50 nm and 200 nm thin films. The dashed lines
represent the linear fit of the data with 0 μV/K intercept. The numbers in the
legend represent the temperature in °C to which the sample was previously
annealed. ............................................................................................................... 72
Figure 4.3. a) Activation energy and dS/dT as a function of anneal temperature. The
activation energies for the 50 nm film are slightly higher than those for the 200
nm film, probably due to the difference in the crystallinity of the two films
annealed at the same temperature. b) Derivative of Seebeck versus temperature
dS/dT versus the conductivity activation energy E for 50 nm and 200 nm GST
thin films showing a linear dependence for the amorphous-fcc mixed phase
region. Standard deviations for dS/dT are shown as error bars. The dashed lines
show the linear fits for the two samples, using all points of positive conduction
activation energy. .................................................................................................. 73
Figure 4.4. Determination of single crystal fcc-GST dS/dT from dS/dT vs. E for 50 nm
and 200 nm GST thin films. The red lines show the linear fits for the two samples
in both fcc (positive E) and hcp phases (negative E), Discarding the data point that
corresponds to 180 °C anneal temperature for the 200 nm film and the data point
that corresponds to 500 °C anneal T for the 50 nm film, the 4 fits intercept at
0.153 μV/K2 (within 2 nV/K2 error). .................................................................... 75
Figure 4.5. XRD patterns of 100 nm GST film annealed at different temperatures, then
cooled down from 400 °C to obtain the pattern for hcp-GST at 30 °C. ............... 76
Figure 4.6. Average grain size calculated from XRD measurements on 200 nm thin GST
film. In-situ measurements were done in 25 °C steps from 150 °C to 585 °C

xvi

(green circles). Room temperature measurements were also done on different
samples (from the same wafer) pre-annealed at different temperatures for 10
minutes, with 2 °C/min heating rate (red stars). Interpolated data was calculated
using third order polynomial fit (black dashed line) to obtain grain sizes for the
anneal temperature values used in the S-T and R-T measurements. Grain sizes
calculated from room-temperature impedance spectroscopy measurements by
Huang et al. (blue squares) are in the same range but show a significantly
different trend with anneal temperature [101]. ..................................................... 78
Figure 4.7. Calculated GST mixed-phase resistivity as a function of crystalline fraction
using equation (4.4) with amorphous and crystalline GST resistivities ρa = 494
Ω.cm and ρc = 0.01 Ω.cm respectively. ................................................................ 80
Figure 4.8. a) Calculated crystalline fraction f and experimental dS/dT as a function of
anneal temperature for the 50 nm and 200 nm thin GST films. b) Experimental
dS/dT ( m/p2/3) and room-temperature conductivity σRT ( mτ/p) versus
calculated crystalline fraction f for 50 nm and 200 nm thin film samples............ 83
Figure 4.9. Crystallinity fraction f for the 200 nm GST thin film sample as a function of
the cubic grain size (gs)3 obtained from XRD patterns for the mixed phase
amorphous-fcc region, pre-annealed at increasing anneal temperatures (180 °C to
320 °C). The intermediate linear region suggests growth dominated crystallization
for this anneal temperature range. ......................................................................... 84
Figure 4.10. Sketch on the crystallization of GST from the crystallinity f-gs3 in Figure
4.9.......................................................................................................................... 85

xvii

Figure 4.11. Thermal conductivity of Ge2Sb2Te5 calculated using eq. (4.11) and the
measured S-T data for two different film thicknesses, a) 200 nm and b) 50 nm. . 87
Figure 4.12. Thermal conductivity of a) 200 nm and b) 50 nm Ge2Sb2Te5 films calculated
using eq. (4.11) and the slopes of the S-T characteristics. .................................... 88
Figure 4.13. Seebeck coefficient as a function of a) temperature and b) crystallinity
fraction, calculated using the slopes of dS/dT as a function of anneal temperature
and crystallinity. Colors in the graphs indicate different anneal temperatures and
the black curves represents the extrapolation of the metastable characteristics for
constant crystallinity fraction in a) and constant temperature in b). ..................... 89
Figure 4.14. Thermal conductivity calculated as a function of temperature for different
anneal temperatures, using eq. (4.11) and the calculated S-T and S-f
characteristics in Figure 4.13. The k-T characteristic in open circle markers is
from reference [83] and the star markers represent the amorphous and the fully
crystalline fcc GST thermal conductivity used in the calculations. Color legend
correspond to same anneal temperature colors in previous calculations. ............. 90
Figure 4.15. Calculated thermal conductivity characteristics as a function of crystallinity
at different temperatures increasing in 10 °C step between 30 °C and 320 °C. The
lines in black represent the metastable k since the f at increases with temperature.
............................................................................................................................... 91
Figure 4.16. Thickness dependence of electrical resistivity measured on a) as-deposited
amorphous GST at room temperature; inset shows the characteristic in linear
scale, and b) crystalline GST annealed to 300 °C with 2.5 °C/min heating rate and
10 minutes wait time at 300 °C for fcc in blue and to 400 °C with 2.5 °C/min

xviii

heating rate and 10 minutes wait time at 400 °C for hcp in red. Error bars are
smaller then the markers. ...................................................................................... 92
Figure 6.1. Seebeck measurement setup LabVIEW control interface. ............................. 97
Figure 6.2 Hall measurement setup LabVIEW control interface. .................................... 98
Figure 6.3. 4145B Semiconductor parameter analyzer LabVIEW control interface ........ 99
Figure 6.4. Probe arm temperature measured with a thermocouple attached directly to the
probe arm ~2 cm from the surface of the chuck. ................................................ 105
Figure 6.5 Error on the Fit parameters, Matlab script calculation code. ........................ 106
Figure 6.6. Goodness of Fit VI ....................................................................................... 106
Figure 6.7. Connection of an operational amplifier to the sample through a relay card. 107
Figure 6.8. Room temperature Hall measurement setup magnetic frame. ...................... 107
Figure 6.9. Magnetic field strength measured between the magnets for room temperature
Hall measurement setup. ..................................................................................... 108
Figure 6.10. Cross section SEM images of a) 700 nm TiN thin film and b) 350 nm TiW
thin film............................................................................................................... 109
Figure 6.11. S-T characteristic measured on 3 different samples labeled S1, S2 and S3,
with 2 tests for each sample. The dashed curve is the average of all the data
smoothed with 5 points window. The scattering coefficient x is calculated using
eq. 1 for EFO = 2.7 eV from ref 26. ..................................................................... 110
Figure 6.12. R-T characteristic measured simultaneously with the S-T data in figure. 3.
One can notice that the resistance of the sample in test 2 is higher than the one in
test 1. We believe this is due to the oxidation of the sample which increase the
contact resistance. ............................................................................................... 110

xix

Figure 6.13. S-T characteristic measured on 2 different samples labeled S1 and S2, in
multiple tests. The dashed curve is the average of all the data smoothed with 5
points window. .................................................................................................... 111
Figure 6.14. R-T characteristic measured simultaneously with the S-T data in figure. 5.
S1 and S2 are measured at the same time in each test. ....................................... 112
Figure 6.15. Resistivity measurement on two square shape TiW samples (from same
wafer) in multiple tests using the Hall measurement setup. ............................... 112
Figure 6.16. Resistivity measurement on a square shape TiN sample in multiple tests
using the Hall measurement setup. Test numbers in the legend indicate the
measurement order on the sample....................................................................... 113

xx

1.

Introduction
In microelectronics, the number of transistors in microprocessors doubles every

two years or so, according to Moore's prediction. This increase in the number of
transistors per chip is accompanied by an increased need for non-volatile data storage
(memory). This memory must meet stringent requirements of storage capacity per unit
area, the speed of programming, and the number of possible rewrites. At the present time
(2018), the highest transistor count in a commercially available CPU is about 19.2 billion
transistors, in AMD's 32-core “Naples” EPYC CPUs [1] while a chip of USB flash
storage can save 1 TB of data. As demand for increased performance continues and flash
memory faces farther scaling difficulties, a technological breakthrough is needed.
Furthermore, computation in memory and memory integration on top of a CPU are actual
discussion subjects and sought alternatives to overcome the high-power consumption and
the Von-Neumann bottleneck which is a major limitation on computation performance
due to memory access latency [2].
Phase change memory (PCM), also known as PRAM (Phase change Random
Access Memory) [3]–[5] is a strong candidate to replace flash technology and can be
used to overcome the limitations discussed before. This emerging technology can
potentially deliver memory performance similar to DRAM (dynamic random access
memory) with the added benefit of non-volatility and monolithic integration with CMOS
atop the CPU [6]. It can also be used as adjustable weights to implement circuits that can
perform neuromorphic computing [7]–[9]. PCM uses chalcogenide glasses of Ge-Sb-Te
elements as the active component and is based on the change in the phase of the material.
By switching the material from its amorphous state to its crystalline state, the variation of
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physical parameters associated with these phases can be used to implement a binary digit
(bit). In the case of PRAM, the electrical switching mechanism between the amorphous
insulating state and the crystalline conductive state is based on Joule heating. PRAM
devices operate at high temperatures (up to melting of the alloy), and they are being
increasingly scaled down [10], [11], hence, control of heat transfer in this type of devices
is fundamental.
It appears from the literature that most glasses rich in Sb exhibit short
crystallization times [12]. Among Ge-Sb-Te compounds, the best candidate has been the
(2, 2, 5) combination; it has a very low crystallization enthalpy [13], [14] and very similar
atomic structure in the amorphous and crystalline phases, which facilitates the switching
because of small atomic displacements [15]. Ge2Sb2Te5 (GST) has excellent stability at
room temperature, large resistivity contrast between amorphous and crystalline states,
fast writing time, and can withstand a large number of rewrite cycles. Moreover, its
switching properties are adjustable by doping using nitrogen, oxygen or indium [16],
[17].

1.1

Phase change memory
Storage of information with this technology is carried out through changes of

structural states, driven by electrical pulses, in a small volume of a phase-change
material. The idea of exploiting such a phenomenon in order to construct a binary
memory device is not new. A first prototype had been proposed in 1970 by Neale and
Nelson [18]. This type of technology has recently become competitive with electric
charge-storage based technology, thanks to the recent advances in materials engineering.
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The conventional PCM cell structure is relatively simple. The phase change
material is confined between two metal electrodes in a vertical structure, a bottom narrow
heater and a top common electrode (Figure 1.1.a). The distance between two neighboring
cells has to be large enough to minimize thermal cross talk [19] [20]. Horizontal
structures such as line cells [21] [22] and dog-bone like structures [23] are also used to
characterize the phase change materials (Figure 1.1 b and c) or for other studies.
Electrodes

Top electrode

Phase change
material

b)
Phase change
material

Active region

Insulator
Heater

a)

c)

Figure 1.1. PCM cell structures a) conventional mushroom cell, b) line cell, and c) dogbone cell structure.

PCM elements experience a large range of operation temperatures and thermal
gradients (~10-100 K/nm) while switching between crystalline, liquid and amorphous
phases [24] that make it subject to high thermoelectric effects. High-temperature
characterization of the temperature-dependent electrical, thermal and thermoelectric
properties of GST is therefore critical to understand the operation of PCM devices. On
the other hand, other effects involving magnetic field such as the Hall effect can be used
to characterize the electronic properties of GST. The various effects that occur in
materials due to coupling of electric, magnetic and thermal gradient driving fields are
summarized in Figure 1.2. Thermoelectric effects, shown inside the diagram, relate
temperature gradients to electrical fields and currents while other effects, shown in the
3

perimeter of the diagram involve a magnetic field normal to the surface of the sample. In
this work, the Seebeck effect and the Hall effect have been used to characterize the
thermoelectric properties of GST. Other effects (Nernst effect, Righi-Leduc effect, and
Ettingshausen effect) are described briefly in the next paragraph because they occur
whenever these different driving forces are present and it is important to take their effects
into account while analyzing Seebeck and Hall measurements for material
characterization.

y electric
current

y

x potential
difference

Nernst

z

Ettingshausen

x

Hall effect

x temperature
difference

Righi-Leduc

y heat flux

Figure 1.2. Thermoelectric effects, thermomagnetic effects and Galvano-magnetic effects
in semiconductors. The effects in the outside perimeter involve a magnetic field in the z
direction.

In addition to the thermoelectric properties of the material, it is important to look
at its crystallization dynamics. Temperature dependent in-situ XRD measurements on
thin films allow monitoring of the crystallization process and can be used to extract the
grain size distributions as the material crystallizes. Thermal conductivity was found to be
related to the thermopower (Seebeck coefficient) of a material using a phase separation
model (PSM) for composite alloys [25]. Henceforth, temperature dependent thermal
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conductivity (k-T) of the material can be derived from the temperature dependent
Seebeck coefficient (S-T) characteristics and the crystallinity of the material obtained
from the electrical resistivity using an effective medium model together with the grain
sizes obtained from XRD measurements. The correlations between resistivity, Seebeck
coefficient, thermal conductivity, along with the grain sizes, up to close to the melting
temperature give insights into the transport mechanisms in GeSbTe compounds.

1.2

Thermoelectric effects in nanoscale devices
Thermoelectric effects consist of three separately identified effects: Seebeck

effect, Peltier effect, and Thomson effect.

1)

Seebeck effect: Seebeck effect was discovered in 1821 by Thomas Johann

Seebeck who had the idea of making a device that can convert heat into electricity [26].
A temperature difference (ΔT) between two points on a film, at a given ambient
temperature, leads to diffusion of carriers from the hot side to the cold side and build-up
of a potential difference (V0). The linear approximation of the proportionality constant S
between the open circuit voltage V0 and the temperature difference ΔT (valid under small
temperature gradients) is the Seebeck coefficient, also called thermopower, of the
material at that temperature, S = d(V0 )/d(∆T) [23], [27]. This relation is independent of
the geometry.

2)

Peltier effect: Peltier effect was discovered in 1834 by the French

physicist Jean-Charles-Athanase Peltier, who noticed that at an electric current will
produce heat or cold at a junction of two dissimilar metals, depending on the direction of
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current flow [28]. The Peltier coefficient describes the average total energy (kinetic
energy plus potential energy) transported by a carrier in a material:
Π = 𝑆𝑇

3)

(1.1)

Thomson effect: This effect was discovered in 1854 by the British physicist

William Thomson (Lord Kelvin). It describes the transfer of heat in an externally heated
conductor when electric current passes through it.
𝛽 = 𝑇 𝑑𝑆/𝑑𝑇

(1.2)

Peltier and Thomson effects are both related to the temperature dependent
Seebeck coefficient variation; hence measuring S-T is sufficient for material’s
thermoelectric characterization.
Although Joule heating also relates electric current to heat, this effect is not
considered a thermoelectric effect since it is thermodynamically irreversible [29].

1.3

Other effects to consider for characterization

1)

Hall effect: The Hall Effect, described first by Edwin Hall in 1879 [30], is the

most used effect for characterization of conduction properties of semiconductors. The
mobility and carrier concentration can be obtained from the Hall constant together with
the resistivity. Measurement of the hall coefficient consists of applying a normal
magnetic field to the surface of a film while it is conducting current diagonally from one
corner to the other and measuring the Hall voltage built between the opposite contacts.
This effect will be detailed in chapter 2 in the Hall measurement setup section. The Hall
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effect interacts with thermomagnetic and galvanomagnetic effects (Ettingshausen, Nernst
and Righi-Leduc effects) that has to be excluded in the Hall measurement.

