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Metal-insulator-metal (MIM) and dual-insulator MIM (MIIM) devices are used in 

rectennas, hot-electron transistors, single electron transistors, resistive random access 

memory (RRAM), and capacitors. The performance of these devices relies heavily on the 

energy barrier height at each metal-insulator interface. Thus, determination of the in-situ 

electron energy barrier at each interface is critical to accurately predicting charge 

transport and confidently integrating new materials into microelectronic devices. Internal 

photoemission (IPE) spectroscopy is a well-established electro-optical technique that 

allows for direct measurement of interfacial energy barriers within a device structure. 

Although IPE has widely been used to characterize the interfaces between various 



   

 

polycrystalline elemental metals and oxides within MOS structures, there have been 

relatively few reports of IPE within MIM structures.  

First, MIM structures with amorphous metal bottom electrodes are investigated 

via IPE. Amorphous metals are attractive for use in the aforementioned devices owing to 

their ultra-low roughness which gives rise to a highly uniform electric field in the 

ultrathin sandwiched insulator(s). IPE is used to measure the energy barrier heights in 

MIM device structures between either amorphous metal ZrCuAlNi, Ta-based amorphous 

metals (TaNiSi and TaWSi), or polycrystalline TaN and insulators deposited via atomic 

layer deposition (ALD). It is found that the Ta-based amorphous metals exhibit the 

largest barrier heights. The effect on the barrier height of a number of interfacial non-

idealities are explored, including an interfacial ZrOx layer on ZrCuAlNi. A comparison is 

also made between Al and Au top electrodes for devices with a TaWSi bottom electrode, 

unexpectedly showing an effect of the top electrode on the bottom electrode barrier 

height. It is found that IPE energy barriers are consistent with current-voltage asymmetry 

of MIM diodes, whereas ideal Schottky model predictions of barrier heights were 

inconsistent. 

Next, ALD ruthenium top electrodes are investigated in both MIM and MOS 

structures. ALD metals such as ruthenium are promising electrode materials with 

growing interest for applications that require conformal, pinhole free conductive films, 

particularly for high aspect-ratio structures. Ru, due to relatively low bulk resistivity, 

high work function, a conductive oxide (RuO2), and ease of etching, is of interest as a 

gate electrode for MOS transistors, metal-insulator-metal (MIM) capacitors, RRAM, and 

tunnel diodes, as well as a conductive Cu diffusion barrier/liner for Cu interconnects. IPE 



   

 

is used to directly measure the φBn between ALD dielectrics Al2O3 and HfO2 and ALD 

Ru, both as-deposited and after a post-metallization anneal. Large barrier heights are 

found, supporting use of Ru as a gate electrode. It is found that barrier heights are 

relatively unaffected by the post-metallization anneal. The effects of interfacial oxides 

and interfacial charge trapping on the measured barrier heights are discussed.  

IPE is also utilized to study ALD ferroelectric HfZrOx. There has been increasing 

interest in ferroelectric materials for non-volatile memory applications. Barrier heights at 

the interface of ALD ferroelectric HfZrOx films and various metals are determined 

within MIM structures on TaN bottom electrodes. Knowledge of these technologically 

relevant barrier heights will assist in integration of ALD ferroelectric HfZrOx into non-

volatile memory devices. 

Finally, bi-layer stacks of Al2O3 and Ta2O5 with differing ratios are characterized 

with current-voltage analysis and preliminary IPE measurements. Conduction 

mechanisms are proposed for all regions of current-voltage behavior and it is found that 

device performance may be engineered using the relative thicknesses of the insulators. 

Preliminary IPE results suggest that the insulator offset within the MIIM device may be 

determined using a standard IPE approach.  
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1 INTRODUCTION 
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Internal photoemission (IPE) spectroscopy is an electro-optical technique that 

allows for direct measurement of specific interfacial energy barriers within a metal-

insulator-metal (MIM) or metal-insulator-semiconductor (MOS) device.1–3 This is 

particularly useful in work with MIM tunnel diodes, which are of interest for use in high-

speed applications such as rectenna based energy harvesting of IR radiation,4–6 as 

building blocks for beyond CMOS hot-electron (MIMIM) transistors,7,8 and for use in 

resistive random access memory.9 Many of these devices ideally operate via Fowler-

Nordheim tunneling (FNT), which is strongly dependent both on electric field and the 

height of the energy barriers between the two metal electrodes and the insulator, denoted 

as φB in Fig. 1.1. Ideally, φB is defined as the difference between the metal work function 

(ΦM) and the insulator electron affinity (χi) at a given interface. However, the φB at real 

interfaces generally does not match this ideal value due to a number of potential non-

idealities such as interfacial dipoles, charge trapping, and interfacial oxides. Because 

FNT is strongly dependent on the metal/insulator barrier heights in the device, knowledge 

of the real barrier heights within devices is critical for predicting, understanding, and 

optimizing MIM diode device operation. IPE is uniquely qualified for this as it is the only 

technique to directly measure the insitu energy barrier heights, accounting for any non-

idealities at the interface that may affect the barrier height.10,11 
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Figure 1.1: Band diagram of a metal-insulator-metal device with dissimilar metal 
electrodes, showing the two different barrier heights (φB) that arise due to the two 

different metal work functions (ΦM). Vbi is the difference in the two metal work 
functions. 

 

A schematic of the IPE system at Oregon State University is shown in Fig. 1.2. 

All components of the system are controlled via LabVIEW. In this system, a sample is 

exposed to light while electrical measurements are simultaneously performed. The light 

originates from a 150 W Xe arc lamp with a shutter that can be opened and closed 

remotely such that measurements may be performed both with and without light on the 

sample. The light then passes through a monochromator that selects a single wavelength 

of interest and then a collimating lens. A filter wheel which houses two long pass filters 

is then placed in the light path to filter out second-order diffraction from the 

monochromator. From the filter wheel, the light is then shined onto the device of interest 

using a parabolic mirror focused to a spot size of approximately 1 mm2. Electrical 

measurements are performed with bias applied to the bottom electrode from a DC voltage 

source while the top electrode is held at ground where current is measured with an 

electrometer.  

EFM1 EFM2

φB1

ΦM1

 χi Evac, local

ΦM2

φB2

Vbi



4 

 

 

Figure 1.2: Schematic of the internal photoemission (IPE) spectroscopy system at 
Oregon State University. 

 

Prior to IPE measurement, a standard current-voltage sweep is performed with no 

illumination. Next, a small bias (+/-2 V) is applied to the device and the voltage is held 

constant for 3 minutes to allow time for the current to settle, and the “dark-current” 

measurement is taken. This value is used in analysis. Next, light is shined onto the device 

and a current measurement is taken at each step in photon energy. Typically, this is done 

over the photon energy range of 2 to 5 eV with 0.1 eV steps. When the photon energy is 

approximately equal to the spectral threshold of the interest, there will be an increase in 

photocurrent as electrons are emitted over the barrier. After the photon energy sweep is 

completed, the bias is then stepped to the next value and the process is repeated. 

Measurements are performed at an array of biases, typically +/-2 eV, to allow for 

emission from both the top and bottom electrodes. 

One important design consideration for devices to be measured with IPE is that 

the top electrode must be semi-transparent to light within the range of photon energies to 

be tested. Additionally, the insulator thickness must be thick enough such that internal 

photoemission is the dominant source of current flow in the voltage range used in IPE 
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testing, which is typically +/-2 V. This means that it must be thick enough to prevent 

direct tunneling or Fowler-Nordheim tunneling within the testing voltage range. The 

insulator must also have minimal trapping, and the barrier itself should be greater than 1 

eV such that internal photoemission dominates over thermionic emission in the measured 

photocurrent.12  

The internal photoemission process is typically modeled as a three-step process 

consisting of the optical excitation of the carrier, transport to the interface, and escape 

over the barrier. It can be characterized by the quantum yield Y, which is the photocurrent 

normalized to the number of incident photons.5 The quantum yield can be calculated from 

the escape probability for carriers over the barrier P(E) and the energy distribution 

function carriers N(E) using the equation13 

𝑌(ℎ𝜈) = ∫ 𝑁(𝐸)𝑃(𝐸)𝑑𝐸
௛జ

଴
.       (1) 

Near the photoemission threshold, this can be simplified to14  

𝑌(ℎ𝜈) = 𝐴(ℎ𝜐 − Φ)௣.              (2) 

where A is a constant, hυ is the photon energy, Φ is the threshold energy, and p is 

a fitting parameter dependent on the shape of the energy distribution function. In the case 

of a metal, the energy distribution at the surface is described as a step function, and in the 

case of a semiconductor it is described as a linear function.14 This gives a p value of 2 for 

a metal emitter and a p value of 3 for a semiconductor emitter. 

In order to determine barrier heights from IPE data, the measured current is 

corrected by subtracting the dark current or leakage current at each applied bias such that 
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only photocurrent is analyzed. The quantum yield is then calculated and plotted as Y1/p 

versus hν and the spectral threshold (Φthresh) is found, where Φthresh is the photon energy 

at which photoemission over the barrier begins. Spectral thresholds are determined using 

an algorithm to find the largest region of the Y1/2 curve with the highest linearity, as 

determined from the R2
 value of a linear regression. After the region for linearization is 

determined, the x-intercept is calculated, giving Φthresh for that specific bias. Φthresh values 

are then plotted as a function of the square root of the electric field in the oxide, taking 

into account the built-in field in the device. The y-intercept of a linear regression of this 

data is then found in order to obtain the zero-field barrier height, φB, to account for field-

dependent barrier lowering.15 Ideally, this field dependence is due to image-force barrier 

lowering, and the slope of the extraction is dependent on the dielectric constant of the 

oxide. However, this may not always be the case due to non-idealities such as the 

presence of charges near the interface or interfacial layers, and is typically reported for 

metal-insulator barriers 16–18. 