2)

Righi-Leduc effect: is a thermomagnetic effect discovered by the Italian

physicist A. Righi and the French physicist S. Leduc, almost at the same time in 1887
[31]. When an electrically open conductor in which a heat flow is maintained is placed in
a constant magnetic field B, a difference in temperature in the direction perpendicular to
the primary heat flow and the magnetic field will appear. The Righi-Leduc coefficient is
given by:
1 𝜕𝑇

𝑆𝑅𝐿 = 𝐵

𝑧

𝜕𝑦

𝜕𝑇

/ 𝜕𝑥

(1.3)

The sign of the coefficient is related to the type of charge carriers, negative if mostly
electrons and positive if mostly holes contribute to the effect. Righi-Leduc coefficient is
directly related to Hall mobility through the ratio of the total (phononic plus electronic)
thermal conductivity k to the electronic thermal conductivity kE [32]:
𝑆𝑅𝐿 =

3)

𝑘𝐸
𝑘

𝜇𝐻

(1.4)

Ettingshausen effect: discovered in 1886 by the Austrian physicist Albert

von Ettingshausen. This effect describes the presence of a temperature gradient along the
y direction in a sample subject to electrical current along the x direction and a magnetic
field in the z direction [27] as represented in the Figure 1.2. The temperature gradient is
found to be proportional to the product of the current density and the magnetic field. The
proportionality constant is the Ettingshausen coefficient:
1 1 𝑑𝑇
𝑦 |𝐵𝑧 | 𝑑𝑥

𝑃=𝐼

(1.5)
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dT/dx is the temperature gradient that results from the y-component Iy of an electric
current and the z-component Bz of a magnetic field.

4)

Nernst effect: this effect was named after the German chemist Walther

Hermann Nernst (1905) who was one of Ettingshausen’s students. As represented earlier
in Figure 1.2, a sample subject to a longitudinal heat flux in the presence of a
perpendicular magnetic field will generate a transverse electric field. The Nernst
coefficient is given by:
𝑁 = 𝐸𝑥 /𝐵𝑧 /∇𝑦 𝑇

(1.6)

The Ettingshausen (P) and Nernst (N) coefficients are related via thermal conductivity k
through the Bridgman relation [33]:
𝑘

𝑁 = 𝑇𝑃

1.4

(1.7)

Phase change memory and thermoelectric effects
Recent studies on bridge-like phase change memory devices have shown

interesting behaviors due to strong thermoelectric effects. PCMs toggle between the
amorphous and the crystalline states through self-heating of the GeSbTe element. High
current densities and temperature gradients involved in the process of changing the state
of the PCM memories give rise to strong thermoelectric effects. As a result, the
amorphized region of the devices in high resistance state is off-centered (in otherwise
symmetrical structures) which can affect the operation of PCM memories significantly
[28], [34]. In vertical PCM devices, mushroom or confined cells, thermoelectric effects

8

are also important and mostly occur as Peltier heat at the junction between GST and the
heater [24], [35].
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2.

Thin film thermoelectric effect characterization
The energy exchanges between free charge carriers and the lattice and its

environment give rise to thermoelectric phenomena - Seebeck, Peltier and Thomson
effects - that can be utilized for power generation or solid-state cooling. The
thermoelectric properties of a material are captured in its Seebeck coefficient, a
fundamental transport parameter of a material that depends on the specific mechanisms of
interaction between the charge carriers and the lattice, impurities and defects.
Thermoelectric devices used for waste heat recovery (from industrial or
automotive processes) typically operate at high temperatures and across large temperature
ranges (e.g. automotive catalytic converters thermoelectric generators operate between ~
400 and 800 °C). Some electronic devices such as phase-change memories, in which a
nano-volume of a phase-change material is repeatedly melted and re-solidified, also
operate at remarkably high and wide temperature ranges (e.g. between room temperature
and ~ 600 °C for GeSbTe) and under large current densities which make for significant
thermoelectric effects. There is also growing interest in using thermoelectric solid-state
cooling in microelectronic chips.
Direct measurement of thermoelectric coefficients on small scale devices is hard
and challenging since it requires accurate information about the temperature gradient
across the device. However, measurements can be done on large scale devices or thin
films as materials thermoelectric properties are independent of the size of the device.
While most thermoelectric characterization has been on bulk materials, there is an
increasing need for thermoelectric thin film characterization for new applications and to
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understand inherent thermoelectric effects in high-temperature micro/nano-electronic
devices.
We have developed two automated setups for thin film characterization, one for
simultaneous measurement of temperature dependent Seebeck coefficient (S-T) and
electrical resistivity (ρ-T) and the second for temperature dependent Hall coefficient
measurement.

2.1

Seebeck measurement setup

The measurement of Seebeck coefficient is simple in concept but not straightforward to
implement due to the difficulties in accurately measuring the temperature and voltage at
the same location on a sample. High-temperature and thin-film measurements have
additional difficulties of maintaining good thermal and electrical contacts while
preserving the physical integrity of the samples. High temperature measurements of bulk
samples have been reported up to ~ 1000 °C [36], [37] but thin films or device level
measurements have been limited to ~ 400-500 °C [38], [39].
In this work we report the development of an automated setup for simultaneous
measurement of Seebeck coefficient and electrical resistivity of thin film samples from
room temperature to ~ 650 °C based on the differential method with small temperature
gradients [40]. The temperature and temperature gradients are controlled using resistive
or inductive heating. The Seebeck coefficient and electrical resistivity are obtained from
current-voltage (I-V) characteristics measured with a semiconductor parameter analyzer
and temperature measurements measured with commercial thermocouples.
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2.1.1 Measurement setup and procedure
The measurement setup is shown in Figure 2.1. The sample holder is a nonmagnetic (brass) chuck of 87 mm diameter and 10 mm height, put on top of two steel
plates and supported by a high temperature glass-ceramic base. For resistive heating two
cartridge heaters each of 6.35 mm diameter and 300 Watt power are inserted in either
side of the chuck and controlled individually using a relay card to heat and establish a
temperature gradient in the sample. The distance between the two heaters is ~ 70 mm
which is large enough to generate a temperature difference of ~ +/- 20 °C by heating one
side more than the other. The temperature difference is controlled and stabilized by
adjusting the On/Off time periods for each heater. For inductive heating, a water cooled
copper planar coil positioned underneath the chuck and supported by a motorized stage is
used to generate a high frequency (160 KHz) AC magnetic field that heats the steel Cshaped plates surrounding the test area which in turn heat the non-magnetic chuck by
direct contact (Figure 2.1).
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To thermocouples
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Figure 2.1 Schematics of the high-temperature Seebeck coefficient and resistivity
measurement setup. Two C-shaped surrounding steel plates form an enclosure for heat
confinement and probe arms heating (with either resistive or inductive heating). The
probe tip on the surface of the sample is centered with the thermocouple probed spot. The
actual setup has 4 probe arms and 4 thermocouples so that two samples can be measured
at the same time. Resistive or inductive heating can be used. With inductive heating, the
non-magnetic chuck (brass alloy) is heated by contact to the steel plate which in turn is
heated by the AC magnetic field generated by the water-cooled copper pipe coil
underneath.

The water-cooled planar coil (Figure 2.2) was made using spiral copper tube
isolated with Kapton tape and can withstand chuck temperatures ~ 800 °C. The switching
of the inductive heater is controlled through the relay card to achieve the desired sample
temperature. The temperature gradient along the sample is adjusted by the position of the
coil underneath the chuck. Within a certain range (~ 3cm right or left from the center) the
temperature gradient was found to be in direct relation with the number of steps
completed by the stepper motor in either direction. To avoid possible interferences and to
13

exclude any magnetic field effects on the sample or probes materials (e.g. bismuth–
antimony alloys in thermocouples) [41] the inductive heater is turned off through the
relay card during each measurement.
Copper tube

Water tubing

Figure 2.2. Copper tube isolated with Kapton tape used as a planar coil for the inductive
heater. Cold water continuously flows in the coil to keep it cold.
The temperature profile on the chuck is simulated and examined with COMSOL
Multi Physics finite element analysis software. The thermal inertia and the temperature
diffusion inside the chuck keep the temperature almost linear on the surface between the
heaters while tuning the temperature gradient. For a temperature difference of 10 ºC
between the heaters at an average temperature of 95 ºC, the temperature versus distance
on the surface of the chuck simulated after 1 minute is given in Figure 2.3 and the
temperature profile is represented in the inset. This profile justifies taking the average
temperature between the two sides of the sample as the average temperature of the chuck
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Figure 2.3. Temperature on the surface of the chuck along the diameter perpendicular to
the heaters simulated after 60 s. The inset represents the temperature profile on the
surface of the chuck.
The probe arms are attached to the chuck (not shown) to reduce contact problems
due to vibrations. Tapered tungsten probes of 2.4 µm tip radius and 45-degree angle
(Cascade Microtech PTT-24/4-25 tungsten needles) are attached to the probe arms and
gently pressed against the surface of the sample to form electrical contacts (Figure 2.1).
Two Omega K-type thermocouples of 0.5mm diameter tip are clamped laterally to each
side of the sample at a distance set using a 10 µm resolution caliper.
The electrical probes are carefully aligned to be centered with the thermocouple
probed spots and the distance is checked with the caliper and adjusted to be the same as
that between the thermocouples (Figure 2.1). For some samples, lithographically
patterned metal contacts were also used to set the distance between the probes. A distance
of 20 mm between the two sides of the sample is sufficient to achieve a temperature
difference ∆T ~10 °C. The L shaped probe arms are screwed to a ceramic glass plate (for

15

electric isolation) then attached to the chuck to minimize the effect of vibrations on the
electrical contacts. The signal and ground lines of coaxial cables are then connected
directly to the corners of the probe arms.

Figure 2.4. Photographs of the developed high-temperature Seebeck coefficient and
resistivity measurement setup showing the vacuum chamber (a) and the chuck, electrical
probes and thermocouples arrangement, without thermal paste (cleaned to show the
alignment between the electrical probes and thermocouples) (b) and with thermal paste to
improve adhesion and thermal contact between the thermocouple leads and the chuck (c).
An I/O USB card is used to obtain the temperature data with a sampling rate of 10
measurements/s. Measurements are performed in a glass enclosed chamber under low
16

vacuum (~20 kPa) covered by a second glass outer shield with nitrogen flow in between
to minimize the oxidation of the chuck, sample, and probe tips (Figure 2.4.a). The sample
is placed in-between and relatively far from the two cartridge heaters, where the
temperature is expected to vary linearly (Figure 2.1), and the average temperature of the
sample (at which each S-T point is obtained) is assumed to be the average between the
temperatures of the two sides.
The temperature of the probe arms was measured to be ~18% less than the
temperature of the sample, ~55 °C difference at ~ 300 °C. Without the surrounding Cshape heating plates (Figure 2.4.a) this difference was approximately twice as large. This
oven-like heating of the test area (probe arms as well as the thermocouples leads) allows
the probe tips temperature to be very close to the sample temperature reducing the error
in the measured Seebeck coefficient that arises from the local cooling of the probed spots.
The temperature measurements using the thermocouples were compared to those
obtained using a Resistance Temperature Detector (OMEGA RTD) and the difference
was approximately 1% (Figure 2.5). The errors in the measured temperatures provided by
the manufacturers are ± 0.15 °C at 0 °C for the RTD and ± 2.2 °C or 0.75 % (whichever
is greater) for the K type thermocouple [42]. The melting points of tin/lead alloy (188 °C)
and GST (585 °C) were also used to verify the measured temperature values and found to
be in good agreement (within ± 1.5 °C).

17

350

TRTD (oC)

300
250
200
150
100
50
50 100 150 200 250 300 350
TThermocouple (oC)
Figure 2.5. Comparison between temperatures measured with thermocouple and RTD.

The voltage measurements are taken at the thin film surface whilst the
temperature is measured at the chuck surface. This temperature difference however is not
expected to be significant since the samples are very thin compared to the chuck (~ 500
um thick substrate and ~ 1 cm thick chuck) and are pressed against the chuck surface.
Heat transfer simulations using finite element solver COMSOL Multiphysics show that
the difference in temperature between the surface of the chuck and the surface of the
sample (δT) is very small, less than 5x10-3 °C up to 650 °C (Figure 2.6). The heat source
was set at the bottom of the C-shaped surrounding plates (Figure 2.6, top inset). The
temperature difference δT increases with increasing chuck temperature however it is
negligible compared to the thermocouples error.
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Figure 2.6. COMSOL simulation results for the difference in temperature between the
surface of the chuck and the surface of the sample as a function of chuck temperature.
The temperature values were obtained 60 s after setting the heat source temperature. Topleft inset shows the cross section of the setup showing the heat sources at the bottom of
each C-shaped steel plate. To simulate the experimental conditions the test area is
surrounded by a box filled with nitrogen with surface-to-ambient radiating boundaries set
to room temperature.

The measurements can be performed using resistive heating only to cover the low
temperature range (30~200 °C) since it results in larger ΔTs or inductive heating only for
higher temperatures (above 200 °C) since it offers more power to achieve higher
temperatures. Combination of both resistive and inductive heating allows reliable
measurements across a wide temperature range. The particular geometry and materials
used for inductive heating in our setup allow chuck temperatures to reach ~ 800 °C. At
lower temperatures larger temperature gradients are obtained with the resistive heaters,
whereas at higher temperatures with inductive heating. Both inductive and resistive
heating are controlled using a temperature regulation algorithm (Figure 2.7) to achieve
19

the target temperature and temperature gradient while minimizing overshoots. In our
case, below 80% of the target temperature, the heaters run at maximum power; after 80%,
the power is reduced to limit overshoot and is turned off when 99% of the target
temperature is reached to reduce the environmental noise on the measurements at the
target temperature.
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Figure 2.7 Algorithm for temperature control in our setup. When inductive heater is used
alone, ΔT is generated by moving the coil right or left. When the inductive heater is used
along with cartridge heaters, the coil is fixed in the center and ΔT is generated by
adjusting the On/Off cycles of the two resistive heaters.
The temperature difference between the two points on the sample is adjusted to
cover the -10 °C to +10 °C range in small steps to determine the Seebeck coefficient
21

based on many (ΔT, ΔV) points (Figure 2.11.b). I-V characteristics are acquired around
the target temperature to obtain the resistance and Seebeck coefficient as the open-circuit
voltage (x-axis intercept). The control and data acquisition for the electrical and
temperature measurements are performed using a LabVIEW interface.
It is important to mention that the initial measurement is done at null ΔT while the
temperature is maintained at ~Ttarget. In case of resistive heating, the heaters on both sides
of the chuck are turned on and off at the same time resulting in same power in both sides.
When the electrical measurement is done (I-Vs), duty cycle of one heater is increased and
the other is decreased to create positive ΔT while maintaining T~Ttarget. Once the
measurement at positive ΔT is covered, negative ΔT measurement is performed starting
again with null ΔT by inverting the process. In case of inductive heating, the coil is
initially centered with the chuck (Figure 2.8) then moved gradually to one side while
taking the I-Vs. once the desired ΔT is obtained, the coil is centered again with the chuck
then moved to the other side to create negative ΔTs. This procedure allows us to have
approximately same ΔTs in absolute value in the two directions.
Steal plates
Resistive
heaters
Sample
Non magnetic chuck

2

Inductive Heater

1

Figure 2.8 Cross section schematic of the setup showing the inductive heater direction to
establish the temperature difference across the sample.
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2.1.2 Measurements
A small temperature difference (-10 °C<∆T <10 °C) between two points B and C
on a semiconductor as depicted in Figure 2.9 will lead to a potential difference:

𝑉𝐵𝐶 = 𝑆(𝑇𝐵 − 𝑇𝐶 )

(2.1)

where S is the Seebeck coefficient of the semiconductor and TB and TC are the
temperatures at the contacts at points B and C respectively. The measured voltage V also
includes the potentials generated within the metal conductors:

𝑉 = 𝑉𝐴𝐵 + 𝑉𝐵𝐶 + 𝑉𝐶𝐷

(2.2)

Since the two conductors are of the same material:

𝑉 = 𝑆𝑚 (𝑇0 − 𝑇𝐵 ) + 𝑆(𝑇𝐵 − 𝑇𝐶 ) + 𝑆𝑚 (𝑇𝐶 − 𝑇0 )

(2.3)

𝑉 = 𝑆𝑚 (𝑇𝐶 − 𝑇𝐵 ) + 𝑆(𝑇𝐵 − 𝑇𝐶 )

(2.4)

where T0 is the ambient temperature at A and D. Since the Seebeck coefficient of most
metals is on the order of few µV/K, much smaller than that of semiconductors which is
typically on the order of few hundred µV/K [43], the metal Seebeck voltage term in (2.4)
can usually be neglected and the semiconductor Seebeck coefficient is given by:

𝑉 = 𝑆(𝑇𝐵 − 𝑇𝐶 )

(2.5)

The error introduced by neglecting the metals Seebeck voltage is usually less than
1% [36]. The average temperature and the temperature gradient are given by Tavg = (TB +
TC)/2 and ∆T = TB - TC.
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Figure 2.9. Open circuit Seebeck voltage measurement.
Figure 2.10 and Figure 2.11 show example results obtained for a sample of single
crystal low doped silicon (n-type, Phosphorous) with carrier density n = (7.4 ± 0.3)×1015
cm-3 and mobility μ = 1310 ± 24 cm2/V-s as obtained from our room temperature Hall
measurements done on a 4 probe measurement setup. The measured electron mobility
and carrier concentration results are in good agreement with the measured and calculated
data reported by Masetti et al [44]. The data shown here is for a 500 μm thick sample and
is used for comparison with available literature data. The sample was annealed at 620 °C
for 15 minutes prior to the measurements. The I-V characteristics obtained with the
semiconductor parameter analyzer at each temperature and temperature gradient provide
us with the resistance of the sample and the open-circuit Seebeck voltage simultaneously
(Figure 2.10.a, for T = 200 °C and Figure 2.10.b, for T = 500 °C). The I-V characteristics
were obtained for ∆Ts between -10 °C and 10 °C, at each average temperature (from
room temperature up to ~ 600 °C when the electrical contacts were lost). When using
inductive heating only, and at lower temperatures (up to ~200 °C), moving the inductive
coil right and left led to max ΔT of ~ ±5 °C across the sample (Figure 2.10.c, Inductive
heating) and resulted in higher fluctuations in S-T data in this region (Figure 2.11.b).
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Figure 2.10. Example data obtained for a single-crystal low-doped silicon sample (n-type,
Phosphorous doped, n = (7.4 ± 0.3)×1015 cm-3 and mobility μ = 1310 ± 24 cm2/V-s) using
resistive heating only and inductive heating only. The sample was annealed at 620 °C for
15 minutes prior to the measurements. I-V characteristics from which the resistances and
open-circuit voltages are obtained, at 200 °C (a) and at 500 °C (b). Open-circuit voltage
versus temperature difference at T = 200 °C (c) and at T = 500 °C (d) to obtain the
Seebeck coefficient.

Although using the slope of the I-V characteristic avoids the error in the
calculated sample resistance due to probe tip-sample Peltier contributions (y-axis
intercept) the contact resistances between the tips and the sample still introduce a small
error in the resistance especially if the conductivity of the sample is very high. This series
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contact resistance can be found and subtracted from the total resistance by repeating the
measurements with different probe distances (not done here). The errors in the linear fit
parameters (slope and intercept) are taken into account for error propagation to obtain the
error in S. The variation of V0 versus ∆T at 200 ºC and 500 ºC are shown in Figure 2.10.c
and Figure 2.10.d. The open circuit voltages measured directly with an Agilent 34401A
multimeter were found to be in good agreement with the x-intercepts of the I-V
characteristics obtained with the parameter analyzer (± 0.05 mV). The slope obtained
from a linear fit of the open-circuit voltage V0 versus the temperature difference gives the
Seebeck coefficient. The procedure is repeated at different average temperatures to obtain
the temperature dependent resistance R-T and Seebeck coefficient S-T (Figure 2.11). The
error bars on S in the S-T graph correspond to the standard error of the slopes of the
linear fits of V0 vs. ΔT data while the error bars on R in the R-T graph correspond to the
standard deviation of the slopes obtained from multiple I-Vs at the target temperature (~
50 I-Vs at lower temperatures and at least 23 I-Vs at 400 °C and above). The error bars
on T in both the R-T and S-T graphs correspond to the standard deviation of the
temperature data at each target average temperature (~ 0.65% of the mean value).The
sudden jump in the R-T characteristic observed at ~ 300 °C with inductive heating
(Figure 2.11 a) is likely due to a change in the contact resistance as the measurement was
interrupted at this temperature. Changes in the contact resistance with temperature do not
affect the S-T characteristics since S is obtained from the open-circuit voltages across the
sample.
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Figure 2.11. a) R-T, resistance vs. temperature and b) S-T, Seebeck coefficient versus
temperature, obtained for the single-crystal low-doped silicon sample (n-type,
Phosphorous, n = (7.4 ± 0.3)×1015 cm-3 and mobility μ = 1310 ± 24 cm2/V-s) using
resistive heating only and inductive heating only. Solid lines in (b) are the calculated S-T
curves for n-type single-crystal silicon with carrier density n = 7.35×1015 cm-3 for
scattering factor r varying from -0.5 (lattice scattering dominated) to 0.5 (impurity
scattering dominated) [27], [45].
The measurement speed is limited by the temperature regulation algorithm and
the number of data points to be taken around each target temperature which depends on
the acceptable tolerance for temperature overshoots and errors in the obtained S and T.
With our current temperature regulation algorithm, the measurement progresses slower at
low temperatures because of the thermal inertia of the chuck. The example measurements
presented here took ~ 9 hours using resistive heating only and ~ 11 hours using inductive
heating only. The R-T characteristics can be scaled to resistivity versus temperature by
the geometry factor of the sample which can be obtained at room temperature using the
Van der Pauw technique for the measurement of resistivity [46].

2.1.3 Discussion
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A main source of error in Seebeck coefficient measurements is the difference
between the temperature of the points where temperature and voltage are measured. In
our setup, since the thermocouple tips are clamped to the chuck surface, this difference
corresponds to the difference between the temperature of the top and bottom surfaces of
the sample at a given location on the chuck and does not affect the temperature difference
used to calculate the Seebeck coefficient (although it introduces a negligible shift in the
average temperature for 500 μm thick wafer substrates). Another major source of error in
Seebeck measurements is the cooling of the voltage measurement point by the
measurement probe (cold-finger effect) which is minimized in our setup by heating the
surrounding environment using the C-shaped plates and also by using very small (2.5 μm
radius) probe tips to measure the voltage. The systematic error of a voltage offset at ΔT =
0 noticed during high temperature measurements (also observed by others and still not
well understood) [36], [47] is avoided by using a linear fit of V0 vs. ΔT for a large
number of points. Standardization and calibration of the thermocouples can further
reduce errors and improve the accuracy of the measurements.
Inductive heating delivers more uniform heating of the test area (through even
heating of the surrounding C-shaped steel plates, versus contact heating for resistive
heating), requires no contacts which reduces the wiring to the chamber considerably, can
be used up to the Curie temperature of the magnetic material used, and the thermal
gradients can be adjusted by moving the coil with respect to the chuck. Although with our
particular inductive heating setup small temperature gradients in one of the directions
could not be achieved, different geometries and materials can in principle be used to
obtain the desired heating characteristics.
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2.2 Hall measurement setup
The following Hall measurement setup was developed to characterize thin films
and calibration of the setup was done using single crystal silicon with known doping level
since silicon is a very well characterized material.
High temperature material properties are important for a variety of applications
including high-temperature electronics and thermoelectric devices. In semiconducting
materials, besides the overall electrical resistivity, carrier mobility (μ) and carrier
concentration (n) are crucial parameters for devices and can be obtained from Hall
measurements. The Hall effect refers to the perpendicular voltage developed under a
magnetic field and electrical current, while the van der Paw method [48], a widely used
technique, provides a way to obtain the Hall coefficient for an approximately square, flat
sample by applying a magnetic field normal to the surface of the sample and a current
between diagonally opposite corners. The voltage across the two other corners of the film
with and without magnetic field application leads to the Hall coefficient which is the
product of carrier mobility μ and concentration n. Hall setups have been developed to
perform measurements under different conditions such as high pressure [49],[50],
different gas environments for gas sensing purposes [51], and on few tens of micrometers
sized samples [52]. Commercial Hall measurement setups use bulky electromagnets with
powerful current source and cooling systems to generate the large magnetic field which
required (~ 1 Tesla). While electromagnets have the advantage of providing a variable
magnetic field they also result in non-zero offsets when reversing the magnetic field
which requires additional calibrations [53]. Magnetic field uniformity requires large
electromagnets (12 inch coil diameter for 60 mm side length square samples [54]). The
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maximum temperature commercial setups such as the MMR Variable Temperature Hall
System can reach is ~ 460 °C and the sample holders are designed for particular sample
dimensions, typically less than 1 cm2 (MMR Technologies, Inc.). As alternative to
electromagnets, rare earth permanent magnets are good elements that we considered and
use in our setup with the magnetic field perpendicular to the surface of the film. This
direct trihedral configuration for magnetic field, current and Hall voltage was proposed in
early works for semiconductor surface Hall measurements [55] and has been applied to
bulk [49], thin film [52], and bilayer structures [56].

2.2.1 Hall measurements
Figure 2.12 shows the schematics of Hall Effect, the transverse potential
difference developed in a current carrying conductor immersed in a magnetic field B
perpendicular to the direction of current flow [57]. This phenomenon is used to
characterize charge carrier mobility and concentration in semiconductor materials. An
electron with velocity ν in the conductor travels in the opposite direction of the current I
and experiences the Lorentz force:
𝐹 = 𝑞𝑣 × 𝐵

(2.6)

where q is the elementary charge, ν is the carrier velocity, and B is the magnetic field.
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Figure 2.12. Hall effect on a conductor in a magnetic field perpendicular to the current
direction.
Charge carriers will accumulate in one side of the sample establishing an electric field
that opposes the Lorentz field. Charges will continue to migrate until equilibrium is
reached when the two fields cancel each other, ⃗E = -v
⃗ × ⃗B or 𝐸 = 𝑣𝐵 for magnetic field
normal to the current direction. The potential difference between the two sides of the
conductor, Hall voltage, is hence given by:
𝑉𝐻 = 𝑤𝐸 = 𝑤𝑣𝐵

(2.7)

where w is the width of the conductor. For a uniform cross section sample, the current in
turn is given by:
𝐼 = 𝑞𝐴(𝑛𝑣)

(2.8)

where (nv) is the product of the effective carrier concentration and velocity, and AA = wt
is the sample cross-section area (A = wt where t is the thickness of the conductor). If the
sample is uniformly conductive and current spreading effect can be neglected, Hall
voltage is simply inversely proportional to the film thickness. The Hall voltage VH is then
given by:
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𝑉𝐻 = 𝐼𝐵/𝑛𝑞𝑡

(2.9)

From the measured hall voltage VH the effective free carrier concentration in the
material can be obtained as:
𝑛 = 𝐼𝐵/𝑞𝑉𝐻 𝑡

(2.10)

Depending on the type of charge carriers and their relative contributions, and assuming a
given transport model, the carrier mobility can then be obtained. For example, for
electronic-only conduction (and single electron mass), the electron mobility can be found
by:
𝜎 = 𝑞𝜇𝑛

(2.11)

In general, however, certain transport assumptions and simplifications are required to
decouple n and μ in order to obtain approximate carrier concentrations and mobilities.

2.2.2 Setup description
The setup consists of three main parts: The sample holder with heating elements, the
movable stage with the magnetic frame, and the electronic control and data acquisition
components.
The sample holder is a brass chuck of 6cm×1cm×22cm laying on a glass-ceramic
base of 10cm×0.4cm×28cm (Figure 2.13). Two cartridge heaters of 300 Watts each are
inserted in one end of the chuck while the other end is designed to support samples. 4
electrical probes are attached to the top surface of the ceramic base and connected to
coaxial cables from the bottom of the base. The contacts are articulated in the middle so
they can be positioned to measure square samples between 1 mm and 25 mm side-length.
Two thermocouples are clamped to the chuck surface, one between the heaters for
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temperature control and the other close to the sample (1~2 mm) to record the sample
temperature. When the temperature near the heaters is stable around the target, the system
waits for 10 minutes during which the temperature of the sample asymptotically
approaches a stable value and the measurement is then started. The thermocouple near the
sample is not used for temperature regulation because of the long time response of the
system and to avoid rippling of the sample temperature. This is important for
characterization of materials that undergo irreversible changes with temperature, such as
phase-change compounds.
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Figure 2.13. Schematic of the Hall measurement setup. On the right is the brass chuck
sitting on a ceramic glass support with the probing contacts (larger in the schematics to
show the different components). The movable magnetic stage is brought around the sample
holder to apply a magnetic field on the sample in ‘up’ or ‘down’ direction. The 4 coax

cables are connected to the probes from underneath the glass support. An aluminum
cover (not shown in the figure) is put on top of the chuck to form an enclosure for
nitrogen and block light.
When the measurement at a given temperature is complete the target temperature
is increased to the next step. The system repeats the stabilization tasks with
measurements until the final temperature cycle. The chuck is enclosed by an aluminum
cover on top of the ceramic base, to prevent light straying and to form a chamber that is
filled with nitrogen to reduce oxidation of the samples and setup components at high
temperatures. An opening along the center of the chuck drives nitrogen from the heaters
side to the sample side inside the chamber. The movable magnetic frame is controlled
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with two stepper motors to apply an ‘up’, ‘down’ or no field to the samples (Figure 2.13).
Two N42 grade neodymium magnets, 4 inch × 2 inch × 1 inch thick rare earth NdFeB
blocks that can provide a maximum field of 1.32 Tesla each, with an operating
temperature up to 80 °C, are fixed on the horizontal walls of an iron rectangular frame
that measures 9 cm by 15 cm inside, 10.5 cm by 16.5 cm outside, and 6.3 cm in depth.
The gap between the two magnets is about 3 cm so the magnetic frame can be freely
moved to surround the sample holder. The magnetic frame is fixed on an aluminum
movable stage from the 2 vertical sides through an axis in two bearings connected to a
stepper motor to flip the magnetic field direction between ‘up’ and ‘down’, normal to the
surface of the sample. The magnetic field is initially perpendicular to the sample and the
sample holder then 100 steps of the stepper motor (with 1.8 °/step) will apply the
magnetic field in the opposite direction. The strength of the magnetic field at the
measurement area between the magnets was mapped and shown in Figure 2.14. The
square sample is usually less than 2 cm side and the variation of the magnetic field on its
surface is about 5% of its average value, which is taken into account in the error
propagation calculation. Similar measurements were done on the magnetic frame
designed for a room temperature hall measurement setup and the magnetic field
distribution is given in the appendix 6.6.
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Figure 2.14. Measured magnetic field in the measurement plane between the magnets.

For the electronic control of the system, the setup uses two Arduino Mega 2560
cards [58] connected through USB to a computer. One card is used for analog to digital
conversion to measure temperature from the two thermocouples as described before, and
to generate switching pulses for the relay card for temperature control and stabilization.
The second card is used to drive the stepper motors to set and apply or remove the
magnetic field. The two cards, as well as an HP 4145B semiconductor parameter
analyzer, are simultaneously controlled with the measurement computer through a
LabVIEW interface. Once the temperature is stabilized within a given range, the stepper
motors move the magnetic frame to the sample and the parameter analyzer performs an IV and transfers the data to the computer.
To avoid the influence of high electric field related transport mechanisms, like
minority-carrier injection, on the measurements, the current passing through the sample is
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maintained low enough to get linear I-Vs as discussed in reference [59]. Bipolar
thermomagnetic effect, or Ettingshausen effect [27], [60], may also introduce an error in
Hall coefficient measurements for the case of intrinsic semiconductors or semimetals.
This effect, discussed in the introduction, refers to the potential that is created in addition
to the Hall potential if there is a temperature difference between the voltage measurement
points (ΔV = - S.ΔT, where S is the Seebeck coefficient). It is usually very small and
considered a minor effect [60], [61] especially in cases of expected uniform thermal
profile as in our case where the sample sits on a large metal chuck. The flow of nitrogen
through the chuck into the sample chamber helps create a uniform temperature
environment. Additional thermocouples may be installed around the sample to account
for this contribution in materials or setups where this Seebeck voltage may be significant.