In this manner, IPE may be used to extract the insitu barrier height at metal-

insulator interfaces. IPE may also be used to determine the slope parameter for new 

insulators of interest by measuring the barrier height at the interface of this insulator and 

multiple metals.18 In addition to the barrier height, there are a number of additional 

insights that can be gained from IPE data, including information on interfacial layers, 

dipoles, and charge trapping.  For example, the slope of the linear fit to the Schottky plot 

is related to the dielectric constant of the insulator. However, Schottky plots of the same 

insulator but different metal interfaces often exhibit differing slopes. Afanas’ev et al. 

report this for Al2O3 and ZrO2 with the metal-insulator interface showing weaker field 
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dependence than the metal-semiconductor interface and indicate that that could be due to 

a sheet of negative charges near the metal interface.18 The slope of the Schottky plot can 

also be related to lateral non-uniformity of the metal work function.19 

In this work, several novel MIM and MOS devices have been characterized using 

internal photoemission spectroscopy and current-voltage measurements. First, the barrier 

heights at the interface between amorphous metals and ALD insulators are determined 

with IPE using MIM structures. Amorphous metals are of interest for a number of 

applications, including as bottom electrodes in tunnel diodes. This is because these 

amorphous metals are atomically smooth, allowing for a uniform electric field within a 

MIM device. Three amorphous metals are examined as bottom electrodes in this work. In 

Chapter 2, ZrCuAlNi is characterized in contact with a number of ALD insulators. This 

amorphous metal has proven to be beneficial in thin MIM tunnel diodes, however it 

suffers from poor thermal stability.20 To address this drawback of ZrCuAlNi, amorphous 

metals TaWSi and TaNiSi were characterized with IPE in Chapter 3, along with TaN, a 

metal commonly used in the semicondutor industry. Both of these Ta-based amorphous 

metals exhibit a larger work functions than ZCAN, improved thermal stability,21,22 and 

minimal interfacial layer. In Chapter 4, the barrier height of ruthenium deposited via 

atomic layer deposition was characterized as a top electrode in both MIM and MOS 

devices. There has been enhanced interest in Ru in recent years due its high work 

function, ease of etching, and conductive oxide. Knowledge of the barrier heights present 

at the interface of ALD oxides and ALD Ru can be beneficial in understanding interface 

properties and the effect of annealing. In Chapter 5, an ALD ferroelectric insulator, 

HfZrOx, is characterized via IPE within MIM devices using an array of top electrodes, 
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allowing for determination of barrier heights, the slope parameter for this insulator, and 

the band gap. In Chapter 6, metal-insulator-insulator-metal devices intended for high 

voltage applications and one-time-programmable applications are characterized with 

current-voltage measurements and conduction mechanisms are assessed for each region 

of operation. In Chapter 7, initial results are presented, including IPE measurements of 

the devices from Chapter 6 and IPE measurements of solution deposited insulators in 

comparison with ALD insulators. 
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2.1 Introduction 

As scaling becomes increasingly difficult, continued advancement of 

microelectronics now relies on the introduction of new materials with properties chosen 

to address current challenges. For example, ultra-smooth electrodes are needed to ensure 

uniform control of the very high electric fields placed across ultra-thin insulators in 

metal-insulator-metal (MIM) structures used for capacitors, resistive random access 

memories (RRAM), hot-electron transistors, single-electron transistors, and tunnel diodes 

for high speed rectifying applications including rectennas and infrared detection.1–9 New 

metal gates with low and uniform work function (ΦM) are needed to maximize capacitive 

control of the channel and minimize threshold voltage (Vth) variation in 

metal/oxide/semiconductor field-effect transistors (MOSFETs).10-13 A promising solution 

to both of these challenges is the use of amorphous metals. The lack of grain boundaries 

in an amorphous metal (i) allows an ultra-smooth surface that avoids topography induced 

electric field enhancement, improving yield and reducing current hot spots and early 

breakdown in MIM devices,13-17  and (ii) avoids lateral work function variation due to 

different grain orientation, improving subthreshold slope and Vth control in MOS 

devices.10-13 Recently, it was shown that using the amorphous metal zirconium-copper-

aluminum-nickel (ZrCuAlNi) as an ultra-smooth bottom electrode with insulators 

deposited via atomic layer deposition (ALD) enables reproducible fabrication of MIM 

diodes with stable current-voltage behavior.14–17  

In order to accurately predict charge transport and confidently integrate new 

materials such as amorphous metals into microelectronic devices, accurate knowledge of 

the in situ electron energy barrier at each new interface is required. In general, the heights 
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of these metal-insulator barriers may not be accurately predicted using the bulk properties 

of the materials measured in vacuum (ideally φBn = ΦM – χI,18 where χI is the electron 

affinity) due to processing induced differences, metal induced gap states, and non-

idealities such as Fermi-level pinning, charge trapping defects, dipoles, and band tailing, 

etc. at metal-insulator interfaces.19,20 The standard method of extracting barrier heights 

from current-voltage data frequently does not produce accurate results due to temperature 

dependent conduction mechanisms and a lack of precise knowledge of the built-in 

voltage (Vbi). X-ray photoelectron spectroscopy (XPS) is limited to the material 

properties in vacuum, rather than in intimate contact with another material with which 

there may be interactions. Internal photoemission (IPE) spectroscopy, on the other hand, 

is a well-established electro-optical technique that allows direct measurement of specific 

interfacial energy barriers within a device structure.21–23 Although IPE has been widely 

used to characterize the interfaces between various polycrystalline elemental metals and 

oxides within MOS structures,21 there have only been a few reports of IPE within MIM 

structures,23–27 many of which were on native oxides rather than high quality deposited 

oxides, and no reports of IPE on amorphous electrodes.  

In this work, IPE spectroscopy is used to directly measure the in situ barrier 

heights in MIM structures between ZrCuAlNi, an amorphous metal alloy bottom 

electrode, and several technologically relevant insulators deposited via atomic layer 

deposition (ALD). 
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2.2 Experimental Procedure 

IPE devices in this study were fabricated on silicon substrates with 100 nm of 

thermally grown SiO2.  ZrCuAlNi bottom electrodes were deposited on the SiO2 using 

DC magnetron sputtering from a single alloy target of Zr40Cu35Al15Ni10, either at Oregon 

State University or at the U.S. Army Research Lab. ZrCuAlNi films are amorphous and 

have a root-mean square roughness of ~ 0.3 nm. A detailed report on the deposition and 

physical properties of ZrCuAlNi may be found in [16]. Various insulators were deposited 

on the ZrCuAlNi bottom electrode using ALD to target an insulator thickness of roughly 

10 nm. SiO2 was deposited with plasma-enhanced ALD (PEALD) using 

bis(diethylamino)silane and oxygen plasma as precursors in a Picosun SUNALE R-200 

reactor at 200 °C. Al2O3, HfO2 and ZrO2 were deposited using thermal ALD in a Picosun 

SUNALE R-150 reactor at 250 °C.  The precursors used for Al2O3, HfO2 and ZrO2 were 

trimethylaluminum (TMA), tetrakis(ethylmethylamino)hafnium, and 

tetrakis(ethylmethylamino)zirconium, respectively, all with water as the oxidizing agent. 

A 10-15 nm thick 200 μm square of thermally evaporated Al serves as a semi-transparent 

electrode for the IPE measurements, and a 100 nm thick 100 μm square Al serves as 

contact pad, with both Al films being polycrystalline.28 Al2O3 and SiO2 films deposited 

under these conditions are expected to be amorphous.16,29 Similarly deposited 5 nm thick 

HfO2 on ZrCuAlNi was shown to be amorphous by transmission electron microscopy.28 

For the HfO2 and ZrO2 samples deposited on ZrCuAlNi, X-ray diffraction (XRD), 

performed with a Bruker D8 XRD system, showed no crysallization within the resolution 

of the tool.  To avoid crystallization of the ZrCuAlNi, no post-deposition anneals were 

performed. 
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IPE measurements were performed both at the National Institute of Standards and 

Technology and on a similar system built at Oregon State University. Details of this 

system are described elsewhere.30 Bias was applied to the bottom ZrCuAlNi electrode 

and the top Al electrode was grounded. A 150 W Xe arc lamp light source was passed 

through a monochromator, followed by a long-pass filter to remove second-order 

diffraction. The long pass filter is changed at 2.6 and 3.8 eV. The light was then focused 

onto the device of interest using a parabolic mirror with a final spot size of 1 mm2. At 

each applied bias, the current was measured as the photon energy (hν) was swept from 

1.5 to 5 eV. The IPE yield (Y) is defined as photocurrent normalized to the incident 

photon flux. The spectral threshold (φthresh) of the IPE quantum yield is found using a 

linear extrapolation of a Fowler plot of Y1/2 versus hν to the x-axis.21,30 The portion of the 

Y1/2(hν) plot used for determination of φthresh, referred to as the extraction window, can 

significantly affect the final extracted barrier height (φBn). Considerations for the 

extraction window include photoconduction at high photon energies, sub-threshold 

emission at lower energies either into band-tail states of the conduction band or defect 

levels in the oxide, and lateral non-uniformity of the barrier.23 In this work, φthresh 

extraction was performed using an algorithm which employed a moving window to 

determine the region of highest linearity from the yield curves by comparing the 

coefficient of determination for each window. 
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2.3 Results and Discussion 

Shown in Fig. 2.1 are representative plots of Y1/2 vs. hν for SiO2, Al2O3, HfO2, and 

ZrO2. Fig. 2.1(a) shows emission from the Al top electrode under negative field in the 

insulator. Fig. 2.1(b) shows emission from the ZrCuAlNi bottom electrode under positive 

field. The dashed lines indicate the linear regressions for each sweep that were used to 

determine φthresh. The "peak" at 3.2 eV in the Al2O3 sample is an artifact due to second-

order diffraction in the monochromator (long pass filters were not used for this 

measurement). Although the 3.2 eV artifact could potentially cause an artificially high 

barrier height, the impact of this peak is assumed to be insignificant given the location of 

the window for yield extraction. φthresh values were determined by extrapolation from the 

most linear porion of the yield curves. Weak sub-threshold "tails" are observed in the 

Al2O3, HfO2, and SiO2 yield spectra (indicated by dotted lines). For emission from Al, the 

onset of emission occurs as low as 2.0, 1.9, and 3.4 eV; for ZrCuAlNi, the onsets are at 

2.6, 2.9, and 3.1 eV for Al2O3, HfO2, and SiO2, respectively. Emission tails can be caused 

by conduction band tail states in these amorphous insulators. The broader nature of the 

subthreshold tails for emission from Al may be due to additional lateral non-uniformities 

caused by variation of the Al workfunction on different faces of the crystalline Al grains, 

which is absent for the amorphous ZrCuAlNi.31 
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Figure 2.1: Representative plots of Y1/2 vs. hν for ZrCuAlNi/insulator/Al devices 
under (a) negative field (emission from the Al electrode) and (b) positive field 

(emission from the ZrCuAlNi electrode).  Curves are taken at ξ1/2 values of +/- 0.7 
(MV/cm)1/2 for SiO2 and HfO2, +0.22/-0.7 (MV/cm)1/2 for ZrO2, and +1/-1.2 

(MV/cm)1/2 for Al2O3, where ξ is defined as the field in the insulator corrected for 
Vbi. The linear extractions for the spectral thresholds are shown as dashed lines, 

weak "tails" are indicated with dotted lines. 
 