Coax cables

Nitrogen tube
Measurement
chamber

Permanent
magnets
Movable stage
Stepper motors
Figure 2.15. Optical image of the measurement setup. The white mark on the magnetic
frame indicates that the magnetic field is directed up between the magnets.
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The LabVIEW control interface is given in the appendix. The LabVIEW code
analyzes and plots the data in real time while controlling the system. As an example of
the acquired data, the temperature on the surface of the chuck and temperature of the
sample, as a function of the target temperature and time are shown in Figure 2.16.
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Figure 2.16. Average temperature measured between the heaters and near the sample as a
function of chuck target temperature. The inset represents the evolution of temperature
with time. When the chuck temperature reaches the target, the regulation starts and
allows 10 minutes stabilization time (region 1) before measurement starts. During
measurement (region 2), the increase of the sample temperature is less than 2 ºC between
the start and end of the test.
The temperature between the heaters follows the target closely (with rippling of ±
4°C at 700 °C) while the temperature close to the sample is significantly lower (~ 315 °C
and 510 °C at chuck temperatures of 400 °C and 700 °C respectively). Because of the
thermal inertia of the large chuck, the temperature of the sample asymptotically
approaches a lower value without rippling as mentioned above. The temperature
difference between the surface of the sample and the surface of the chuck is expected to
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be insignificant based on finite element simulations [62]. After some stabilization time,
~10 minutes, a new temperature target is set and regulation starts. The increase in sample
temperature during the time it takes to complete the measurement is ~1 ºC at 400 ºC and
less than 2 ºC at 500°C which is acceptable since it is in the order of the tolerance of the
thermocouples used.

2.2.3 Measurements and discussion
Electrical resistivity can be measured on any arbitrary shape sample using the four
points van der Paw method [48], [46]. The sheet resistance of the sample, hence the
resistivity, are calculated using the voltage measured between two adjacent contacts
while passing a current between the two opposite adjacent contacts. Results are more
precise as the sample shape is closer to square. In our measurement, we use the
configuration illustrated in Figure 2.17.
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I14
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2

4

2
V23

V34

3

4
3

Figure 2.17. Sample contacts configuration for van der Paw resistivity measurement.
The resistivity of the sample is given by [63]:
𝜌=

𝑅𝑠
𝑡

=

𝜋×𝑡 (𝑅12.34 +𝑅14.32 )
ln 2

2
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𝐹

(2.12)

where RS is the sheet resistance of the film, t is the thickness, R12,34 = V34 / I12 , R14,32 =
V32 / I14, R12,34 = V34 /I12 R14,32 = V32 /14and F is a geometry correction factor that is
given by:
𝑅𝑟 −1
𝑅𝑟 +1

𝐹

exp(ln 2/𝐹)

= ln 2 cosh−1 (

2

)

(2.13)

with Rr = R12,34 / R14,32 a measure of squareness of the sample. If Rr is less than one, its
reciprocal should be used instead. The variation of F with the ratio Rr is represented in
Figure 2.18. If the sample is square, Rr = 1, and F = 1 and Eq. 7 can be reduced to
𝜋

𝜌 = ln 2 × 𝑡 × 𝑅12.34

(2.14)
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Figure 2.18. Van der Pauw geometry correction factor F as a function of the ratio Rr.
The use of semiconductor parameter analyzer allows us to keep the same contacts
probed for both resistivity and Hall measurements by switching variables between the
SMUs. To determine the geometry correction factor F we sweep the voltage in the
contact 1 and use 2 as a ground to measure R12,34, R12,34 then use 4 as ground to measure
R14,32. The parameters R12,34 and R14,32 correspond to the slopes of the curves V3 - V4
versus I1 and V3 - V2 versus I1 respectively.
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Carrier concentration and Hall mobility are calculated from another set of
measurements involving application of magnetic field perpendicular to the surface of the
sample as pictured in Figure 2.19.

B+

I13

B-

1
2

4
3

V24

Figure 2.19. Sample contacts configuration for Hall voltage measurement.
The magnetic field intensity B is measured on the surface of a sample using F.
W. Bell Gauss/Tesla meter model 4048. The accuracy of the Gauss-meter probe is 0.01
mT. VH / I is measured using the configuration represented in Figure 2.19 as half of the
difference between the slopes of I-V curves taken with the B oriented in the two opposite
directions perpendicular to the sample
𝑉𝐻
𝐼

1

𝐵+
𝐵−
= 2 (𝑅13,24
− 𝑅13,24
)

(2.15)

with R13,24 = V24 / I13 R13,24 = V24 /I13 and the sign +/- for B determines whether the
magnetic field is oriented toward the sample or in the opposite direction. Applying the
magnetic field in the two opposite directions perpendicular to the sample allows to verify
the influence of B on the current flowing in the sample and eliminate any systematic nonzero offset from the voltage measurement. The sign of VH / I according to the orientation
of the magnetic field will determine whether the majority carriers are holes or electrons
(p-type or n-type) as schemed in Figure 2.12 [59]. The main parameters R12,34, R14,32,
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𝐵+
𝐵−
𝑅13,24
and 𝑅13,24
used in the calculation are obtained from the slopes of the I-V curves

performed with the parameter analyzer.
Carrier concentration is calculated using equation (2.5). Since mobility and carrier
concentration are related by:
1

𝜌 = 𝑞𝜇𝑛

(2.16)

The mobility of carriers within the film is given by:

𝜇=

𝑡×𝑉𝐻 /𝐼

(2.17)

𝐵×𝜌

and carrier concentration is:
𝐵

𝑛 = 1.6 ×10−19 × 𝑡 × 𝑉

𝐻 /𝐼

(2.18)

Both equations (2.17) and (2.18) involve the term VH / BI which can be calculated from
the slopes of R13,24 vs. B for more accuracy. RH = VH t / BI in cm3/Coulomb is called the
Hall coefficient.
Figure 2.20 summarizes the measurement procedure and control program. The
initial temperature, the temperature step, and the number of tests performed at each
temperature step, n, are set initially in the program. After the stabilization period, (10
minutes in our case, enough to reach a stable state with a maximum increase in
temperature of less than 2 °C during the measurements), the current-voltage
measurements with and without magnetic field are performed using the parameter
analyzer. In the measurements presented here, 3 I-Vs for each configuration and magnetic
field condition were performed at each temperature step (total of 15 I-Vs at each
temperature to obtain the different R parameters). In our measurements the total time to
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complete one temperature step, which includes moving and rotating the magnetic frame,
was ~ 15 min. After the measurements are complete the next target temperature is set and
the cycle is repeated.

Set initial T and steps
Stabilize for 10 min

Measure I12V34
Measure I14V32
n

Apply B+ and measure I13V24

Remove B and measure I13V24
Apply B- and measure I13V24
Set next target T
Figure 2.20. Steps followed by the system control. The steps delimited by the dashed line
are repeated n times at same stabilized temperature for statistical analysis of the data (3
times are sufficient to check repeatability of measurement as represented in Figure 2.21).

Figure 2.21 shows the variation of the coefficient VH/BI with temperature
measured in multiple heating cycles on an n-type (phosphorous) low doped single crystal
silicon sample, approximately shaped as a square with 15 mm side length. The ρ-T
measurement results are shown in Figure 2.22. Standard error on the slopes obtained
from the linear fit of the I-V measurements and the average of the n measurements at
each target temperature are used as weights to calculate the errors on ρ and VH/BI by the
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method described by York et.al [64]. This method allows accounting for measurement
errors on B in the x-axes besides the measurement errors on VH/I in the y-axes (insert in
Figure 2.21) which are not available in data analysis software like Origin Lab. The drop
in the electrical resistivity around 300 ºC is due to the onset of significant thermal
generation of minority carriers (holes) resulting in bipolar transport that must be taken
into account when solving for carrier concentration and mobility [65]–[67]. With
significant minority carrier contribution, and assuming one effective mass for each
carrier, the electrical resistivity is given by:
𝜌 = 𝑞(𝜇
where

e and h

1

(2.19)

𝑒 𝑛+𝜇ℎ 𝑝)

are electron and hole mobility.
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Figure 2.21. Variation of VH/BI with temperature measured on a phosphorous doped
single crystal silicon sample. The inset represents the plot of R13,24 vs. B for the 3
different measurements at 201 ºC. The coefficient VH/BI is then calculated as the average
of the 3 slopes from R13,24 - B with its associated standard errors.

44

3.0
2.5

 (.cm)

2.0
1.5
1.0
0.5
0.0

0

100

200 300
T (oC)

400

500

Figure 2.22. ρ-T measured simultaneously with data in Figure 2.21, in 4 different cycles,
on a phosphorous doped single crystal silicon sample. In the first cycle, temperature step
was 40 °C starting from 40 °C up to 120 °C. In the second cycle, the measurement was
performed between 140 °C and 360 °C with 10 °C step. In the third cycle, the step was 20
°C starting from 360 °C up to 680 °C. In the fourth cycle, the step was 50 °C and the
measurement was performed between 400 °C and 700 °C.
If the electron mobility is approximately proportional to the hole mobility, which
is the case for silicon [63], then:
𝜇𝑒 ≈ 𝑐𝜇ℎ

(2.20)

The hole coefficient can be written as [65]:
3𝜋 𝑛𝑐 2 −𝑝

𝑅𝐻 = − 8𝑞 (𝑛𝑐+𝑝)2

(2.21)

where c is the ratio of electron mobility to hole mobility. To solve the equations
for μ, n and p it is necessary to add the charge neutrality condition, p-n+Nd = 0 where Nd
is the donor concentration. For low-doped single-crystal silicon, c = 3.0 at high
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temperatures [63], and n, p and μ can be found from the resistivity and Hall coefficient by
solving the equation (2.21).
The mobility and concentration of electrons and holes as a function of
temperature, calculated using VH / BI and ρ, are shown in Figure 2.23. Measurement
results obtained for our sample at room temperature (n~8.5x1015 cm-3, μ ~1100 cm2/V-s,
and ρ~0.688 Ω.cm) were in agreement with the empirical relation between μ and n at
room temperature proposed by Guido et al. [44] for phosphorus doped silicon (n~8.5ᵡ1015
cm-3, μ ~1205 cm2/V-s) and with the experimental data gathered by Irvin [68] for the
relation between ρ and n on bulk silicon (n~8.5x015 cm-3, ρ~0.674 Ω.cm). Standard error
on the slope from the linear fit of the I-V curves is used for error calculation instead of
the error from instrument (parameter analyzer) which is very small in comparison (~0.5%
instrument error compared to ~2% standard error on the slope of I-Vs). Standard error on
the slopes is used along with 0.02 Tesla systematic error on the magnetic field to
calculate the final error on μ and n as discussed previously.
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Figure 2.23. Electron and hole mobility and concentration calculated from VH/BI and ρ
measurement on a phosphorous doped single crystal silicon sample.
In summary, a high-temperature setup for Hall Effect measurements on thin film
samples was developed. The electrical resistivity and Hall coefficient are simultaneously
extracted from multiple current-voltage measurements performed by a semiconductor
parameter analyzer. The fully automated setup uses rare earth permanent magnets for
constant magnetic field generation and can reach up to ~500 ºC sample temperature,
limited by the power of the heaters, heat conduction along the chuck, and oxidation of the
electrical contacts. Articulated electrical contacts allow measurements on different size
samples, from ~ 2 mm to 25 mm side length. Multiple measurements on single crystal
low doped silicon sample show good agreement with published data for room
temperature.
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3. Measurement results on GST
3.1 Sample preparation
The samples used in the measurements were fabricated on 8 inch wafers at IBM
Watson Research Center. A 1 µm thick silicon dioxide (SiO2) layer is grown on low
doped p-type Si substrate. 300 nm deep trenches of 2 mm by 2 mm area are opened into
SiO2 using optical lithography and reactive ion etching (RIE). Tungsten (W) is then
deposited by physical vapor deposition (PVD) and the contacts are formed using a second
optical lithography and RIE steps. Bottom tungsten contacts were found to provide better
adhesion and contact to the GST films and the misalignment arising from the two
lithography steps is not important for these large-scale structures. Thin GST films are
deposited by elemental co-sputtering of Ge, Sb, and Te and capped by a 10 nm layer of
SiO2 to prevent evaporation and oxidation (Figure 3.1). GST has been found to form
good Ohmic contacts with most metals [69]. Long samples (Figure 3.1) are cleaved from
the 8 inch wafer supporting the GST films with metal contacts.

2 mm

SiO2

GST

TiN
W

Si

Figure 3.1. Top-view optical image and schematic of the 100 nm thin film GST sample.
The film is deposited on top of 2 mm × 2 mm W bottom contacts aligned in 2.2 cm
spaced columns and 0.7 cm spaced lines. Films are capped with ~10 nm SiO2 to prevent
evaporation and oxidation. Samples with 2 and 4 in-line contacts are cleaved and used for
Seebeck coefficient and 4-point resistivity measurement respectively.
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The measurement setup used for simultaneous S-T and R-T measurements up to
high temperatures was described in detail previously and in reference [62]. The bottom
metal contacts are probed with tungsten probes through the soft GST film and are
connected to an HP 4145B semiconductor parameter analyzer. A distance of 20 mm
between the two contacts is sufficient to achieve a temperature difference of ∆T ~10 °C.
In the experiments, the probe needles (Cascade Microtech PTT-24/4-25 tungsten
needles) are ~ 20 mm long and 2.5 μm tip diameter, and the maximum temperature
difference recorded between the probe arm and the surface of the chuck does not exceed
150 °C with chuck temperatures ~ 600 °C. An approximated geometry of a GST sample
with electrical contact (2D cylindrically symmetric tungsten probe tip on sample tungsten
bottom contact) is simulated in COMSOL to estimate the effect of the cooling by the
probe arms via a 10 μm diameter tungsten contact on the surface of the GST film (Figure
3.2). A worst-case scenario is simulated by setting the temperature of the top surface of a
1 μm thick tungsten contact on the sample surface at 200 °C, with the bottom surface
temperature of the sample (surface of the chuck) at 400 °C. The simulations show that
outside the small area where the probe tips are touching (10 μm diameter), the
temperature of the sample surface is the same as the chuck temperature (Figure 3.2).
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Figure 3.2. Numerical modeling of the cooling of sample by the probes a) Temperature of
the sample simulated after 60 s sample heating to 400 C, b) Temperature of the
simulated probe tip region while the tip surface is maintained at 200 C, c) Temperature
on the surface of the sample across the metal contact.

3.2

GST Resistance to resistivity scaling
The measured resistance of a GST sample is scaled to resistivity using the

resistivity value of the sample measured at room temperature via the van der Pauw (vdP)
method [46] and assuming the geometry factor does not change with temperature. The
resistivity of a square shaped GST thin film sample with known film thickness, from the
same wafer, is measured at room temperature using four probes to contact the film
surface (Figure 3.3.a). According to the vdP technique, the resistivity of the sample is
given by:
𝜌 = 4.532 𝑡𝐹

𝑅14,23 +𝑅12,43
2

(3.1)

where t is the thickness of the film, R14,23 = V14/I23, R12,43 = V12/I43, and the values of the
coefficient F are tabulated for arbitrary values of the resistance ratio R14,23/R12,43 [46].
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Figure 3.3. Schematics of measurement settings showing the position and the numbering
of electrical contacts for (a) Configuration for room temperature measurement. (b) 4
point configuration for R-T measurement. (c) 2 point configuration for R-T and S-T
measurement on 2 different samples.
The measured resistivity of the 100 nm thick fcc-GST film in a square shape
(configuration in Figure 3.3.a), at room temperature, previously heated up to 200 °C, is
504 ± 3 mΩ·cm (assuming a 5% error on the film thickness). A second sample from the
same wafer with 4 inline metal contacts as shown in Figure 3.3.b is also annealed up to
200 °C with the same heating rate (~ 5 °C/min), to measure the R-T characteristic during
heating and cooling back to room temperature. The resistance between the two inner
contacts on the surface of the sample (which is the slope of V3-V2 vs. I4) is given by:
𝑅 = 𝑉23 /𝐼14

(3.2)

The results obtained from the 2 previous measurements are used to determine the
resistivity value of the film at 200 °C:
𝜌

𝜌200 = 𝑅200 𝑅𝑟𝑜𝑜𝑚𝑇

𝑟𝑜𝑜𝑚𝑇

This procedure is repeated for a second anneal temperature (300 °C) and the R-T
characteristic obtained while heating matches the R-T obtained during the previous
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(3.3)

cooling from 200 °C (Figure 3.4). The obtained resistivities at 200 °C and 300 °C are 75
mΩ·cm and 11 mΩ·cm respectively.
The measured R-T characteristics for different samples are then scaled to
resistivity using the resistivity value at 200 °C, which assumes the same geometry factor
measured at room temperature.

Figure 3.4. GST resistivity versus temperature measurements on 200 nm GST film using
4-point in-line measurement, scaled from R-T using the vdP measurement at room
temperature after heating and cooling down the sample from 200 °C and from 300 °C at
the same rates.

3.3 Continuous RT measurement
Figure 3.5 shows continuously increasing temperature measurements of R-T
performed on 50 nm, 100 nm, and 200 nm GST thin films up to the melting temperature
and scaled to resistivity ρ-T using the room-temperature value after anneal at 200 °C as
described previously. During these measurements the temperature was increased at a
constant rate of 5 °C/min. The two transitions, from amorphous to fcc and from fcc to hcp
correspond to the turning points in the curves, and occur at ~ 155 °C and ~ 365 °C
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respectively. The as-deposited amorphous films have room-temperature resistivity ~
8.7x102 Ω.cm, in agreement with reported values of 8x102 ~ 9x102 Ω.cm [70].
The resistivity of the 100 nm GST film in the hcp phase is slightly higher than that of the
50 nm and 200 nm films after the second transition phase which can be attributed to
process variations in film thicknesses. The resistivity drop at ~ 585 °C for the 100 nm
thin film (Figure 3.5 inset) indicates melting of the film. The liquid resistivity after this
point, 1.14 mΩ·cm, is also in agreement with previously reported values for GST [22],
[71]. A film thickness reduction of ~ 5 % due to material density changes after the first
transition has been reported [72] but is not taken into account in our calculations of
resistivity.
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Figure 3.5. GST resistivity versus temperature. All the curves are the 4 point resistance
measurements obtained with the same heating rate of ~ 5 °C/min, scaled to resistivity
using the resistivity value of the 200 nm film at 200 °C (detailed in the appendix).

The films typically start breaking up and become discontinuous after the melting
temperature (~ 600 °C). Figure 3.6 shows the surface a GST sample measured up to ~600
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°C where the molten GST segregated into isolated islands and the electrical contact is no
longer established. Remarkably, the hcp-GST structures formed after melt show straight
lines and hexagonal openings confirming the hexagonal phase of the material.

20 μm

5 μm

Metal contact

Figure 3.6. SEM images of the surface of a 100 nm GST sample annealed ~600 °C.
The R-T curves of the as-deposited amorphous GST films show a drop in
resistivity of more than five orders of magnitude as the material transitions from
amorphous to fcc and hcp crystalline phases. In GST devices , this ratio is only
approximately four orders of magnitude [22]. This difference is attributed to the meltquench amorphization process in small-scale devices through electrical pulses, which
leads to lower atomic disorder, hence lower amorphous resistivity to start with, compared
to as-deposited amorphous films.
Fast R-T measurements were done on two 100 nm GST samples annealed with
two different heating rates of 12 °C/min and 162 °C/min starting from 100 °C. Below 100
°C both samples were annealed at 2.7 °C/min rate for scaling purposes. R-T measurement
results, scaled to ρ-T show the shift in both amorphous-fcc and fcc-hcp transition
temperatures to the right for higher heating rate (Figure 3.7). Quite similar measurements
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of heating rate dependent crystallization of GST are used to study the structural changes
activation energy of sputtered films by applying the Kissinger method [72].
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Figure 3.7. Fast ρ-T measurement results on amorphous 100 nm GST sample.

3.4 Simultaneous R-T and S-T measurement
Figure 3.8 represents the resistance and Seebeck coefficient measured
simultaneously on a GST thin film sample. The first and second transition temperatures
are clearly visible in the R-T plot as the sample changes from as-deposited amorphous to
fcc phase then from fcc to hcp phase. The positive sign of Seebeck coefficient in our
measurements confirms the p-type majority carrier (S > 0 for p-type conduction) [73].
Seebeck coefficient seems to drop as the material becomes more conductive, however,
the transition temperatures cannot be distinguished from the S-T characteristic.
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Figure 3.9. Resistance and Seebeck coefficient measured simultaneously on a GST thin
film sample.
R-T and S-T characteristics are measured on two different thickness samples in 3
continuous cycles starting amorphous as deposited (Figure 3.10). The first cycle starts at
room-temperature and continues up to 200 °C, below the second transition temperature
~350 °C, to obtain the R-T and S-T characteristics for amorphous GST. The second cycle
starts from 40 °C on the samples previously annealed to 200 °C and continues up to 400
°C to obtain the fcc-GST characteristics and the third cycle starts from 40 °C on the
samples previously annealed to 400 °C to obtain the hcp-GST characteristics up to the
maximum achievable temperature ~600 °C.
The first and second transition temperatures are clearly noticeable in the R-T
characteristics and they are the same for both film thicknesses. The transition
temperatures again cannot be distinguished in the S-T characteristics. Interestingly, the ST characteristics in the second and third anneal cycles show increasing S with
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temperature up to ~200 °C for the fcc film and almost in the whole temperature range for
the hcp phase. This observation led us to measurements in multiple heating cycles with
small maximum temperature increase until the final anneal target.
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Figure 3.10 Simultaneous R-T and S-T characteristics measured on two different
thickness samples in 3 heating cycles starting from room temperature in each cycle.

3.5 Multiple heating/cooling cycles R-T and S-T measurements
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In order to characterize the temperature-dependent resistance R-T and Seebeck
coefficient S-T of the material at each crystalline state as the material progressively
changes from amorphous to crystalline, measurements during multiple heating and
cooling cycles with increasingly maximum temperature were performed (Figure 3.11 and
Figure 3.12). The R-T and S-T characteristics were obtained simultaneously from 2-point
I-V measurements performed on 2 samples (Figure 3.3.c) using a parameter analyzer.
Due to the required thermal gradient, and for practical experiment times, the
measurements are performed in 10 °C increments from 40 °C up to 300 °C, in 20 °C
increments above 300 °C, and in 50 °C increments for the last measurement (up to 540
°C). The final temperature was set to 180 °C for the first cycle and was increased by 20
°C for each subsequent cycle.
The R-T and S-T results obtained simultaneously for a 50 nm and a 200 nm GST films
are shown in Figure 3.11 and Figure 3.12. The R-T characteristics show the expected
exponential decrease in resistance with increasing temperature, within each crystalline
state, as the material progressively crystallizes from amorphous to fcc and from fcc to hcp
[74], [75].
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Figure 3.11. Resistance measured in consecutive cycles to increasingly maximum
temperature for a) 50 nm and b) 200 nm GST films. The average temperature and
temperature gradients are regulated at each step for ~20 min while measuring the
resistance and the Seebeck coefficient. The insets in the graphs show the resistance vs.
1/kT, from which the activation energies are obtained. The dashed lines in the insets
represent the resistance values of the samples at the second transition temperature (Rc0).
Each point is the average of ~15 measurement points, and for all tests but the first, the
errors are smaller than the data markers.
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Figure 3.12. Seebeck coefficient versus temperature measured simultaneously with the RTs in Figure 3.11 for a) 50 nm and b) 200 nm GST films. The insets show the slopes
dS/dT versus the conductivity of the sample at room temperature. Standard deviations for
each point are shown as error bars but these are not visible in this scale.
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3.6 Hall measurements
Figure 3.13 shows the ρ-T characteristics measured on 100 nm and 50 nm GST
thin films using the high temperature measurement setup described previously. The
samples were as-deposited amorphous to start with, cleaved in a square shape of ~1.5 cm
side length. For the 100 nm GST sample, the measurement was performed in four heating
cycles: the first cycle staring from room temperature up to 60 °C; the second cycle from
xxx to 260 °C to look at the first transition temperature; the third cycle starting from 40
°C on the sample previously annealed to 260 °C in 40 °C steps, but the data was not
collected after 160 °C and the measurement stopped at ~ 300 °C anneal temperature; the
fourth measurement cycle started at 40 °C with 40 °C step up to 240 °C then with 20 °C
step beyond 240 °C, on the sample previously annealed to 300 °C, to look at the
temperature dependent characteristics of the fcc and hcp GST. For the 50 nm GST film,
the measurement was also done in multiple cycles that can be clearly distinguished in the
plots (Figure 3.13). The wait time at maximum temperature for each cycle is same as the
time necessary to collect the data at each target temperature.
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Figure 3.13. ρ-T measurement results on 100 nm and 50 nm square shape GST thin film
samples. The error bars that represent the standard deviation of the average of 3 values
from 3 measurements at same temperature are in the size of the markers mostly.
Figure 3.14 and Figure 3.15 show the carrier mobility and carrier concentration
respectively, calculated from the Hall coefficients measured along with the ρ-T plots in
Figure 3.13.
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Figure 3.14. μ-Ts calculated from the Hall coefficient measured along with ρ-Ts in Figure
3.13. The error bars that represent the standard deviation of the average of 3 values from
3 measurements on the 100 nm GST film reflect the fluctuation of the hall coefficient at
same measurement temperature. No error bars for the 50 nm film as all the data is
represented in the same plot.
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Figure 3.15. p-Ts calculated from the Hall coefficient measured along with ρ-Ts in Figure
3.13. The error bars that represent the standard deviation of the average of 3 values from
3 measurements on the 100 nm GST film reflect the fluctuation of the hall coefficient at
same measurement temperature. No error bars for the 50 nm film as all the data is
represented in the same plot.
Results show that the Hall mobility fluctuates between ~5 to 80 cm2/V-s for
amorphous GST and between smaller values for fcc and hcp GST (Figure 3.14) and the
hole density increases from ~1014 cm-3 for amorphous phase to ~1020 cm-3 for crystalline
(fcc) phase and ~1021 cm-3 for crystalline (hcp) phase GST (Figure 3.15). The
fluctuations in the Hall coefficient measurements translated into large fluctuations in
mobility and carrier concentration, especially for the 50 nm film. As an example of the
measurement, Figure 3.16 (a) and (b) represent the hall voltage V24 as a function of
current I1 for positive and negative B respectively from 3 different measurements at same
stabilized temperature of ~125 °C measured on the 50 nm fcc GST film. The hall
coefficient is calculated as the difference between the slopes of the data fits for positive
and negative B represented in Figure 3.17. In this particular case, the difference between
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the slopes in the measurement # 1 is showing opposite sign than the next measurements #
2 and # 3
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Figure 3.16. V2-V4 vs. I1 for a) negative B and b) positive B measured at 125 °C. The
numbers in the legend correspond to the measurement number at the same stabilized
temperature
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Figure 3.17. Linear fit of the measurement data represented in Figure 3.16. The hall
coefficient is calculated from the change in the represented slopes with the magnetic
field.
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Measurements in multiple heating/cooling cycles are performed on a 200 nm GST
thin film sample. The sample was as-deposited amorphous, heated up in cycles of 20 oC
increasing maximum target temperature and 3 measurement are taken at each temperature
step. Figure 3.18 shows the ρ-T measurement results as the sample crystallizes during the
multiple heating cycles.
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Figure 3.18. ρ-T measurement results on a square shape GST 200 nm thin film sample in
multiple heating cycles. Error bars are smaller than the size of the markers.
Carrier concentration and Hall mobility are calculated from the Hall coefficient
measured along the ρ-T characteristics in Figure 3.18.
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Figure 3.19. p-T calculated from the Hall coefficient measured along with ρ-T in figure
Figure 3.18. Error bars reflect the fluctuation of the Hall coefficient at constant target
temperature. Fluctuations are clearly smaller for the material in the hcp phase (360 °C
target temperature and above)

 (cm2/V-s)

60
a
a
200
220
240
260
280
300
320
320
340
340
360
380
400
400
420

40

20

0

50 100 150 200 250 300 350 400
T (oC)

Figure 3.20. μ-T calculated from the Hall coefficient measured along with ρ-T in Figure
3.18 Error bars reflect the fluctuation of the Hall coefficient at constant target
temperature. Fluctuations are clearly smaller for the material in the hcp phase (360 °C
target temperature and above)
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In these measurements, three tests are run at each target temperature and the error
bars include the error from the thickness of the film (± 10%), error from the magnetic
field distribution (±0.02 T), and the standard deviation of the slopes from the fit of the IVs. The latter error is much smaller compare to the first two ones. Error bars are
sometimes greater than the magnitude of the Hall coefficient. In some measurements, we
even observed change of the Hall voltage sign within the three measurements taken at the
same target temperature, despite the good linear I-V characteristics recorded with the PA.
The reasons for these large fluctuations including change in sign of the Hall coefficient
are not clear at this point but anomalous Hall effect has also been reported for amorphous
GST [76], [77]. Change in the sign of the Hall coefficient measured in ferromagnetic
materials has been attributed to three main mechanisms that can give rise to the
anomalous hall effect. These mechanisms are Intrinsic deflection, Side jump, and Skew
scattering as discussed by Nagaosa et. al [78], however, our tests on GST didn’t show any
ferromagnetic property evidence in GST thin films (by looking at the resistivity change
with magnetic field). Since the films are not homogeneous, we speculate that these
fluctuations the Hall coefficient sign changes may be due to crystalline percolation paths
that are not influenced by the magnetic field in the same way as current paths in
homogeneous materials.
Hall measurements on GST in the hcp phase present less fluctuating results
compared to measurements done on amorphous and fcc GST. Figure 3.21 and Figure 3.22
show the last measurement cycle on the 200 nm GST film, annealed to 400 °C (expected
to be in hcp phase). The carrier mobility is around 10 cm2/V-s and the carrier
concentration is around 3×1020 cm-3 in the 40 ~ 400 °C temperature range.
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Figure 3.21. ρ-T measurement on hcp GST up to 420 °C (Last cycle in Figure 3.18).
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Figure 3.22. Calculated μ-T and p-T for hcp GST, from last measurement cycle up to 420
°C represented in Figure 3.20 and Figure 3.19 respectively.

Measurements of VH/I multiple times at room temperature on a 100 nm hcp-GST
sample show three distinct levels while flipping the orientation and removing the
magnetic field (Figure 3.23). These measurements show the repeatability of the Hall
coefficient measurement on hcp-GST which is less fluctuating compare to measurements
on amorphous and fcc-GST
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Figure 3.23 Slopes of Vh vs. I measured 15 times with (no B, pos B, no B, neg B)
sequence at room temperature on 100 nm hcp GST sample.