In order to correct for any image force or field induced barrier lowering that may 

be present, the φthresh values determined from Y1/2 vs. hν plots at multiple applied biases 

are plotted vs. the square root of the insulator field (ξ1/2) at which they were collected. 

Note that ξ1/2 is corrected for the Vbi of each device (taken as the voltage at which 

emission switches from the top to the bottom electrode). Shown in Fig. 2.2 are Schottky 

plots (hν vs. ξ1/2) for all devices at (a) positive and (b) negative ξ. The zero-field barrier 

heights for (a) the Al interface (φBn-Al) and (b) the ZrCuAlNi interface (φBn-ZrCuAlNi) were 

then extracted from the y-axis intersection of extrapolated linear fits of the φthresh's. 

Although image force barrier lowering should ideally be present in all of these device 

structures and should be more pronounced for the lower dielectric constant insulators, no 

correspondence of the slopes of these plots to insulator dielectric constant was found. The 

lack of correspondence is often reported in IPE of metal-insulator interfaces and has been 
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attributed to interfacial charge or to the presence of an interfacial layer (IL) oxide at the 

injecting (either Al or ZrCuAlNi) interfaces. 32,33 

Fig. 2.2 (c) shows energy band diagrams based on these experimentally 

determined φBn values (shown as solid lines) superimposed on theoretical band diagrams 

(dashed lines). The theoretically predicted band diagrams are constructed from literature 

values of the vacuum metal work functions (ΦZrCuAlNi = 4.8 eV, ΦAl = 4.2 eV) and 

insulator electron affinities (χinsulator), applying the ideal model (φBn = ΦM – χI). Literature 

values of insulator bandgaps are used for both sets of band diagrams. φBn-Al, φBn-ZrCuAlNi, 

and the barrier difference, φBn, ZrCuAlNi-Al, for each insulator are tabulated in Table 2.1.  

 

 
Figure 2.2: Schottky plots of φBn vs. ξ1/2 for (a) negative bias IPE (emission from Al 
interface) and (b) positive bias (emission from ZrCuAlNi interface).  Dashed lines 

show the extrapolated linear fits. The φBn's are taken from the intersection with the 
y-axis. (c) The resulting energy band diagrams of all devices based on IPE barrier 
heights measured in this work (solid lines) superimposed on band diagrams based 
on literature values of electron affinity and work function (dashed lines). Bandgap 

values taken from literature.15,18 
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Table 2.1: Results for barrier heights presented in this work as compared to 
previously reported values by IPE. 

Insulator (χi) 
Measured Literature 

φBn,Al (eV) φBn,ZrCuAlNi 
(eV) 

φBn,Al 
(eV) 

φBn, ZrCuAlNi-Al 
(eV) 

SiO2 (0.9 eV 40) 3.3 3.8 -0.5 3.15 33 (thermally grown) 

Al2O3 (1.4 eV 41) 3.2 3.0 0.2 2.9 33 (ALD - TMA) 

HfO2 (2.25 eV 42) 3.0 3.0 ~0.0 2.5 34 (CVD) 

ZrO2  (2.75 eV 43) 2.2 2.2 ~0.0 2.7 33 (ALD - ZrCl4) 

 

At the ZrCuAlNi interface, the IPE measured φBn,ZrCuAlNi were 3.3, 3.2, 3.0, and 

2.2 eV for SiO2, Al2O3, HfO2, and ZrO2, respectively. This trend is consistent with the 

trend of literature reported band gaps of the respective oxides. The measured φBn,ZrCuAlNi, 

however, is smaller than that expected from φBn,ZrCuAlNi = ΦZrCuAlNi - χinsulator for both SiO2 

and Al2O3. In prior work, ΦZrCuAlNi was reported to be 4.8 eV via Kelvin probe 

electrostatic voltmeter measurement.16 Assuming ΦZrCuAlNi = 4.8 eV, predicts φBn,ZrCuAlNi = 

3.9, 3.4, 2.55, and 2.05 eV, for SiO2, Al2O3, HfO2, and ZrO2 respectively. These results 

suggest a smaller ZrCuAlNi effective work function than was previously reported.  

At the Al interface, measured φBn,Al were 3.8, 3.0, 3.0, and 2.2 eV for SiO2, Al2O3, 

HfO2, and ZrO2, respectively. Assuming ΦAl = 4.2 eV predicts φBn,Al = 3.3, 2.8, 1.95, and 

1.45 eV, for SiO2, Al2O3, HfO2, and ZrO2 respectively. All Al barriers are thus larger 

than expected from ΦAl - χinsulator. Also shown in Table 2.1 are previously reported IPE 

results for φBn,Al values of 3.15, 2.9, 2.5, and 2.7 eV for SiO2, Al2O3, HfO2, and ZrO2 

respectively.33,34  These values are also all larger than predicted.  Compared to previous 
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reports, our measured φBn,Al values for SiO2 and HfO2 are larger, while our value for ZrO2 

is smaller. It should be noted that barrier heights depend critically on the microscopic 

details of the metal insulator interface. For example, metal vacuum work functions are 

known to vary with crystal face, deposition technique, surface preparation, etc. In 

addition, all of these previous insulators were synthesized by a different technique 

(thermal SiO2, chemical vapor deposited (CVD) HfO2) or used a different ALD precursor 

(ZrCl4 for ZrO2) than used here. It is worth noting that for ALD Al2O3 deposited using 

the same precursor (TMA), the φBn,Al reported here matches closely with that reported in 

literature (2.97 vs. 2.9 eV, respectively). 

As shown in Fig. 2.1, φthresh values for the onset of strong emission were 

determined by extrapolation from the most linear portion of the yield curves. Weak, sub-

spectral-threshold "tails" are observed in the Al2O3, HfO2, and SiO2 yield spectra. For 

emission from Al, the onset of emission in these tails (dotted fits in Fig. 2.1) occurs as 

low as 3.4, 2.0, and 1.9 eV; for ZrCuAlNi, the onsets are at 3.1, 2.6, and 2.9 eV, for SiO2, 

Al2O3, and HfO2, respectively. These weak low energy emission tails may be caused by 

conduction band tail states or defect levels in the amorphous insulators or perhaps by a 

lower bandgap IL oxide (ZrO2 in the case of ZrCuAlNi).[32] Finally, the broader nature of 

the subthreshold tails for emission from Al may be due to additional lateral non-

uniformities caused by variation of the Al workfunction on different faces of the 

crystalline Al grains.31 

Between the two electrodes, the barrier height difference, φBn,ZrCuAlNi-Al, should 

ideally be equal to the metal vacuum work function difference, ΦBn,ZrCuAlNi-Al ~ +0.6 eV. 

The findings presented in this work, however, show that φBn,ZrCuAlNi-Al  is much smaller 
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than ΦBn,ZrCuAlNi-Al, with φBn,ZrCuAlNi-Al values ranging from +0.2 to -0.5 eV depending on 

the insulator (see Table 2.1), meaning that for some MIM devices measured, the 

ZrCuAlNi barrier is actually lower than the Al barrier. Variation of electrode work 

function difference across different insulators has also been reported in MOS structures.33 

The fact that φBn,ZrCuAlNi-Al < 0.6 eV across all four insulators tested again points towards 

the effective work function of ZrCuAlNi being significantly lower than previously 

reported.  

These results indicate several non-idealities: (i) measured ZrCuAlNi barriers are 

smaller than expected for SiO2 and Al2O3, (ii) all Al barriers are all larger than expected, 

and (iii) φBn,ZrCuAlNi-Al is not consistent across the four insulators tested. One key difference 

between IPE and the Kelvin probe is that the Kelvin probe measures ΦM with respect to 

vacuum, missing any potential contributions from IL oxides, interfacial dipoles, Fermi-

level pinning, or oxide charging in the MIM device structure used for IPE.27,33–35  

Fermi-level pinning can play a role in determining barrier heights of high-k 

dielectrics.36 Because only two metals were measured, we cannot confidently state 

whether Fermi-level pinning plays a strong role here. However, pinning is typically 

absent in SiO2, is weak in unannealed metals on HfO2,36 and previous IPE measurements 

show only weakly pinned Fermi levels for Al2O3 and ZrO2.21 The potential impact of IL 

oxides and dipoles at either or both the ZrCuAlNi or Al interface is considered below.  

One possible cause for the non-idealities is the presence of oxide ILs at the metal 

electrode interfaces. Al has a large enthalpy of reaction with oxygen (ΔHox), meaning that 

when Al is in contact with an oxide that has a cation with a lower ΔHox, the Al will tend 

to react with the oxygen at or near the interface, potentially creating positively charged 
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oxygen vacancies in the ALD oxide37 or forming a thin Al2O3 IL. While it was shown 

that insertion of an SiO2 IL of sufficient thickness can alter the barrier height between 

ZrO2 and Si by suppressing emission over the Si/ZrO2 barrier, an Al2O3 IL did not have 

the same effect because the height of the barrier was too low.38 This suggests that an 

Al2O3 IL alone would not alter the barrier heights of the high-κ oxides. 