69

4. Analysis and discussion
4.1

Boltzmann approximation transport model

The conductivity of GST films below the glass transition (~ 100 °C) [79] follows an
Arrhenius dependence (Figure 3.11 insets and Figure 4.1):
𝜎 = 𝜎0 𝑒 −𝐸/𝑘𝑇

(4.1)

where E is the conduction activation energy, k is the Boltzmann constant, T is the
absolute temperature, and σ0 is defined as the minimum metallic conductivity [80]. In the
amorphous phase, the activation energy E corresponds to the energy for sub-band
hopping mechanism which does not occur in fcc and hcp-GST based on UV/visible/NIR
band gap measurements [81]. The activation energy for conduction obtained for the
amorphous phase from the first cycle, E = 0.417 eV, is in agreement with reported values
[82] and it decreases as the material crystallizes in the following cycles of increasingly
maximum temperatures. Given the large carrier concentration in GST [83], [84], the
overall decrease in resistance from one annealing cycle to another is expected to be
mostly due to the increase in mobility with crystallization. After the fcc to hcp transition
(last four R-T curves) the material shows a metallic behavior with the resistance
increasing with temperature due to mobility degradation, in agreement with previous
reports [72], [85], [86].
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Figure 4.1. ln(R) dependence on reciprocal temperature 1/kT for 50nm and 200 nm GST
thin films.
Once the material starts crystallizing, and for each state (corresponding to the
material annealed at the previous cycle maximum temperature) the Seebeck coefficient
increases linearly with temperature until further crystallization occurs beyond the
previous anneal temperature. Linear fits of these regions of S-T curves, with fixed zero
intercept (0 mV/K @ 0 K, Figure 4.2), result in very small relative standard deviation
errors on the slopes (0.6 ~ 3.7%).
The observed linear dependence of the Seebeck coefficient with temperature is
consistent with the Boltzmann approximation transport model for degenerate
semiconductors which results in: [87]–[89]
𝑆=

2
8𝜋 2 𝑘𝐵

3𝑒ℎ2

𝜋 2/3

𝑚𝑝 ∗ 𝑇 (3𝑝)

(4.2)

where kB is the Boltzmann constant, h is the Plank constant, e is the elementary charge, p
is the carrier density, mp* is the carrier effective mass, and T is the absolute temperature.
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Figure 4.2. S-T measurement data on 50 nm and 200 nm thin films. The dashed lines
represent the linear fit of the data with 0 μV/K intercept. The numbers in the legend
represent the temperature in °C to which the sample was previously annealed.

4.2

Activation energy
Figure 4.3.a shows the conductivity activation energy and slopes of S-T as a

function of anneal temperature for the 50 nm and 200 nm films. The derivative dS/dT, 
mp*/p2/3, shows a linear dependence on the conductivity activation energy for the
amorphous-fcc mixed phase, where this energy is positive (Figure 4.3.b). dS/dT is closely
related to the electrical conductivity, e2pτp/mp*, where τp is the carrier relaxation time.
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Figure 4.3. a) Activation energy and dS/dT as a function of anneal temperature. The
activation energies for the 50 nm film are slightly higher than those for the 200 nm film,
probably due to the difference in the crystallinity of the two films annealed at the same
temperature. b) Derivative of Seebeck versus temperature dS/dT versus the conductivity
activation energy E for 50 nm and 200 nm GST thin films showing a linear dependence
for the amorphous-fcc mixed phase region. Standard deviations for dS/dT are shown as
error bars. The dashed lines show the linear fits for the two samples, using all points of
positive conduction activation energy.
Decoupling the relative changes in carrier concentration, effective mass and
relaxation time as the material crystallizes would require Hall measurements. The linear
73

dependence of dS/dT with E, together with the linear S-T with S = 0 V/K at 0 K, can still
be used to empirically estimate one transport parameter from the other. A few lowtemperature measurements of conductivity (to obtain the activation energy) can be used
to determine dS/dT, hence S-T, or a single measurement of Seebeck coefficient can be
used to determine the conductivity activation energy E. The different slopes of dS/dT vs.
E for the 50 nm and 200 nm films may be due to some mismatch of the activation
energies for the two thicknesses since the anneal temperature (which likely does not
result in the same crystallinity state) is being used as the intermediate parameter to relate
dS/dT and E (Figure 4.3.a).
The positive Seebeck coefficient obtained for the GST films confirms the p-type
conduction of the material up to the maximum measured temperature of ~ 800 K. The ST decrease with temperature for the amorphous phase, as well as the increase with
temperature for the stable hcp phase, are in agreement with previous reports [71], [85].
For the fcc phase however, these multiple stepped measurements show that the Seebeck
coefficient also increases with temperature for each crystalline state, up to the maximum
temperature reached in the previous cycle. The decrease of S-T with temperature
observed for amorphous GST and fcc-GST after certain temperature is therefore due to
crystallization, rather than bipolar conduction which explains the S-T turn-around in
stable semiconductors as they approach the intrinsic regime. A positive or negative slope
in S-T determines the direction of asymmetry (Thomson effect) that has been observed in
phase-change memory devices and has important implications related to power and
reliability of the devices. The positive S-T slope we observe for the crystalline material
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(both fcc and hcp) is consistent with observations of asymmetric amorphization of PCM
line cells toward the higher potential terminal [23], [24], [28].
Figure 4.3.b also indicates an important parameter related to the single crystal fccGST. As shown in Figure 4.4, linear fits of dS/dT vs. E for the 50 nm and 200 nm GST
thin films, in both fcc and hcp phases, intercept at 0.153 μV/K2 which we interpret to be
the slope of the S-T characteristic for single-crystal fcc-GST (assuming single-crystal fcc
has constant conductivity as a function of temperature, hence E=0, S = 0.153×T in
μV/K).
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Figure 4.4. Determination of single crystal fcc-GST dS/dT from dS/dT vs. E for 50 nm
and 200 nm GST thin films. The red lines show the linear fits for the two samples in both
fcc (positive E) and hcp phases (negative E), Discarding the data point that corresponds
to 180 °C anneal temperature for the 200 nm film and the data point that corresponds to
500 °C anneal T for the 50 nm film, the 4 fits intercept at 0.153 μV/K2 (within 2 nV/K2
error).
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4.3

Average grain size from XRD measurements
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Figure 4.5. XRD patterns of 100 nm GST film annealed at different temperatures, then
cooled down from 400 °C to obtain the pattern for hcp-GST at 30 °C.
Room temperature XRD measurements on pre-annealed samples and in-situ XRD
measurements (at stabilized temperatures during anneal) [90] were performed to correlate
R-T and S-T to grain sizes in mixed-phase GST. Figure 4.5 shows the evolution of XRD
patterns with temperature for an as-fabricated amorphous 100 nm GST film as the chuck
temperature was increased from room temperature to 585 °C in 100 °C steps and
decreased back to room temperature. The peaks in the pattern of the amorphous sample
are repeated in all patterns suggesting these originate from the silicon substrate and
sample holder. The fcc phase of the sample at 200 °C and 300 °C is identified by the
peaks at 25.5°, 29.4°, 42.4° and at 52.6° while the hcp phase exhibits different peaks at
the angles 21.4°, 25.7°, 28.9°, 40.1°, 42.8°, 48.5°, and 52.9° corresponding to different
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planes, similar to what has been previously observed [91]–[95]. After cooling down the
sample to room temperature, a new pattern is acquired and it shows a small shift to the
right in all hcp peaks, which is due to the thermal expansion of the material at high
temperatures [96]. From these results, the highest increase in the hcp planes spacing at
400 °C is 1.45% for the (004) direction.
The average grain size at different temperatures was obtained from the XRD patterns
using the Scherrer equation [97], [98] which relates the full-width-half-max (FWHM) β
with the grain size (gs) [99]:
0.9𝜆

𝑔𝑠 = 𝛽 cos 𝜃

(4.3)

where λ is the X-ray wavelength and θ is the diffraction angle. XRD measurements have
been previously reported for hcp-GST annealed up to 330 °C and the average grain size
was found to be 40.3 nm [100].
The data for average grain size versus temperature were interpolated with a third
order polynomial fit to correlate XRD grain size results with R-T and S-T measurements
obtained after different anneal temperatures (Figure 4.6). Grain sizes calculated from
impedance spectroscopy (IS) measurements by Huang et al., assuming a brick model
[101], fall in the same range but show a significantly different trend with the anneal
temperature (downward curvature, square symbols in Figure 4.6).
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Figure 4.6. Average grain size calculated from XRD measurements on 200 nm thin GST
film. In-situ measurements were done in 25 °C steps from 150 °C to 585 °C (green
circles). Room temperature measurements were also done on different samples (from the
same wafer) pre-annealed at different temperatures for 10 minutes, with 2 °C/min heating
rate (red stars). Interpolated data was calculated using third order polynomial fit (black
dashed line) to obtain grain sizes for the anneal temperature values used in the S-T and RT measurements. Grain sizes calculated from room-temperature impedance spectroscopy
measurements by Huang et al. (blue squares) are in the same range but show a
significantly different trend with anneal temperature [101].

4.4

Percolation model
Since the increase of average grain size in fcc-GST is only from ~ 18 nm to ~ 30

nm, the drastic change in conductivity observed at the amorphous to fcc transition is
likely due to percolation paths that form in the material as both the number of grains and
the grain size increase. The electrical conductivity of an inhomogeneous material formed
by two materials with different conductivities was described in late 1800's by Rayleigh
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[102] and Wiener [103] and then formulated into the effective-medium theory by
Bruggeman [104] for various shapes and by Landauer [105] for spheres of conductivity
σc embedded in a material of conductivity σa. The model was adopted recently for mixed
phase amorphous-crystalline chalcogenides like GST [106]. In this work, we model
mixed phase amorphous-fcc GST as spheres of fully crystalline fcc-GST embedded in
amorphous GST and use the average grain sizes obtained from XRD measurements as the
diameter of the spheres. The conductivity of the mixed material in this case is given by
[104]–[107]:
2

1

𝜎 = 4 [2𝜎𝑝 − 𝜎𝑞 + √(2𝜎𝑝 − 𝜎𝑞 ) + 8𝜎𝑎 𝜎𝑐 ]

(4.4)

with
𝜎𝑝 = (1 − 𝑓)𝜎𝑎 + 𝑓𝜎𝑐
𝜎𝑞 = (1 − 𝑓)𝜎𝑐 + 𝑓𝜎𝑎
where σc is the conductivity of the crystalline spheres, σa is the conductivity of the
amorphous matrix, and f is the crystallinity fraction of the material (fraction of the
crystalline volume to the total volume of the sample). Using σc and σa obtained from our
R-T measurements (σ =1/ρ, ρa = 494 Ω.cm, ρc = 0.01 Ω.cm, explained below), the
calculated mixed phase resistivity of GST (Figure 4.7) shows a sharp drop of ~ 3 orders
of magnitude at the percolation threshold of 33% crystalline fraction.
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Figure 4.7. Calculated GST mixed-phase resistivity as a function of crystalline fraction
using equation (4.4) with amorphous and crystalline GST resistivities ρa = 494 Ω.cm and
ρc = 0.01 Ω.cm respectively.

Solving equation (4.4) for f yields:
𝑓=

(𝜎−𝜎𝑎 )(2𝜎+𝜎𝑐 )
3𝜎(𝜎𝑐 −𝜎𝑎 )

(4.5)

which can be written in terms of the resistances assuming a constant geometry factor C,
σ=C/R as:
𝑓=

(𝑅𝑎 −𝑅)(𝑅+2𝑅𝑐 )
3𝑅(𝑅𝑎 −𝑅𝑐 )

(4.6)

where R, Ra, and Rc are the resistances of the mixed phase, the amorphous, and the fully
crystalline fcc GST respectively.
The resistance of the mixed phase material at each crystallinity fraction f follows an
Arrhenius dependence:
𝑅 = 𝑅0 exp(𝐸/𝑘𝐵 𝑇)
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(4.7)

where R0 and E are the pre-factor and conduction activation energy of the mixed material.
The parameters for amorphous GST Ra0 and Ea are obtained from the first R-T
measurement on the amorphous film (Figure 3.11):
𝑅𝑎 = 𝑅𝑎0 exp(𝐸𝑎 /𝑘𝐵 𝑇)

(4.8)

The resistance of fully crystalline fcc-GST is assumed to be constant with temperature (E
= 0 eV) since the activation energy is observed to change from positive values for mixed
amorphous-fcc phase to negative values for mixed fcc-hcp phase (see dashed lines in
Figure 3.11 insets). This constant resistance value for fully crystalline fcc-GST is taken as
the resistance at the second transition temperature (the zero of the second derivative of
the R-T 'envelope' formed by the last data point from each cycle).
𝑅𝑐 = 𝑅𝑐0

(4.9)

The different parameters, Ra0, Ea, and Rc0 are given in Table 1 for the 50 nm and 200 nm
thick films and are used to calculate the crystallinity fraction f of the sample as a function
of temperature from equation (4.6).
Table 1. Amorphous and crystalline resistance pre-factors and activation energies

extracted from the R-T measurements.
50 nm thin film

200 nm thin film

Ra0 (Ω)

77.05

56.99

Ea (meV)

419.8

376.7

Rc0 (Ω)

3558

1104

81

Figure 4.8.a shows the calculated crystallinity fraction f along with the
corresponding experimental S-T slopes of the mixed-phase material as a function of
anneal temperature for the 50 nm and 200 nm thick films. The crystallinity fraction of the
200 nm thin film is slightly higher than that of the 50 nm film. Figure 4.8.b also shows
the experimental dS/dT ( m/p2/3) and room-temperature conductivity σRT ( mτ/p)
versus calculated crystalline fraction f for the 50 nm and 200 nm thin film samples. These
relations can now be used to estimate S-T and σ-T for a given amorphous-fcc mixed
phase material from a single, room-temperature value of the conductivity. σRT can be
used to determine f and the corresponding dS/dT, hence S-T, which can then be used to
determine the conduction activation energy E (Figure 4.3) to obtain the full σ-T.
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Figure 4.8. a) Calculated crystalline fraction f and experimental dS/dT as a
function of anneal temperature for the 50 nm and 200 nm thin GST films. b)
Experimental dS/dT ( m/p2/3) and room-temperature conductivity σRT ( mτ/p) versus
calculated crystalline fraction f for 50 nm and 200 nm thin film samples.

Since the model for conductivity we have used assumes spherical-like crystals in
an amorphous matrix and f is proportional to (gs)3 times the number of the grains in the
sample, it is interesting to look at the relation between f and (gs)3 obtained from the XRD
measurements (Figure 4.9), which appears to show three distinct regions for
crystallization:
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Figure 4.9. Crystallinity fraction f for the 200 nm GST thin film sample as a function of
the cubic grain size (gs)3 obtained from XRD patterns for the mixed phase amorphous-fcc
region, pre-annealed at increasing anneal temperatures (180 °C to 320 °C). The
intermediate linear region suggests growth dominated crystallization for this anneal
temperature range.

1) 180 °C < T < 220 °C: the crystallinity of the sample increases rapidly with slow grain
growth (Δf/Δgs3 = 1.1×10-4 nm-3), suggesting that nucleation in the material is dominant
(Figure 4.10).
2) 220 °C < T < 300 °C: f changes linearly with (gs)3 at lower rate compared to the
previous region (Δf/Δgs3=5.1×10-5 nm-3), suggesting that the number of crystals is
approximately constant and the increase in crystallinity is mainly related to the growth of
the crystals.
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Figure 4.10. Sketch on the crystallization of GST from the crystallinity f-gs3 in Figure
4.9.
3) 300 °C < T < 320 °C: the crystallinity again increases rapidly with a small increase in
grain size (Δf/Δgs3=1.1×10-4 nm-3), implying that the critical size of the crystals is
reached and the increase in crystallinity is mainly due to crystallization of the remaining
gaps between the crystals.

4.5 Thermal conductivity
The Seebeck coefficient of a composite material is related to its thermal
conductivity (k) through the phase separation model [25]:
(1 − 𝑓)

𝑘𝑎 𝑘
−
𝑆𝑎 𝑆
𝑘𝑎
𝑘
+2
𝑆𝑎
𝑆

+𝑓

𝑘𝑐 𝑘
−
𝑆𝑐 𝑆
𝑘𝑐
𝑘
+2
𝑆𝑐
𝑆

=0

(4.10)

where ka and kc are the amorphous and fcc thermal conductivities and Sa and Sc are the
amorphous and fcc Seebeck coefficients respectively. f is the crystallinity fraction,
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previously calculated using equation (4.6) for the percolation conductivity model.
Solving equation (4.10) with the condition ka≤k≤kc:
2

𝑘=

1
𝑘
𝑆 ( 𝑆𝑎 (2
4
𝑎

−

𝑘
3𝑓) − 𝑆𝑐 (1 −
𝑐

𝑘
𝑘
𝑘 𝑘
3𝑓) + √( 𝑆𝑎 (2 − 3𝑓) − 𝑆𝑐 (1 − 3𝑓)) + 8 𝑆𝑎 𝑆𝑐 )
𝑎

𝑐

𝑎

(4.11)

𝑐

One can note that for f = 0, S = Sa, and k = ka, and for f = 1, S = Sc, and k = kc.
Using the crystallinity fraction f calculated before, and ka and kc reported in reference
[83], k-T characteristics for each crystallinity phase of the material is calculated and
shown in Figure 4.11. The ka-T characteristic (red dash line in Figure 4.11) used in the
calculations is taken as the linear extrapolation of the first data points (black star markers)
measured in the amorphous state of the material from reference [83] and the kc-T
characteristic (blue dash line in Figure 4.11) as a linear function of temperature that
includes the thermal conductivity of the material at the second transition temperature,
with a negative slope calculated from the cooling cycle of the film in hcp phase (not
represented in the figure). This assumption is justified by the similar negative slope of kT by taking the thermal conductivity at 453 K which is ~0.51 W/K-m and the room
temperature measured data point ~0.58 W/K-m after cooling of the material from 453 K
[83].
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Figure 4.11. Thermal conductivity of Ge2Sb2Te5 calculated using eq. (4.11) and the
measured S-T data for two different film thicknesses, a) 200 nm and b) 50 nm.

Using the slopes of the S-T characteristics calculated before (Figure 4.3) to obtain
the S-T, the calculated thermal conductivity is represented in Figure 4.12. The
characteristics are smoother compare to calculations using real data since the fluctuations
in S are smoothed out through the linear fits. For both film thicknesses, we can clearly
see that the thermal conductivity increased within the first cycle (From ~0.2 W.m-1K-1 to
~0.4 W.m-1K-1) than went down for the next heating cycles (473 K and 493 K) before it
starts increasing again for the next following measurement cycles.
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Figure 4.12. Thermal conductivity of a) 200 nm and b) 50 nm Ge2Sb2Te5 films calculated
using eq. (4.11) and the slopes of the S-T characteristics.
The next calculations are done to obtain a k as a function of crystallinity fraction
f. Figure 4.13.a. represents the S-T characteristics calculated using the slopes dS/dT
measured for different anneal temperatures. The calculation is extended to high
temperatures, shown as thin black lines, (as the metastable S-T characteristics of mixed
phase amorphous-fcc GST, expected during metastable measurements or operation (since
the material does not change with temperature in sufficiently short time scales).
Similarly, the S-f curves shown in Figure 4.13.b, are calculated for different anneal
temperatures, using 2nd exponential decay fit of the dS/dT-f for the 200 nm film
represented in Figure 4.8.b. Extrapolations of the data in this case represent the S-f
characteristics at high anneal temperatures for small crystalline fractions.
dS

𝑓

𝑓

= 2.036 × 10−7 + 89575.31𝑒 −0.013 + 2.508 × 10−6 𝑒 −0.161
dT
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(4.12)
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Figure 4.13. Seebeck coefficient as a function of a) temperature and b) crystallinity
fraction, calculated using the slopes of dS/dT as a function of anneal temperature and
crystallinity. Colors in the graphs indicate different anneal temperatures and the black
curves represents the extrapolation of the metastable characteristics for constant
crystallinity fraction in a) and constant temperature in b).
Using equation (4.11) with the data in Figure 4.13.a. for S-T and S-f, the thermal
conductivity as a function of temperature for different anneal temperatures (different
crystallinity mixed phases) is calculated and shown in Figure 4.14. Extrapolation of
calculation for high anneal temperatures with relatively low crystallinity (metastable
mixed phase amorphous-fcc GST) is shown as the black lines.
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Figure 4.14. Thermal conductivity calculated as a function of temperature for different
anneal temperatures, using eq. (4.11) and the calculated S-T and S-f characteristics in
Figure 4.13. The k-T characteristic in open circle markers is from reference [83] and the
star markers represent the amorphous and the fully crystalline fcc GST thermal
conductivity used in the calculations. Color legend correspond to same anneal
temperature colors in previous calculations.
Figure 4.15. represents the calculated thermal conductivity as a function of
crystallinity for different anneal temperatures. The plot k-f (Figure 4.15) shows the updown-up characteristic which is also captured with slow, continuous k-T measurements
by Lyeo et al. [83]. This clearly validates the phase separation model for the calculation
of thermal conductivity however, further analysis has to be done on different materials to
correct the discrepancy between magnitudes of k from calculation and measurement as it
can be noticed in the previous plots (Figure 4.11 and Figure 4.12). The calculated thermal
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conductivity, which likely can be scaled with the mean free path of carriers, should be
delimited by the measured k data reported in [83].
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Figure 4.15. Calculated thermal conductivity characteristics as a function of crystallinity
at different temperatures increasing in 10 °C step between 30 °C and 320 °C. The lines in
black represent the metastable k since the f at increases with temperature.

4.6 Thickness dependent resistivity
Thickness dependence thin film resistivity was reported on pure metals such as
copper [108] and on alloys like lead selenide [109] and indium tin oxide [110]. We have
observed similar dependence on GST film through room temperature 4-point electrical
resistivity measurements on 15 nm, 30 nm 50 nm, 100 nm, and 200 nm film thicknesses
in the 3 different states: as-deposited amorphous, then annealed together to 300 °C for fcc
phase and then annealed together one more time to 400 °C for hcp phase. Measurement
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results are shown in Figure 4.16. The thicknesses of the films are comparable to the GST
grain size. We hypothesize that the dependence of electrical resistivity on the film
thickness is consequently related to surface scattering and grain boundary scattering
mechanisms.
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Figure 4.16. Thickness dependence of electrical resistivity measured on a) as-deposited
amorphous GST at room temperature; inset shows the characteristic in linear scale, and b)
crystalline GST annealed to 300 °C with 2.5 °C/min heating rate and 10 minutes wait
time at 300 °C for fcc in blue and to 400 °C with 2.5 °C/min heating rate and 10 minutes
wait time at 400 °C for hcp in red. Error bars are smaller than the markers.
Different models have been proposed to separate the contributions of each effect
such as the Fuchs-Sondheimer model [111], [112] (for surface scattering) and the MayadasShatzkes model [113] (for grain boundary scattering) and the two effects can be decoupled
through temperature dependent electrical resistivity data [114]. The thicknesses of the films
used to calculate ρ from our measurements are the target deposition thicknesses. Actual
thickness of the films was expected to be ~10 % smaller from TEM cross section thickness
measurement performed on 10 and 100 nm films in a previous work [90].
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4.7

Summary
Simultaneous measurements of temperature dependent electrical resistance and

Seebeck coefficient of GST (Ge2Sb2Te5) thin films were performed up to 540 °C.
Repeated measurements to increasingly maximum temperatures allow characterization of
the properties of each state (in contrast to continuous measurements which show the
convoluted effects of temperature dependence of the transport parameters and material
crystallization during heating, as also shown here up to melting temperature). The
measured resistance was scaled to resistivity using the 4 point in-line room-temperature
resistivity measurement performed on a sample of the same deposited film. The R-T
characteristics measured at different crystalline states follow an Arrhenius dependence
with a decreasing activation energy as the material crystallizes. The S-T results show ptype conduction until melting temperature and linear S-T characteristics for each state, in
agreement with the degenerate semiconductor transport model. The measurements also
show that both the mixed amorphous-fcc and the mixed fcc-hcp phases exhibit a constant
positive Thomson coefficient (dS/dT) (until the previously annealed temperature when
the Seebeck coefficient starts decreasing due to further crystallization of the material). A
linear relation between the slope of S-T characteristics and the activation energy of the
Arrhenius conduction for GST material is also observed for the mixed amorphous-fcc
phase. This observation can be useful to estimate temperature-dependent conductivity or
Seebeck coefficient of GST from a single measurement of the Seebeck coefficient or a
few conductivity measurements at low temperature points (to obtain the conduction
activation energy). In-situ XRD measurements on a 100 nm thin GST film sample
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showed plane-dependent thermal expansion of the hcp phase, with a maximum thermal
expansion observed for the (004) plane.
A percolation model of conducting spheres in a lower conductivity matrix (which
predicts the sharp drop observed in the resistance with a relatively small change in the
grain size, at a critical crystalline density threshold) was applied to the measured data to
relate the electrical transport parameters and the crystalline grain sizes obtained from
XRD measurements. R-T results of mixed phase amorphous-fcc are then expressed in
terms of the amorphous and fully crystalline fcc temperature-dependent resistance values
using the effective-medium theory to obtain the temperature dependent crystallinity
fraction of the material.
This study focused on the properties of GST up to the second phase transition
(fcc-hcp) which is the more technologically relevant range as phase-change memory
devices do not experience the slow fcc-hcp transition during switching. A similar
percolation and effective medium theory model can however be applied to the mixed fcchcp phase after the second transition for a fuller understanding of the crystallization
dynamics and transport properties in chalcogenide glasses.
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5.

Conclusion
PCM devices operate at temperatures on the order of 600 °C and taking into

account the thermal and thermoelectric transport is essential for the design of devices.
Knowledge of the thermal and thermoelectric properties of GST is necessary throughout
the operating temperature range and for all phases. This work focused on developing
instrumental setups for thermoelectric characterization of GST thin films up to high
temperatures along with the analysis of the collected data.
A Seebeck measurement setup was developed for Seebeck coefficient and
electrical resistivity characterization of thin films in a wide temperature range of 30°C ~
650 °C. The measurement of Seebeck coefficient enables determination of the majority
carrier type and the temperature at which the material becomes intrinsic. Most of the
tools currently available for Seebeck measurements are designed for bulk materials and
are not suitable for thin film measurements. S-T measurements confirmed that GST is a
p-type material since the coefficient is positive, and revealed that the conduction in GST
is unipolar (holes dominated transport) because the slopes of S-T curves are positive as
well, for all phases characterized in this work. The first transition, from amorphous to fcc
occurs at ~ 150 °C and the second transition, from fcc to hcp occurs at ~ 340 °C. The
heating rate was found to affect the determination of the phase transitions temperatures.
The liquid resistivity measured on a 100 nm thin film was 1.14 mΩ.cm which is larger
compared to device level measurements that yielded ~0.3 mΩ.cm.
Hall mobility and carrier concentration measurement setup for thin films
characterization was developed based on the van der Pauw technique and it can currently
be used for measurements up to 500 °C. The setup is automated and uses rare earth
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permanent magnets for magnetic field generation. Carrier concentration and mobility
were measured on different GST and silicon thin film samples. Measurement on
amorphous GST and fcc-GST show large variations and inconsistent results over
temperature, but hcp-GST shows more consistent results. In average, GST exhibits a low
carrier concentration in the amorphous state and higher in fcc and hcp states.
An effective-medium theory model formulated for spheres of conductivity σc
embedded in a material of conductivity σa to determine the electrical conductivity of an
inhomogeneous material was found to explain well the ~5 orders of magnitude drop in
electrical resistivity of mixed phase amorphous-crystalline GST chalcogenide with
relatively small changes in the crystals grain size (10 nm ~50 nm). The crystallinity
fraction calculated as a function of temperature for different crystalline mixed
amorphous-fcc phases of GST material and correlated to the grain sizes obtained from
XRD measurements was found to be in line with the crystallization dynamics of GST
from a nucleation and growth perspective.
The crystallinity fraction along with the S-T characteristics are used to calculate
the thermal conductivity of GST through the phase separation model and results are in
general agreement with the experimental data available in literature.
Further work needs to be done on thickness dependent and temperature-dependent
mobility measurements to investigate carrier mobility and scattering mechanisms in GST.
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6.

Appendix

6.1

LabVIEW programs

Figure 6.1 shows the LabVIEW control interface for the Seebeck measurement
setup. The initial parameters to define are the initial target temperature, temperature step
to use bellow 200 °C, temperature step to use after 200 °C, temperature sampling rate
(max 10 samples/s), and the stop temperature. The program also offers the possibility to
run the resistive heating or the inductive heating separately by using the green switch
next to the Stop button. The parameters of the NI-9213 acquisition card are set for K type
thermocouples. A folder with the “Sample Name” followed by the date is created, in
which the measurement data is saved in a file with the target temperature as a name. The
I-Vs from the parameter analyzer are saved in a subfolder named IV_Curves.

Figure 6.1. Seebeck measurement setup LabVIEW control interface.

Figure 6.2 shows the LabVIEW control interface for the Hall measurement setup.
The interface shows the position of the magnets and the polarity of the field while
running the measurement (blue and red colors). The parameters to setup initially are the
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start temperature, temperature step, number of measurements per target temperature, and
the waiting time at the target before taking the I-Vs. Resistivity and Hall coefficient can
be measured separately or together by selecting the appropriate measurement, allowing
measurements on square samples or different structures like Hall bar. It is also possible to
setup a room temperature measurement by turning ON the switch next to the Stop button.
Data will be saved along with the I-V files from the parameter analyzer in a folder
specified by the folder path.

Figure 6.2 Hall measurement setup LabVIEW control interface.

The parameter analyzer program was updated from previous version [90] to
include all the four SMUs (Figure 6.3). Similar program is used for the Seebeck setup
and the Hall setup. It is important to know beforehand the approximate resistance of the
sample in order to setup the measurement voltage range for the Variable 1 and Variable
1’. Medium integration time with ~20 measurement steps was found to be practical to get
enough data in a reasonable amount of time. The file path in the program is linked to the
main measurement setup program and the data is saved in the defined folder.
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Figure 6.3. 4145B Semiconductor parameter analyzer LabVIEW control interface.