At the other interface, ZrCuAlNi is known to grow a thin (~1.5 nm) native oxide 

consisting primarily of ZrOx.16 The low barrier height of a ZrOx IL would also not be 

expected to suppress emission into any of the oxides tested in this work. However, it is 

possible that the low barrier of the sub-stoichiometric ZrOx is acting to effectively 

decrease the barrier height at the ZrCuAlNi/SiO2 and ZrCuAlNi/Al2O3 interfaces by 

acting as a step for photo-excited electrons at lower energies.32 If this were true, the 

ZrCuAlNi/SiO2 and ZrCuAlNi/Al2O3 barriers would be most reduced and the ZrO2 

device would still have a near expected φBn,ZrCuAlNi-Al of 0.6 eV, but this is not the case. In 

fact, the Al2O3 device has the closest φBn,ZrCuAlNi-Al to the Kelvin probe result while the 

ZrO2 device has a φBn,ZrCuAlNi-Al of nearly zero. This indicates that the ZrO2 layer at the 

ZrCuAlNi interface is also not solely responsible for the φBn,ZrCuAlNi-Al deviations though it 

may contribute to the broad sub-threshold emission observed in SiO2, Al2O3, and HfO2, 

as discussed above. 

Another possible cause for the φBn,ZrCuAlNi-Al discrepancies are interfacial dipoles at 

each insulator/electrode interface as well as the interfaces between the ALD oxides and 

the IL oxides. Any dipole that arises near the ZrCuAlNi electrode would likely be 

between the native ZrOx IL and the ALD oxide. Previous studies on interfacial dipoles 

between various high-κ oxides and SiO2 showed a relationship between the oxygen areal 



24 

 

density (σ) difference between the oxides and the resultant flatband voltage shift.35,39 

Assuming that this model applies to all pairs of insulators, since σ is similar for HfO2 and 

ZrO2 there would not be an appreciable dipole present at the ZrCuAlNi electrode in either 

of these devices. However, SiO2 has a larger σ than ZrO2 and Al2O3 has a smaller σ than 

ZrO2. This would lead to dipoles of opposite polarity for the SiO2 device and Al2O3 

device, contrary to the measured φBn,ZrCuAlNi-Al values in Table 2.1.  

At the Al electrode, oxygen-scavenging induced creation of positively charged 

oxygen vacancies in the ALD oxide could lead to the formation of a dipole which would 

lower barriers at the Al interfaces. However, the Al barrier heights for all devices are the 

same or greater than the barriers expected based on ΦAl - χALD insulator. Alternatively, it has 

been shown that high-κ ALD insulators in MOS structures tend to exhibit a negative 

dipole layer at the metal interface.33 This effect was more pronounced in ZrO2 than Al2O3 

and for lower ΦM metals. In our MIM structures, it would be expected that this negative 

dipole would be present on both sides of the insulator, raising both barrier heights. 

Assuming that ΦZrCuAlNi is indeed lower than previously reported, a negative dipole at the 

ZrCuAlNi interface would also account for the relatively larger than expected ZrCuAlNi 

barrier heights for the smaller bandgap insulators. Yet another additional dipole 

contribution at the Al interface could arise due to differences in σ. Again assuming that 

the oxygen areal density model39 applies to all pairs of insulators, there would be an 

additional negative dipole contribution between the previously discussed Al2O3 IL and 

the ALD SiO2, HfO2, and ZrO2 insulators. This additional negative dipole could account 

for the opposite polarity φBn,ZrCuAlNi-Al measured for these three devices and would be 

strongest for SiO2. Taken together, these latter two dipole contributions could account for 
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the larger than expected φBn,Al for all insulators as well as for the variation seen in 

φBn,ZrCuAlNi-Al between each insulator. 

 

Figure 2.3: Representative (a) current density and (b) asymmetry vs. voltage plots of 
the ZrCuAlNi/insulator/Al devices used for IPE measurements. 

 

Finally, shown in Fig. 2.3 are (a) current density (J) and (b) conduction 

asymmetry (ƞasym) vs. voltage (V) plots of all devices. Note that although thermally grown 

SiO2 exhibits significantly less leakage current than ALD SiO2, it is not possible to 

thermally grow SiO2 on a metal electrode. ƞasym is defined as the current density at 

negative bias (J-) divided by the corresponding positive bias (J+) when grounding the 

ZrCuAlNi electrode (ƞasym = |J-/J+|), so that ƞasym = 1 indicates symmetric J-V behavior. 

Qualitatively, the relationship between the top and bottom electrode φBn's can be 

estimated from the asymmetry in the Fowler-Nordheim tunneling (FNT) region, 

assuming a single layer insulator with no IL oxides. If ƞasym > 1, then the ZrCuAlNi 

barrier is greater than the Al barrier; if ƞasym < 1, the opposite is true. Based on ΦZrCuAlNi-Al 

= +0.6 eV, all devices should show ƞasym < 1. In the FNT regions of Fig. 2.3(b), ƞasym > 1 

for Al2O3, indicating that φBn,ZrCuAlNi-Al > 0, in line with predictions. However, both SiO2 

and HfO2 show ƞasym < 1, consistent with φBn,ZuCrAlNi-Al < 0, opposite of predictions. These 
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qualitative assessments of the relative barrier heights of SiO2, HfO2, and Al2O3 from the 

electrical data are all consistent with the measured IPE φBn,ZrCuAlNi-Al values (listed in 

Table 2.1 and illustrated in the band diagrams in Fig. 2.2). For the ZrO2 device, FNT is 

overwhelmed by other conduction processes, and thus it cannot be analyzed in this way. 

It is seen that the IPE measured φBn's explain well the electrical behavior of these MIM 

devices whereas the ideal model does not.  

 

2.4 Conclusion 

IPE spectroscopy was used to directly measure energy barriers between an 

amorphous metal, ZrCuAlNi, and various ALD insulators in MIM device structures. 

These results were compared to barrier heights measured on an opposing Al electrode. 

The ZrCuAlNi barrier heights across all insulators were found to be lower than expected 

from the vacuum properties of the materials, while all Al barrier heights were found to be 

higher than expected. Despite the reported vacuum work function of ZrCuAlNi being 

greater than Al, the Al barrier was found to be higher than the ZrCuAlNi barrier for all 

but the Al2O3 device. These results point toward the effective work function of ZrCuAlNi 

being close to that of Al and are consistent with the presence of negative dipoles between 

the ALD insulators and each metal. These unexpected barrier heights measured using IPE 

were found to agree qualitatively with current-voltage measurements on identical 

devices, whereas ideal theory (φBn = ΦM - χi) does not. These results demonstrate that 

bulk vacuum parameters are insufficient to accurately predict barrier heights and device 

performance in MIM device structures and that experimental determination of barrier 

heights at the actual interfaces is needed. 
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3.1 Introduction 

Metal-insulator-metal (MIM) and dual-insulator MIM (MIIM) structures are used 

in rectifying antennas (rectennas) for infrared energy harvesting,1–3 hot-electron 

transistors,4,5 single electron transistors,6 resistive random access memory (RRAM),7 and 

capacitors.8,9 These devices require the use of a smooth bottom electrode in order to 

produce a uniform electric field across the ultra-thin sandwiched insulator(s).10,11 

ZrCuAlNi, an ultrasmooth amorphous metal, has seen use as the bottom electrode in 

MIM devices,10,12,13 however it is limited by the presence of a ZrOx interfacial layer, a 

relatively low effective work function near that of aluminum,14 and most significantly, a 

low thermal stability limited to less than about 400 °C.12,14 TaWSi and TaNiSi are two 

alternative amorphous metals that show much greater thermal stability, up to 900 °C for 

TaWSi and 600-700 °C for TaNiSi, and are expected to have minimal interfacial 

oxides.15,16 Based on the vacuum work functions of their constituent elements, both 

TaWSi and TaNiSi are expected to have larger effective work functions than ZrCuAlNi 

and are thus more desirable as electrodes for these applications. 

Precise knowledge of metal/insulator barrier heights, φBn, is critical for predicting, 

understanding, and optimizing MIM device charge transport and operation.17 In the 

simplest model, charge transfer across the interface is neglected, and φBn should vary with 

the vacuum work function of the metal, ΦM,vac, so that φBn = ΦM,vac - χi where χi is the 

insulator electron affinity. However, this is not typically the case.17,18 In metal induced 

gap state (MIGS) theory, charge transfer at intrinsic interface traps creates an interfacial 

dipole that drives the metal Fermi level, EFm, towards the charge neutral level of the 

insulator, ECNL,i, the energy at which the dominant character of the interface states in the 
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forbidden gap switches from donor-like to acceptor-like.19,20 Thus, the metal behaves as if 

it has an effective work function, ΦM-eff, different from ΦM,vac, where 

 𝛷ெ,௘௙௙ = 𝐸஼ே௅,௜ + 𝑆(𝛷ெ,௩௔௖ − 𝐸஼ே௅,௜)  (1) 

and where S is the slope of a plot of φBn versus ΦM,vac for a given insulator,  

𝑆 =
డఝಳ೙

డ஍ಾ
.21 (2) 

S describes how much ΦM-eff actually changes in response to a change in ΦM,vac, 

where S = 0 indicates complete "pinning" of EFm at ECNL,i and S = 1 indicates an absence 

of pinning.  

Despite good success of this theory, it is difficult to calculate or determine the 

ECNL for a given material and it is often observed that φBn's can deviate substantially from 

predictions due to extrinsic defects that can arise from processing details such as 

deposition method, interface traps and near interfacial trapped charge due to point 

defects, dipoles due to interfacial chemical reactions, and remote scavenging of oxygen. 

It is therefore necessary to directly measure φBn for each metal/insulator combination. 