6.2

Matlab and Arduino programs
1) Matlab program for error propagation calculation:

The following program is used in the data analysis from the Hall measurement
setup for calculation of the error on the fit parameters (slope and intercept) taking into
account the errors in x-axis as described by York [64].
X=[0.2 1 2 3 4 5 6 7 8 9];
Y=[ 2 3 5 7 9 10 12 13 14 18];
sigma_X=0.01*X;
sigma_Y=0.01*Y;
wX=1./(sigma_X).^2;
wY=1./(sigma_Y).^2;
tol=1e-15;
% tolerance
N=20;
%maximum number of interations
% approximate value of b (least square)
b=sum((X-mean(X)).*(Y-mean(Y) ) )/sum((X-mean(X)).^2)
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for i=1:N
W=(wX.*wY)./(wX+(b^2*wY));
X_bar=sum(W.*X)/sum(X);
Y_bar=sum(W.*Y)/sum(Y);
U=X-X_bar;
V=Y-Y_bar;
Beta=W.*(U./wY + b*( V./wX));
b=sum( W.*Beta.*V )/sum(W.*Beta.*U);
bb(i+1)=b;
if abs((bb(i+1)-bb(i))/bb(i+1)) < tol
break
end

% evaluate Wi for each point

% calculate new slope b

% test on the tolerance

end
a=Y_bar-b*X_bar;
x=X_bar+Beta;
x_bar=sum(W.*x)/sum(W);
u=x-x_bar;
sigma_b=sqrt(1/sum(W.*u.^2));
sigma_a=sqrt(1./sum(W)+x_bar^2*sigma_b^2);

2) Matlab programs for Seebeck coefficient calculation on silicon:
The programs used to calculate the Seebeck coefficient in silicon as a function of
temperature were developed by Gokhan Bakan and are described in his dissertation
[115].
3) Arduino program for Seebeck measurement setup:
The following program is used to drive the relay card for temperature control in
the Seebeck measurement setup and to drive the stepper motor to control the position of
the inductive heater coil.
int incomingByte = 0;

// a variable to read incoming serial data into

void setup() {
Serial.begin(9600);
pinMode(12, OUTPUT);
pinMode(11, OUTPUT);
pinMode(10, OUTPUT);
pinMode(9, OUTPUT);
pinMode(8, OUTPUT);

// initialize serial communication:
// initialize the pin as an output:
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pinMode(7, OUTPUT);
pinMode(6, OUTPUT);
pinMode(5, OUTPUT);
pinMode(4, OUTPUT);
pinMode(3, OUTPUT);
pinMode(2, OUTPUT);
TCCR3B = TCCR3B & 0b11111000 | 0x06;
}
void loop() {
if (Serial.available() > 0) {
incomingByte = Serial.read();
if (incomingByte == 'A'){
digitalWrite(12, HIGH);
}
if (incomingByte == 'a'){
digitalWrite(12, LOW);
}
if (incomingByte == 'B'){
digitalWrite(11, HIGH);
}
if (incomingByte == 'b'){
digitalWrite(11, LOW);
}
if (incomingByte == 'C'){
digitalWrite(10, HIGH);
}
if (incomingByte == 'c'){
digitalWrite(10, LOW);
}
if (incomingByte == 'D'){
digitalWrite(9, HIGH);
}
if (incomingByte == 'd'){
digitalWrite(9, LOW);
}
if (incomingByte == 'E'){
digitalWrite(7, HIGH);
}
if (incomingByte == 'e'){
digitalWrite(7, LOW);

// see if there's incoming serial data:
// read the oldest byte in the serial buffer:
// if it's an A (ASCII ) turn on pin 12:

// if it's an a (ASCII ) turn of pin 12:

// if it's an B (ASCII ) turn on pin 11:

// if it's an b (ASCII ) turn of pin 11:

// if it's an C (ASCII ) turn on pin 10:

// if it's an c (ASCII ) turn off pin 10:

// if it's an D (ASCII ) turn on pin 9:

// if it's an d (ASCII ) turn off pin 9:

// if it's an E (ASCII ) turn on pin 7:

// if it's an e (ASCII ) turn off pin 7:
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}
if (incomingByte == 'F'){
digitalWrite(6, HIGH);
}
if (incomingByte == 'f'){
digitalWrite(6, LOW);
}
if (incomingByte == 'G'){
digitalWrite(5, HIGH);
}
if (incomingByte == 'g'){
digitalWrite(5, LOW);
}
if (incomingByte == 'H'){
digitalWrite(4, HIGH);
}
if (incomingByte == 'h'){
digitalWrite(4, LOW);
}
if (incomingByte == 'I'){
digitalWrite(3, HIGH);
}
if (incomingByte == 'i'){
digitalWrite(3, LOW);
}
if (incomingByte == 'J'){
digitalWrite(2, HIGH);
}
if (incomingByte == 'j'){
digitalWrite(2, LOW);
}
if (incomingByte == 'Z'){
digitalWrite(8, HIGH);
delay(400);
digitalWrite(8, LOW);
}

// if it's an F (ASCII ) turn on pin 6:

// if it's an f (ASCII ) turn off pin 6:

// if it's an G (ASCII ) turn on pin 5:

// if it's an g (ASCII ) turn off pin 5:

// if it's an H (ASCII ) turn off pin 4:

// if it's an h (ASCII ) turn off pin 4:

// if it's an I (ASCII ) turn off pin 3:

// if it's an i (ASCII ) turn off pin 3:

// if it's an J (ASCII ) turn off pin 2:

// if it's an j (ASCII ) turn off pin 2:
// if it's an Z (ASCII ) generate a pulse in the pin 13:

}
}
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The required sequences to rotate the stepper motor clockwise or anticlockwise are
generated by the main LabVIEW program by turning on or off the required pin in the
Arduino card.
4) Arduino programs for Hall measurement setup:
The following program is used to read the temperature from the two
thermocouples in the Hall measurement setup and to generate a pulse of 1 second
duration in pin#12 when called for the relay of the heaters control.
#include <Adafruit_MAX31855.h>
//#include "max31855.h"
char inChar = 0;
// incoming serial byte
int signalout = 0;
int vccPin1 = A2;
int gndPin1 = A4;
int vccPin2 = A9;
int gndPin2 = A11;
void setup()
{
Serial.begin(9600);
// start serial port at 9600 bps:
pinMode(vccPin1, OUTPUT); digitalWrite(vccPin1, HIGH);
pinMode(gndPin1, OUTPUT); digitalWrite(gndPin1, LOW);
pinMode(vccPin2, OUTPUT); digitalWrite(vccPin2, HIGH);
pinMode(gndPin2, OUTPUT); digitalWrite(gndPin2, LOW);
pinMode(12, OUTPUT);
delay(500);
}
void loop()
{
// if we get a valid byte, read analog ins:
if (Serial.available() > 0) {
// get incoming byte:
inChar = Serial.read();
if (inChar == 'Z') {
int thermoDO = A5;
int thermoCS = A6;
int thermoCLK = A7;
Adafruit_MAX31855 thermocouple(thermoCLK, thermoCS, thermoDO);
Serial.println(thermocouple.readCelsius());
}
if (inChar == 'Y') {
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int thermoDO = A12;
int thermoCS = A13;
int thermoCLK = A14;
Adafruit_MAX31855 thermocouple(thermoCLK, thermoCS, thermoDO);
Serial.println(thermocouple.readCelsius());
}
if (inChar == 'A') {
digitalWrite(12, HIGH);
delay(1000);
digitalWrite(12, LOW);
}
}
}

6.3

Probe arm temperature in the Seebeck setup

Figure 6.4 represents the temperature of the probe tip arm in 3 different cases:
1- When using the resistive heaters without any shield around the probe arms, the probe
arm temperature is ~0.69 times the chuck temperature.
2- When using a thin aluminum shield around the chuck with the probe arms, the
temperature of the arms is enhanced to ~0.73 the chuck temperature.
3- When using the inductive heater, the heating elements in the setup are U-shaped steel
plates that surround and heat the probe arms through eddy currents. The temperature of
the probe arms in this case is ~0.77 the chuck temperature, higher than the arm
temperatures in the previous tests.
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Figure 6.4. Probe arm temperature measured with a thermocouple attached directly to the
probe arm ~2 cm from the surface of the chuck.

6.4

Error propagation calculation (Seebeck coefficient)

Calculation of standard errors on the fit parameters is implemented in LabVIEW
using a Matlab script (Figure 6.5). Using simple linear regression, the error on the
intercept 𝑆𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 and the error on the slope 𝑆𝑠𝑙𝑜𝑝𝑒 are calculated as follows:
1

𝑋̅ 2

𝑆𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = 𝑆𝑌.𝑋 √𝑛 + 𝑆𝑆

(6.1)

𝑋

with 𝑆𝑌.𝑋 = 𝑅𝑀𝑆𝐸,the root mean square error from the Goodness of Fit VI (Figure 6.6),
𝑋̅ is the mean of 𝑋𝑖 , and 𝑆𝑆𝑋 = ∑ 𝑥 2 = ∑(𝑋𝑖 − 𝑋̅)2 = (𝑛 − 1)𝑉𝑎𝑟(𝑋),
𝑆𝑠𝑙𝑜𝑝𝑒 =

𝑎
√𝑛−2

√

1
𝑟2

−1

(6.2)

with a is the slope, 𝑛 is the number of data points and 𝑛 − 2 is defined as the degree of
freedom DOF; 𝑟 2 is a normalized parameter to measure the goodness of fit obtained from
the Goodness of Fit VI.
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Figure 6.5 Error on the Fit parameters. Matlab script calculation code.

Figure 6.6. Goodness of Fit VI.
Intercepts obtained from the linear fit of the IV curves correspond to the open
circuit voltages used for Seebeck coefficient calculation. Standard errors on the intercept
calculation are included in the Seebeck calculation.

6.5 Amplifier circuit for Hall measurement setup
Figure 6.7 represents the connection diagram of the AD620AN operational
amplifier circuit to the sample to amplify the measured Hall voltage with a gain of ~50.
The op-amp circuit is powered with the Voltage Source Units (VSUs) of the parameter
analyzer set to +15 V and -15 V and the gain of the circuit is given by [116]:
𝐺=

49.4×103
𝑅𝐺

+1

(6.3)

where RG is the resistance value put between pin 1 and pin 8 of the op-amp integrated
circuit.
When the relays are in ON position, the contacts 1, 2, 3, and 4 on the sample are
connected to SMU1, SMU2, SMU3, and SMU4 respectively. This configuration is used
to collect the I-Vs necessary for the resistivity calculation. When applying the magnetic
field, the relays are switched to the opposite position (OFF) and the contacts 2 and 4 on
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the sample are connected to the inputs of the Op-amp. The output of the Op-amp which is
the amplified Hall voltage is sensed with the SMU2.
Relay card

1

4

VSU1
SMU4

2

3

_

SMU3
+
VSU2
SMU2
SMU1

Figure 6.7. Connection of operational amplifier to the sample through a relay card.

6.6

Room temperature Hall measurement setup

The room temperature Hall measurement setup is conceived similarly to the setup
described in Chapter 2 but the chuck supporting the sample and the articulated electrical
contacts is made of Plexiglas. Since the chuck is thin, the separation between the
permanent magnets in the frame is only 1” (Figure 6.8), resulting in higher magnetic
strength in the measurement area. Figure 6.9 shows the magnetic field strength
distribution measured between the magnets at the sample level.

Figure 6.8. Room temperature Hall measurement setup magnetic frame.
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Figure 6.9. Magnetic field strength measured between the magnets for room temperature
Hall measurement setup.

6.7

S-T and R-T measurement results on TiN and TiW thin films

TiN and TiW alloys are commonly used in electronic device technology for
metallization and to form a barrier to prevent diffusion of metal from interconnects into
semiconductors in VLSI circuits [117]–[120]. These metallic alloys are also used as
electrodes for photodetectors [121] and solar cells [122]. Stoichiometric TiN thin films
have high electrical conductivity and are used as interconnectors in ultra-large-scale
integrated circuits and also as resistors in monolithic microwave integrated circuits.[123]
TiW alloy is known for its low resistivity and Ohmic contacts with low resistivity silicon
which are electrically and physically stable at high temperatures, up to ~ 650° C [124].
Recentely, TiW and TiN are also being used as heaters in phase change memory
(PCM) devices [125],[126]. TiW and TiN alloys offer good lattice match with Ge2Sb2Te5
(GST) chalcogenide used for PCM devices [127].
700 nm 1:1 TiN thin film is deposited by physical vapor deposition (PVD) technique on
600 nm silicon dioxide layer grown on a silicon substrate. 350 nm thin TiW film with 90%
titanium composition is deposited by sputtering from elemental Ti and W targets on 1 μm
silicon dioxide on silicon substrate. Samples of 30 mm × 5 mm in bar shape were cleaved
from the processed wafers and used for the S-T measurement. Figure 6.10 shows the crosssectional images of the metal films.
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a)

b)

500 nm

200 nm

Figure 6.10. Cross sectional SEM images of a) 700 nm TiN thin film and b) 350 nm TiW
thin film.
Seebeck coefficient in metals is given by [128],[129]:
𝜋2 𝑘 2 𝑇

𝑆 ≈ − 3𝑒𝐸 𝑥

(6.4)

𝐹0

where k is the Boltzmann constant, T the absolute temperature, e the electron charge, EF0
the Fermi energy at 0 K, and x is a numerical constant used by Mott and Jones to include
the energy dependence of the scattering processes. This numerical constant x was
extended in the mean-free-path model developed by C. R. Pichard et al. for Seebeck
coefficient in polycrystalline metal films, taking also the thickness dependence into
account, which is given by [130]:
𝑆= −

𝜋2 𝑘 2 𝑇
3𝑒𝐸𝐹

𝐵

[𝑉 + 𝑢 𝐵𝑏 (1 −
0

3𝑙0 (1−𝑝) 𝜎𝑏
8𝑡

𝜎0

)]

(6.5)

where EF is the Fermi energy, p is the surface scattering parameter, Bb and B0 are the
temperature coefficient of resistance (TCR) of bulk and infinitely thick film, σb and σ0 are
the conductivity of bulk and infinitely thick film, and t the thickness of the film.
𝑢 = (𝑑𝑙𝑛𝑙0 /𝑑𝑙𝑛𝐸)𝐸=𝐸𝐹

and

𝑉 = (𝑑𝑙𝑛𝐴/𝑑𝑙𝑛𝐸)𝐸=𝐸𝐹

where l0 is the electronic mean free path in the bulk material and A is the area of the Fermi
surface.
Carrier mean free path was reported around 45 nm for TiN [131], 19.1 nm for
tungsten [132], and less than 4 nm for titanium [133]. Our film thicknesses are relatively
large (700 nm) compared to the mean free path of the carriers and thickness dependence of
Seebeck coefficient is not expected to be significant in our measurement, as in previous
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works on thin metal films [134] of gold [135] and gold-silver alloy [136] where the film
thickness is larger than the carrier mean free path. Equation 6.4 leads to the variation of the
scattering processes in the film with temperature.
Figure 6.11 and Figure 6.12 show the S-T and the R-T data measured simultaneously
on 3 different TiN samples from the same wafer. The S-T characteristics confirm the ntype transport for TiN (Hall effect carrier concentration n~ 8.3ᵡ1022 cm3 [137]).
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Figure 6.11. S-T characteristics measured on 3 different TiN samples labeled S1, S2 and
S3, with 2 tests for each sample. The dashed curve is the average of all the data smoothed
with 5 points window. The scattering coefficient x is calculated using eq. 6.4 for EFO = 2.7
eV from reference [137].
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Figure 6.12. R-T characteristic on 3 different TiN samples labeled S1, S2 and S3, measured
simultaneously with the S-T data in Figure 6.11. We believe the higher resistance of the
sample in test 2 is due to oxidation of the sample which increases the contact resistance.
Figure 6.13 and Figure 6.14 show the S-T and the R-T characteristics measured
simultaneously multiple times on 2 different TiW samples. The TiW S-T characteristics
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show the same trend as those of TiN but with higher amplitude. The R-T characteristics for
TiW however show more stability and continuity from one measurement to another, which
implies better resistance of TiW to oxidation than TiN as reported in literature [138].
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Figure 6.13. S-T characteristic measured on 2 different TiW samples labeled S1 and S2, in
multiple tests. The dashed curve is the average of all the data smoothed with 5 points
window.
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Figure 6.14. R-T characteristic on TiW samples S1 and S2, measured simultaneously with
the S-T data in Figure 6.13. S1 and S2 are measured at the same time in each test.
Since 2-point resistance measurements did not show consistent repeating
characteristics, we measured the resistivity of the samples with the 4-point van der Pauw
method [139] on a square shape sample of ~ 1 cm side, using the Hall measurement setup
[140]. These van der Pauw resistivity measurement results are plotted in Figure 6.15 and
Figure 6.16.
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Figure 6.15. van der Pauw Resistivity measurements on two square shape TiW samples
(from same wafer) in multiple tests using the Hall measurement setup.
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Figure 6.16. van der Pauw Resistivity measurements on a square shape TiN sample in
multiple tests using the Hall measurement setup. Test numbers in the legend indicate the
measurement order.
The Seebeck coefficient also depends on element composition of the alloy as
reported by Mott and Jones [129] and changing the Ti:N ratio or Ti:W ratio will alter other
parameters such as thermal conductivity and electrical conductivity. The sample that we
measured had a 1:1 ratio for TiN, 1:9 ratio for TiW, and we have not investigated the alloys
with other atomic ratios. These measurements were sufficient for our modeling purposes
[24] since these are the compositions used materials in our devices.
Although the Seebeck coefficient for tungsten is positive (0.13~17.57 μV/K in
0~727 °C range) [141], the 10 % W composition in our TiW films resulted in an overall
negative Seebeck coefficient, with roughly doubled magnitude in comparison with TiN
film (maximum S~-150 μV/K for TiW versus S~-70 μV/K for TiN).
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