An electro-optical technique that allows for the direct measurement of specific 

interfacial energy barriers within a device structure is internal photoemission (IPE) 

spectroscopy.17  Although IPE has been widely used to characterize the interfaces 

between various polycrystalline elemental metals and oxides within MOS 

structures,18,22,23 there have been only a few reports of IPE within MIM structures,17,24–27 

and only one previous report of IPE on an amorphous electrode.14 

In this work, we use IPE spectroscopy to directly measure barrier heights in MIM 

device structures between two new Ta-based amorphous metals (TaNiSi and TaWSi), 

TaN, and insulators (Al2O3 and HfO2) deposited via atomic layer deposition (ALD). 
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3.2 Experimental 

MIM devices were fabricated on Si substrates with 100 nm of thermally grown 

SiO2 to provide electrical isolation from the underlying Si. TaWSi and TaNiSi bottom 

electrodes were deposited using DC magnetron sputtering from single alloy targets 

targeting a thickness of 100 nm, verified via profilometry.15,16 TaN bottom electrode 

substrates (obtained from ON semiconductor, Gresham, OR) consisted of a 

Si/SiO2/Ta/TaN stack that was planarized via chemical mechanical polishing. Insulators 

were deposited on the bottom electrodes using atomic layer deposition (ALD), targeting a 

thickness of roughly 15 nm, such that the insulator was thick enough to prevent direct 

tunneling from dominating charge transport. Al2O3 and HfO2 were deposited using 

thermal ALD in a Picosun SUNALE R-150 reactor at 250 °C. The precursors used for 

Al2O3 and HfO2 were trimethylaluminum (TMA) and tetrakis(ethylmethylamino)hafnium 

(TEMA-Hf), respectively, with H2O as the oxidizing agent. Insulator thickness was 

monitored by including a Si witness wafer (with a ~1.2 nm layer of native SiO2) in the 

ALD chamber for each deposition. For the semi-transparent top contact needed for IPE 

measurements, approximately 10 nm of either Al or Au was deposited via thermal 

evaporation, monitored with a quartz crystal microbalance. Au top electrodes were 

patterned with a shadow mask to yield circular devices with a diameter of 250 μm. Al top 

electrodes were patterned with photolithography into 200 by 200 μm squares. No anneals 

were performed. 

IPE measurements were conducted using a 150 W Xe arc lamp source that was 

passed through a monochromator and then a long-pass filter (to remove second-order 

diffraction). The light was then shined onto the device of interest using a parabolic mirror 
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focused to a spot size of 1 mm2. Electrical bias was applied to the MIM bottom electrode 

and the top electrode was held at ground. At each applied bias, V, the electrical current 

was measured as the photon energy (hν) was swept from 2 to 5 eV (620-248 nm). A large 

increase in current is detected as hν approaches the height of the electron energy barrier 

between the metal and the insulator. The current was normalized by subtracting the dark 

current for each applied bias, such that only photo-induced current was analyzed. The 

quantum yield, Y, was calculated from normalized current, and spectral thresholds, φthresh, 

the photon energy at which photo-induced current exceeds the dark current for a given 

applied bias, were determined from plots of Y1/2 versus hν.18,28 To determine φthresh for 

each applied bias, an algorithm was implemented to find the largest region of the Y1/2 

curve with the highest linearity, as determined from the R2
 value of a linear regression. A 

linear regression of this region intercepted with the baseline gives φthresh for that specific 

bias. The zero-field barrier height, φBn, for each interface was then found as the y-

intercept of a Schottky plot of φthresh vs. the square root of the field across the insulator, 

ξ1/2. The ξ1/2 values are corrected for the built-in field, ξ bi, of each device (taken as the 

field at which emission switches from the top to the bottom electrode). Reported φBn 

values have estimated accuracy of +/- 0.1 eV. This is in line with commonly reported 

error values ranging from 0.05 to 0.1 eV.29 

 

3.3 Results and Discussion 

Shown in Fig. 3.1 are representative yield plots of Y1/2 vs. hν taken at various 

applied biases ranging between 0.4 to 1.2 |MV2/cm2| for (a) Al2O3 and (b) HfO2 

insulators in Au top electrode MIM devices with TaN, TaNiSi, or TaWSi bottom 
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electrodes. The dashed lines indicate the linear regressions that were used to determine 

the φthresh.  

 

Figure 3.1: Representative plots of Y1/2 vs. hν for (a) Al2O3 and (b) HfO2 in MIM 
devices with Au top electrodes and with either a TaN, TaWSi, or TaNiSi bottom 
electrode as indicated. The dashed lines show the linear φthresh extraction for each 

interface. Also shown are Schottky plots of φthresh vs. ξ1/2 used to extrapolate the φbn 
from IPE-derived φthresh values for (c) Al2O3 and (d) HfO2. 

 

Next, to determine whether image force barrier lowering is present, Schottky plots 

of the φthresh values vs. ξ1/2 for the MIM devices from (a) and (b) are shown in (c) and (d) 

for Al2O3 and HfO2 insulators, respectively, under both positive and negative ξ. The zero-

field barrier heights for the Au interfaces (φBn-Au) and the Ta-based metal interfaces (φBn-

TaX) were determined from the y-axis intersection of extrapolated linear fits of the φthresh's. 

φBn's and top-bottom barrier differences (ΔφBn) for each insulator are listed in Table 3.1. 
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Although the φthresh values are field dependent, the slopes of the Schottky plots do not 

correlate with the insulator dielectric constant for any of the devices tested. An absence 

of image-force barrier lowering for IPE measurements is not unusual and has previously 

been reported in IPE of metal-insulator interfaces where it was attributed to interfacial 

charge or to the presence of an interfacial layer.24,30–32 A plane of charge located near the 

injecting interface can effectively "pin" the top of the barrier reducing the influence of 

electric field on the barrier height.18  Likewise, a higher κ interfacial oxide at the injecting 

interface can also reduce expected electric field lowering.29 

Table 3.1: Barrier heights extracted from devices with Au top electrodes, compared 
to literature values for the respective Au barrier height. Measured barrier heights 
are given with an expected error of +/- 0.1 eV. Electron affinities from literature are 
provided. 

Insulator (χi) 
Measured φBn (+/- 0.1 eV) Literature 

TaN TaWSi TaNiSi Au  
(TaN, TaWSi, TaNiSi) 

φBn,Au (eV) 

Al2O3 

(1.4 eV 33) 
2.9 3.1 3.3 4.0, 4.1, 3.9 4.1 30 

HfO2  
(2.25 eV 34) 

2.9 3.0 3.0 3.5, 3.5, 3.4 3.7 31 

 

Note that there are two non-idealities that can be seen in the yield curves in (a) 

and (b). First, the yield curves for the barrier between HfO2 and the top electrode show 

"tailing" at photon energies below the spectral threshold. This has been reported 

previously and may be attributed to conduction band tailing or charge in the HfO2.14,30 

Second, the low positive bias yield curves (emission from the bottom electrode) for HfO2 

shows a rollover at high photon energies that appears most prominently with TaN bottom 

electrodes. This was also seen in our previous report of SiO2 devices with the same 
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electrodes.35 The rollover becomes less prominent with increasing applied positive bias. 

It is likely that this rollover at high photon energy is due to photoelectron emission from 

the top Au electrode overwhelming emission from the bottom TaN electrode when there 

is a low positive bias  / weak field across the insulator. At higher positive biases, the 

insulator field will repel photoelectrons back into the Au electrode. The reasons for 

stronger emission from the Au electrode at large photon energy are (i) photon absorption 

and thus photoelectron generation in the top electrode is much stronger than in the bottom 

electrode and (ii) the Au barrier heights are larger than the TaN barrier heights so that 

photoemission over the Au/insulator barrier does not start until higher photon energies.  

Energy band diagrams based on the experimentally determined φBn values listed 

in Table 3.1 are shown in Fig. 3.2. There are several interesting aspects of these results. 

At the top electrode, the Au/insulator barrier heights are consistent for each insulator 

(within the +/- 0.1 eV error), regardless of the bottom electrode used. Additionally, the 

φBn,Au value of ~ 4.0 eV for Al2O3 is roughly consistent with the ideal Schottky model 

prediction (φBn,Au-ideal = ΦM – χI) given ΦAu ~ 5.2 eV and χAl2O3 ~ 1.4.33 The φBn,Au of ~ 3.5 

eV for HfO2, however, is higher than expected from the ideal theory prediction by about 

1.1 eV.34 φBn values for both Au barriers are roughly consistent with previous IPE reports.  
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Figure 3.2: IPE based energy band diagrams for Al2O3 and HfO2 MIM devices with 
Au top electrodes and TaWSi, TaNiSi, or TaN bottom electrodes as indicated. 

 

Considering next the Ta-based metal bottom electrodes, previous Kelvin probe 

work with TaWSi has determined ΦTaWSi = 5.06 eV.36 Based on the average vacuum work 

functions of the constituent metals, it is expected that TaNiSi should have larger barrier 

heights than TaWSi which in turn should have larger barrier heights than TaN. This 

expected relative trend of φBn,TaNiSi > φBn,TaWSi > φBn,TaN is indeed observed for Al2O3. For 

HfO2, however, the barrier heights are essentially the same for all three metals (φBn,TaNiSi 

≈ φBn.TaWSi ≈ φBn.TaN). Prior IPE work also appears to show a lack of a trend between 

various ΦM metals and φBn,M/HfO2.18  

The insensitivity of the HfO2 barrier heights to the various metals suggests that a 

strong degree of EFm pinning at ECNL is likely occurring at the HfO2 interfaces. To 

quantify the degree of pinning, the slope parameter, S, from Eqn. (2) is determined from 

the plots of φBn versus ΦM,vac (Au, Al, and TaWSi) shown in Fig. 3.3 for (a) HfO2 and (b) 

Al2O3. For HfO2, considering experimental error, an SHfO2 range roughly between 0.44 to 
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0.69 is found with SHfO2 = 0.56 giving the best fit and shown by the dashed line in 3(a).  

This value is consistent with the 0.53 calculated by Robertson et al.,37 as well as reported 

experimental values of around 0.5.21,38 While the SAl2O3 = 0.89 determined from 3(b) is 

considerably higher than the calculated value of 0.63,37 it is in reasonably good 

agreement with the 0.83 value reported based on more recently measured IPE barrier 

heights from the literature.18  

 

Figure 3.3: Plots of φBn vs. ΦM (Al, Au, and TaWSi) for (a) HfO2 and (b) Al2O3 
 

According to Mönch,20 S may also be correlated with the high-frequency 

dielectric constant (ε∞) of an insulator as 

𝑆 =
ଵ

ଵା଴.ଵ(ఌಮషభ)మ
. (3) 



44 

 

This empirical relation reveals that as ε∞ increases, S decreases indicating that EFm 

is more effectively pinned at ECNL,i. The fact that ε∞,HfO2 > ε∞,Al2O3 explains in part why 

SHfO2 < SAl2O3 and why barrier heights on HfO2 are relatively independent of ΦM,vac. As ε∞ 

is also influenced by film morphology and crystallographic direction, it is likely that 

much of the difference between the theoretical calculation of the S parameter for Al2O3 

and the value found in this work is because the calculations were performed for 

crystalline Al2O3, which has a higher dielectric constant than the thin film amorphous 

Al2O3 deposited in this work. Using S values determined in this work and Eqn. 3 yields 

ε∞,HfO2 = 3.8 and ε∞,Al2O3 = 2.1. These values are both slightly lower than the range of 4.2-

4.5 for HfO2 and 2.5-3.0 for Al2O3 that were estimated from the square of the 

ellipsometric refractive index (R.I.2) for similarly deposited materials,9 and may point to 

the presence of low κ interfacial layer at the Ta based metal interface.38  

Since we are directly measuring φBn, rather than ΦM,eff, Eqn. (1) can be rewritten 

as 

𝜑஻௡ = 𝑆Φெ,௩௔௖ − ൫𝜒௜ − E஼ே௅(1 − 𝑆)൯,39  (4) 

assuming that the ECNL is referenced to the vacuum level, Evac, rather than the insulator 

valence band edge, Ev. By finding the y-intercept of a linear regression of the data in Fig. 

3.3 and assuming χHfO2 = 2.25 eV34 and χAl2O3 = 1.4 eV,33 we roughly estimate ECNL-

vac,HfO2 = 6.3-7.6 eV and ECNL-vac,Al2O3 = 6.2 eV, both referenced to Evac. Assuming EG,HfO2 

= 5.6 eV and EG,Al2O3 = 6.4 eV,9 typical values for ALD films, this translates to a rough 

estimate of ECNL-v,HfO2 = 0.25-1.6 eV and ECNL-v,Al2O3 = 1.6 eV, referenced to Ev. Robertson 

calculated ECNL-v values of 3.7 and 5.5 eV for HfO2 and Al2O3, respectively.37 Using 

ΦM,eff values extracted from flatband voltage shifts of capacitance-voltage measurements 
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on arrays of MOS structures, Yeo et al.21 report experimental ECNL values of 3.64 and 

6.62 eV for HfO2 and Al2O3, respectively, while Samavedam et al.38 reported values of 

4.5 and 5.2 eV for HfO2 and Al2O3, respectively, all referenced to Ev. Clearly the ECNL 

values determined here are significantly lower than these previous reports. It is important 

to note that the calculations were performed for crystalline systems,37 where the ALD 

thin films in this work are amorphous. In addition, all of the previous reports assume the 

crystalline EG,Al2O3 = 8.8 eV, much larger than the 6.4 eV measured by reflection electron 

energy loss spectroscopy (REELS) for similarly deposited unannealed ALD Al2O3 used 

in this work and the 6.4-6.9 eV values typically reported for unannealed ALD Al2O3.9,40 

For example, the ECNL,Al2O3 = 6.62 eV reported by Yeo et al. would be above the 

conduction band of ALD Al2O3. The discrepancy between the ECNL values in this work 

and previously reported values is likely attributable to extrinsic effects. Whereas the 

MIGS model described by Eqn. 1 is based entirely on ideal intrinsic induced interface 

states, barrier heights in real devices may be heavily influenced by extrinsic effects due to 

processing, etc., such as interface trap point defects,41 additional dipoles due to interfacial 

chemical reactions, interface layer formation, trapped charge in the dielectric near the 

interface, and remote oxygen scavenging from the opposing metal electrode.42 In this 

work, no post-deposition anneal is performed. In addition, MIM rather than MOS 

structures were used. 

The absolute magnitudes of the extracted barrier heights for the Ta-based metals 

are much lower than predicted by the ideal model (φBn-ideal = ΦM – χI) based on their 

vacuum metal work functions. Two possible explanations to consider for the reduced 

barriers are hole emission and charge in the dielectric.  
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Although there are no reports of experimental IPE of holes from a metal into an 

insulator with a barrier above 2 eV,29,43 it worth considering whether the lower than 

expected barrier measurements might be explained instead by hole emission from the Au 

electrode rather than electron emission from the bottom electrode. In this were the case, 

the measured barrier height would correspond to the Au/insulator hole barrier height 

(φBp,Au/HfO2) rather than the TaWSi/insulator electron barrier height. Considering first 

HfO2, the bandgap of HfO2 should be equal to the sum of the electron and hole barriers: 

EG,HfO2 = φBn,Au/HfO2 + φBp,Au/HfO2. The φBn,Au/HfO2 measured is 3.5 eV (close to the 3.7 eV 

reported in [30]). The EG for these films was measured to be 5.6 eV via REELS,9 

consistent with other reports for ALD HfO2. Thus the expected φBp,Au/HfO2 = EG,HfO2 - 

φBn,Au/HfO2 = 5.6 eV – 3.5 eV = 2.2 eV. This is well below the φBn,TaWSi/HfO2 = 3.0 eV 

barrier measured in Fig. 3.1, evidence that the measured HfO2 barrier is indeed due to 

electrons rather than holes. For Al2O3, EG, Al2O3 = φBn,Au/Al2O3 + φBp,Au/Al2O3. The measured 

φBn,Au/Al2O3 = 4.1 eV +/- 0.1 eV. The EG for these films was measured via REELS to be 

6.4 eV,9 consistent with other reports for ALD Al2O3.30 Thus the expected φBp,Au/Al2O3 = 

EG, HfO2 - φBn,Au/Al2O3 = 6.4 eV – 4.1 eV = 2.3 eV. The is well below the φBn,TaWSi/Al2O3 = 3.1 

eV barrier measured in Fig. 3.1, evidence that the measured Al2O3 barrier is also due to 

electrons rather than holes. 

Considering oxide charge, previous work with Ta-based metals postulated that 

negative Ta ion migration into the oxide following a post-deposition anneal could lead to 

an increase in barrier height.44 While Ta diffusion could be playing a role, barrier heights 

here are reduced, rather than increased. Previous work has also shown that hole trapping 

(~1012 / cm2) can result in a local reduction of barrier height by 0.3 eV and Li+ ions 
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(~1014 / cm2) can reduce barrier heights by up to1 eV.29 Positively charged Au+ ions are 

known to migrate rapidly through oxides and have even been shown to form conductive 

bridges that enable switching behavior in conductive bridging random access memory 

(CBRAM).45,46 Determination of the bottom electrode barrier heights in this work is 

performed with a positive bias applied to the Au top electrodes over a relatively long 

period of time (hours compared to less than a second for CBRAM devices), giving ample 

time for Au+ ions to drift to the bottom electrode where they would contribute to a 

reduction in barrier height. In fact, in support of this possibility, we have observed 

reversible breakdown / resistive switching behavior in the Au/SiO2/TaWSi devices 

whereas the Al/SiO2/TaWSi devices did not show switching.35 

To assess whether Au may be impacting the extracted barrier heights of the 

opposing Ta based electrodes, Al was used as a top electrode for devices with a TaWSi 

bottom electrode and either Al2O3 or HfO2. Shown in Fig. 3.4 are representative yield 

plots of Y1/2 vs. hν for Al top electrode MIM devices with (a) Al2O3 and (b) HfO2 

insulators and TaWSi bottom electrodes. Schottky plots of the φthresh values vs. ξ1/2 for 

these devices are shown in (c). Note that the yield curve for the HfO2 barriers in (b) 

shows tailing at photon energies below the indicated spectral threshold and, as is typically 

reported for IPE of metal/insulator interfaces, the slopes of the Schottky plot of electric 

field barrier lowering in (c) do not correspond to the dielectric constant of the insulator.45 

Both of these observations are consistent with our previous IPE measurements on 

ZrCuAlNi amorphous metal bottom electrode / Al top electrode devices14 and have been 

attributed to either conduction band tailing / defects, charged defect levels, or an 

interfacial layer (IL) oxide at the injecting interface.24,30–32,45 Conduction band tailing is 
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likely not solely responsible for the observed IPE threshold tailing as the energy spread of 

the tail is about 1 eV, larger than what would be typically expected for band tailing, 

though oxygen vacancy related defects have been detected using REELS at roughly 2 eV 

above the valance band edge in Ar+ sputtered HfO2.9 Potential contributions from ILs 

would be either an Al2O3 IL at the top Al interface and a TaOx IL at the Ta-based metal 

interface.47 Given that the tailing was also seen with Al top electrodes and ZrCuAlNi 

bottom electrodes (which do not contain Ta), both a TaOx and Al2O3 ILs can be ruled out 

as the major source of tailing. Charge in the dielectric seems the most likely explanation 

as lateral charge non-uniformities can cause IPE threshold tailing. As previously 

discussed, Au+ charge in the insulator may also be responsible for the reduction of barrier 

height in the Au top electrode devices. In addition, charge at the interface can reduce 

influence of electric field on barrier height.18  

Table 3.2: Barrier heights extracted from devices in this work with Al top 
electrodes, compared to literature values for the respected Al barrier height. 
Measured barrier heights are given with an expected error of +/- 0.1 eV. 

Insulator (χi) 
Measured φBn (+/- 0.1 eV) Literature 

TaWSi Al φBn,Al (eV) 
Al2O3 

(1.4 eV 33) 
3.8 3.0 2.9 30 

HfO2  
(2.25 eV 34) 

3.8 3.0 2.5 31 
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Figure 3.4: Representative plots of Y1/2 vs. hν for (a) Al2O3 and (b) HfO2 in MIM 
devices with Al top electrodes and TaWSi bottom electrodes, where the dashed lines 
show the linear φthresh extraction for each interface. Each plot shown was taken at an 
applied field in the range of 0.4 to 1.2 |MV2/cm2|. (c) Schottky plots of φthresh vs. ξ1/2 
used to extrapolate the φBn from IPE-derived spectral thresholds for the indicated 
interface, and (d) the IPE based (solid lines) vs. ideal (dashed lines) band diagrams. 

 

The φBn values for each insulator are listed in Table 3.2. In Fig. 3.4(d), energy 

band diagrams of the Al top gate devices based on the experimentally determined φBn 

values from Table 3.2 (solid lines) are superimposed on band diagrams predicted by φBn = 

ΦM – χI (dashed lines). We find much larger (~0.7–0.8 eV) TaWSi/insulator barriers than 

for Au top electrode devices, suggesting that Au+ ion migration may indeed play a role in 

reducing opposing electrode barrier heights.  

The Al top gate TaWSi/Al2O3 φBn (3.8 eV) is within error equivalent to that 

predicted by the ideal Schottky model. The TaWSi/HfO2 φBn, on the other hand, is higher 
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than the Schottky model prediction by about 0.9 eV. For HfO2, the φBn increase over the 

ideal model for both TaWSi bottom and Al top electrodes is similar, with an 

approximately 0.8-0.9 eV increase. This points to negative fixed charge in the HfO2 or 

perhaps formation of an Al2O3 IL at the top Al electrode. Comparing the Al with the Au 

top electrode devices, it is seen that the Al/insulator barrier heights are smaller than the 

Au/insulator barrier heights for all insulators. For both HfO2 and Al2O3, this difference is 

roughly equal to the expected ΦM,vac difference between Au and Al (ΔΦAu-Al ~ 0.9 eV).  

Comparing to our previous work with a ZrCuAlNi bottom electrode, the Al/insulator 

barrier heights are equal, within experimental error.14 The TaWSi barriers are 0.8 eV and 

0.6 eV greater than that measured for ZrCuAlNi with Al2O3 and HfO2, respectively,14 

confirming that TaWSi has a larger effective workfunction than ZrCuAlNi.  

 

Figure 3.5: Voltage vs. current asymmetry for Al2O3 MIM devices with the 
indicated bottom (top) electrodes. 

 

Finally, the goal of this work is to use IPE to directly measure 

metal/semiconductor φBn's in a device stack so as to be able to better predict device 

behavior. For high quality ALD Al2O3, thick enough so that conduction is not dominated 
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by direct tunneling, and moderate to high ΦM electrodes, Fowler-Nordheim tunneling 

(FNT) dominates conduction. The onset of FNT appears as a distinct “knee” in the 

current density vs. voltage curve, at a voltage dependent on φBn of the electrode opposite 

the injecting electrode and the thickness of the insulator. Above the knee, the magnitude 

of conduction with the bottom electrode held at ground and positive (negative) bias 

applied to the top electrode depends inversely on φBn,bottom (φBn,top). In other words, the 

greater the conduction, the smaller the barrier height at the injecting electrode. Therefore, 

by looking at asymmetry, defined here as the negative bias current over the positive bias 

current at the same absolute voltage (ηasym = I-/I+), the relative size of the barriers may be 

assessed. ηasym > 1 indicates that the barrier height of the top electrode is less than the 

bottom electrode, φBn, top < φBn,bottom, meaning Φeff,top < Φeff,bottom and ηasym < 1 indicates 

that Φeff,top > Φeff,bottom. Shown in Fig. 3.5 are plots of ηasym vs. voltage for Al2O3 MIM 

devices with either TaWSi or TaNiSi amorphous metal bottom electrodes and either Au 

or Al top electrodes. For TaWSi bottom electrode devices, ηasym > 1 for an Al top 

electrode and ηasym < 1 for a Au top electrode, indicating that Φeff,Al < Φeff,TaWsi < Φeff,Au 

and that φBn,Al < φBn,TaWSi < φBn,Au. ηasym < 1 is also seen for the TaNiSi/Al2O3/Au device. 

These results are inconsistent with ideal Schottky model predictions, but consistent with 

our IPE measurements which show ΔφBn, TaWSi-Au = -1.0 eV, ΔφBn, TaWSi-Al = +0.8 eV, and 

ΔφBn, TaNiSi-Au = -0.6 eV. 

 

3.4 Summary and Conclusion 

The electron energy barrier heights between two recently reported Ta-based 

amorphous metals (TaWSi and TaNiSi), TaN, and ALD Al2O3 and HfO2 insulators with 



52 

 

Al top electrodes are measured experimentally using internal photoemission (IPE) 

spectroscopy. A comparison is also made between Al and Au top electrodes for devices 

with a TaWSi bottom electrode. The measured barrier heights for both the Al and Au top 

electrodes are near the Schottky model values (φBn = ΦM – χI) and consistent with 

previous IPE reports for each insulator. For the Ta-based metal bottom electrodes with 

Al2O3, φBn increases with increasing ΦM: φBn = 2.9, 3.1, and 3.1 eV for TaN, TaWSi, and 

TaNiSi, respectively. For HfO2, however, the barrier heights are relatively independent of 

ΦM: φBn,TaNiSi ≈ φBn.TaWSi ≈ φBn.TaN ≈ 3.0 eV. The difference between HfO2 and Al2O3 is 

attributed to enhanced Fermi-level pinning due to a larger dielectric constant – confirmed 

by the slope parameter, S, which was found to be 0.89 and 0.44-0.69 for Al2O3 and HfO2, 

respectively. In devices with a TaWSi bottom electrode, an Au top electrode lead to 

significantly lower barrier heights than were obtained with Al, 0.6 eV and 0.8 eV lower 

for HfO2 and Al2O3, respectively. Measurements of the current-voltage asymmetry of 

MIM diodes are consistent with the IPE measured barriers, whereas the asymmetry is 

inconsistent with the Schottky model predictions of barrier heights. 

A comparison to previous work with amorphous ZrCuAlNi bottom and Al top 

electrodes indicates that the electron barriers for TaWSi with HfO2 and Al2O3 are 0.8 eV 

and 0.6 eV greater, respectively, than the same barriers with ZrCuAlNi. This confirms 

that for Al2O3, TaWSi has a larger effective work function than ZrCuAlNi, ~5.2 eV vs. 

~4.7 eV, respectively.14 Combined with low roughness and significantly higher 

temperature stability than ZrCuAlNi (greater than 900 °C vs. less than 400 °C), TaWSi 

appears promising for use as a high work function bottom electrode in MIM device 

applications. 
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4.1 Introduction 

 Atomic layer deposited metals are of growing interest for applications that require 

conformal, pinhole free conductive films. ALD metals are particularly of interest for use 

in high aspect-ratio structures due to the conformal nature of ALD, making them ideal 

candidates for liners in interconnects. There has also been growing interest in the use of 

ALD metals for selective deposition of contacts, where selective deposition may be 

performed using inhibitors or inherently selective chemistry of the precursors used. 

Ruthenium is one such ALD metal of interest due to a relatively low bulk resistivity (~7.1 

μΩ-cm) and high work function (4.7 eV). Ruthenium is also easily etched, making for 

straightforward integration within existing process flows. These properties lead to interest 

in ALD Ru as a gate electrode for MOS transistors, metal-insulator-metal (MIM) based 

capacitors, RRAM, and tunnel diodes, as well as a conductive Cu diffusion barrier/liner 

for Cu interconnects. A recent ALD process for Ru using Ru(DMBD)(CO)3 and O2 

shows near zero nucleation, low roughness, and low resistivity.1  

For many of the applications listed above, device performance is dependent on the 

energy barrier height (φBn) between the metal electrode and insulator, where φBn is ideally 

defined as 

𝜑஻௡  =  𝛷ெ,௩௔௖  −  𝜒௜      (1) 

where ΦM,vac is the metal work function and χi is the electron affinity of the insulator. 

However, this is not generally the real barrier height when these materials are in physical 

contact with one another due to non-idealities such as dipoles from various sources or 

interfacial layers. In the case of metal-insulator-semiconductor (MOS) devices, these 

non-idealities are accounted for with an effective work function, ΦM,eff, which depends on 
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insulator in question. This is of use in MOS devices, specifically, because ΦM,eff may be 

measured using capacitance-voltage (CV) measurements on MOS devices. This is 

achieved by making multiple samples with varying insulator thickness and finding the 

flatband voltage for each thickness. However, this technique is not viable for MIM 

devices because the CV output characteristics for MIM devices do not exhibit the same 

flatband voltage. As such, a technique that directly measures the barrier height is 

particularly useful for MIM devices, though still useful for MOS devices. Internal 

photoemission (IPE) spectroscopy is the only analytical technique capable of directly 

determining φBn in device structures.2-5 Internal photoemission (IPE) spectroscopy is an 

electro-optical technique that allows for insitu measurement of energy barrier heights at 

heterojunctions, including metal-insulator interfaces. To date, little IPE work has been 

reported on ALD metals. In this work, we use IPE to directly measure the φBn between 

ALD dielectrics and ALD Ru deposited using Ru(DMBD)(CO)3 and O2. 

 

4.2 Experimental 

Metal-oxide-semiconductor (MOS) devices were fabricated on n++ Si MIM 

devices on blanket films of either TaN or TiN.  TaN bottom electrode substrates 

(obtained from ON semiconductor, Gresham, OR) consisted of a Si/SiO2/Ta/TaN stack 

that was planarized via chemical mechanical polishing. TiN bottom electrode substrates 

were also provided by ON semiconductor. Insulators were deposited on the bottom 

electrodes using atomic layer deposition (ALD), targeting a thickness of 10 nm, such that 

the insulator was thick enough to prevent direct tunneling from dominating charge 

transport. Al2O3 and HfO2 were deposited using thermal ALD in a Picosun SUNALE R-
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150 reactor at 300 °C and 350 °C, respectively. The precursors used for Al2O3 and HfO2 

were trimethylaluminum (TMA) and tetrakis(ethylmethylamino)hafnium (TEMA-Hf), 

respectively, with H2O as the oxidizing agent. Insulator thickness were measured on Si 

witness coupons via variable angle spectroscopic ellipsometry (VASE) in a J.A. Woollam 

M-2000 VASE using a Cauchy model. Approximately 12 nm thick Ru top electrodes 

were deposited via thermal ALD in a Picosun SUNALE R-200 reactor at 260 °C using 

Ru(DMBD)(CO)3 and O2.1 Following Ru deposition, select samples were annealed in a 

5% H2 / 95% N2 forming gas atmosphere at 500 °C for 60 minutes. 

IPE measurements were conducted using light from a 150 W Xe arc lamp source 

that was passed through a monochromator, followed by a long-pass filter to remove 

second-order diffraction. The light was then shined onto the device of interest using a 

parabolic mirror focused to a spot size of 1 mm2. Electrical bias was applied to the 

bottom electrode and the top electrode was held at ground. At each applied bias, the 

electrical current was measured as the photon energy (hν) was swept from 2 to 5 eV (620-

248 nm). The current was normalized by subtracting the dark current for each applied 

bias, such that only photo-induced current was analyzed. The quantum yield, Y, was 

calculated from normalized current, and spectral thresholds, φthresh were determined from 

plots of Y1/2 or Y1/3 versus hν using the regions of highest linearity.2,3 The zero-field 

barrier height, φBn, for each interface was then found as the y-intercept of a Schottky plot 

of φthresh vs. the square root of the electric field across the insulator, ξ1/2. The ξ1/2 values 

are corrected for the built-in field, ξ bi, of each device, found by determining the field at 

which the emission current switches polarity. Reported φBn values have estimated 

accuracy of +/- 0.1 eV. 
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4.3 Results and Discussion 

 Yield curves for metal-oxide-semiconductor (MOS) devices with Al2O3 in the as-

deposited state (unannealed) are shown in Fig. 1 A y-axis of Y1/2 is used for metal-

insulator interface while Y1/3 is used for the insulator-semiconductor interface to account 

for differing energy distributions at the injecting interface: a step function for metals and 

a ramp function for semiconductors, respectively.4 The Ru-Al2O3 yield curve 9n Fig. 1(a) 

shows a single linear region, indicating a single barrier with no optical transitions within 

the photon range in use. As shown in the Schottky plot in Fig. 2, this results in a zero-

field barrier height, φbn-Ru/Al2O3, of 3.6 eV. Assuming an χAl2O3 of 1.4 eV,5 this yields 

ΦRu,eff  ~ 5.0 eV. To date, ΦM,eff values for the Ru/Al2O3 barrier have been reported only 

for samples that have undergone a post-metallization anneal, not for as-deposited 

samples. ΦM,eff values for annealed Ru have been reported to be ~ 5.0 eV for Al2O3,6 with 

recent work done on annealed ALD Ru / Al2O3 yielding an ΦM,eff of 4.98 eV.7 These 

values are in agreement with the IPE-derived ΦM,eff obtained here for as-deposited ALD 

Ru /Al2O3.  

The Al2O3-Si yield curve in Fig. 1(b) shows distinct inflection points at ~3.4 and 

4.3 eV, corresponding to the onset of direct optical transitions in the Si and denoted as E1 

and E2.8 The barrier height is extracted from the region prior to these optical transitions, 

yielding a zero-field barrier height, φbn-Si/Al2O3, of 3.1 eV as shown in Fig. 2. Again 

assuming χAl2O3 = 1.4 eV,5 this yields ΦSi,eff  = 4.5 eV, approximately 0.4 eV higher than 

the expected Φsi of 4.07 eV as determined from the doping concentration. However, 

previous IPE results on ALD Al2O3 report φbn-Si/Al2O3 = 3.25 eV,2 slightly larger than the 

value found here. One possible explanation for the higher than expected value obtained 
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for ΦSi,eff is the presence of a dipole at the interface between the ALD Al2O3 and Si. A 

negative dipole at the interfaces of ALD Al2O3 and various metals is commonly reported 

in IPE measured barrier heights.9 The slope of the Schottky plot is ideally dependent on 

the dielectric constant of the insulator, as described by Schottky barrier lowering.10 The 

slope of the Schottky plot for a given barrier height can thus be used as an indicator for 

the presence of dipoles at the interface. In this work, the slope of the Al2O3/Si barrier 

Schottky plot is lower than would be expected from kAl2O3, suggesting the presence of a 

dipole that decreases the impact of Schottky barrier lowering with increasing electric 

field. While this dipole has been reported at the interface of ALD insulators and metals, it 

has not been reported at the ALD Al2O3/Si interface.9  

 

Figure 4.1: Representative yield1/2 curves for the as-deposited Ru/Al2O3/TaN MOS 
device for both (a) bottom and (b) top electrode interfaces. Dashed lines guide the 

eye for regions of φthresh extraction, with φthresh extracted at x-intercept. 
 

MIM devices with Ru top electrodes and both TiN and TaN bottom electrodes were 

also characterized via IPE. Schottky plots for both types of devices are shown in Fig. 3. 

For the top Ru electrode, the extracted φbn-Ru/Al2O3 was found to be approximately 3.6 and 
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3.7 eV for TiN and TaN bottom electrodes, respectively, both within experimental error 

of the 3.6 eV found above for the n+Si bottom electrode. At the bottom electrode for these 

MIM devices, φbn-TaN/Al2O3 and φbn-TiN/Al2O3 were within experimental error of one another 

at 2.9 and 3.0 eV, respectively. φbn-TaN/Al2O3 is also in agreement with reported values.10  

 

Figure 4.2: Schottky plot for the as-deposited Ru/Al2O3/TaN MOS device for top 
and bottom interfaces. The y-intercept of the dashed lines indicate extrapolated 

φbn's. 
 

 

Figure 4.3: Schottky plots for as-deposited (a) Ru/Al2O3/TiN and (b) Ru/Al2O3/TaN 
MIM devices.  The y-intercept of the dashed line indicates the zero-field barrier 

heights for top and bottom electrodes. 
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Shown in Fig. 4 are Schottky plots summarizing IPE measurements of the top and 

bottom interfaces of (a) Ru/Al2O3/TiN and (b) Ru/HfO2/TaN MIM devices. 

Measurements on as-deposited Ru/HfO2/TaN devices yielded φbn-Ru/HfO2 ≃ 3.8 eV. 

Assuming χHfO2 = 2.25 eV,11 this yields an ΦRu,eff  of roughly 6.05 eV, much larger than 

expected from the difference of bulk vacuum work function, ΦRu, and χHfO2. As was the 

case for Al2O3 above, this could be due to the presence of a negative dipole at the ALD 

HfO2 / metal interface, which has been reported in previous work.9  

In our prior work, ALD HfO2 and Al2O3 have been shown to have similar barrier 

heights when in contact with the same metal, believed to be due to charging and dipoles 

at the interface.10,12 Here, however, φbn-Ru/HfO2 is slightly larger than φbn-Ru/Al2O3. To 

understand this, it is necessary to consider how each dielectric will interact with Ru and 

the interface that will result from their interaction. In the case of the Al2O3/Ru interface, 

due to the high oxygen affinity of Al as compared to Ru, the Ru will experience minimal 

oxidation. For the HfO2/Ru interface, however, the comparatively lower oxygen affinity 

of HfO2 will result in a greater degree of oxidation of Ru. RuO2 has a larger work 

function than Ru, at 5.2 vs. 4.7 eV, respectively.6,13 Enhanced RuO2 formation at the 

HfO2/Ru interface could thus lead to a larger work function than at the Al2O3/Ru device. 

This is in agreement with other work based on MOS capacitors with an array of dielectric 

thicknesses which also showed that MOCVD Ru had a larger ΦM,eff with HfO2 than with 

Al2O3.7  
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Figure 4.4: Schottky plot for the as-deposited HfO2 MIM device with a TaN bottom 
electrode and Ru top electrode. 

 

 

Figure 4.5: Schottky plots for annealed vs. as-deposited MIM devices with a Ru top 
electrode and TaN bottom electrode for (a) Al2O3 device and (b) HfO2 device. 

 

 Post-metallization anneals (PMA) in forming gas were performed on select Al2O3 

and HfO2 devices, as shown in Fig. 5, to assess the impact on the Ru barrier height. For 

Al2O3, the IPE measured φbn-Ru/Al2O3 decreased by 0.2 eV after PMA to 3.4 eV. Previous 

work with sputtered Ru electrodes on MOS devices showed that PMA in a forming gas as 
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compared to an oxygen environment led to a dipole at the Ru-insulator interface that 

resulted in a decrease of the Ru barrier height with both HfO2 and SiO2.14,15 In that work, 

it was postulated that the reduction of the barrier height following a forming gas anneal 

was due to either a reduction of RuOx to Ru or hydroxyl formation at the interface. 

However, φbn-Ru/HfO2 did not change for following PMA, remaining within experimental 

error of +/- 0.1 eV, at 3.9 eV. It is unclear at this time why HfO2 would not exhibit the 

same barrier height decrease that is seen for Al2O3. One possibility is that the forming gas 

anneal was not sufficient to reduce the RuO2 interfacial layer entirely on the HfO2 sample 

due to non-ideal annealing conditions.   

While the barrier heights showed minimal to no change, there was a distinct 

change in the slope of the Schottky plots for both oxides, most drastically for the 

Al2O3/Ru interface. Ideally, the slope of the Schottky plot should be proportional to the 

dielectric constant of the insulator in question, assuming a single metal work function. 

However, it has been show by Afanas’ev, et al. that the slope of the Schottky plot may 

also be affected by lateral non-uniformity of the metal work function, particularly in the 

case of Ru.15 In this work, a similar slope is seen between the Ru and TaN bottom 

electrodes in the as-deposited samples. However, the slope of the Schottky plots for both 

Ru barriers changes upon anneal in a forming gas environment, suggesting that the anneal 

led to an increased degree of lateral non-uniformity in the top Ru electrode work 

function.  
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4.4 Summary and Conclusion 

Barrier heights at the interface between ALD Ru and multiple ALD insulators 

were characterized with internal photoemission spectroscopy. It was found that the as-

deposited barrier height at the Ru/Al2O3 interface was 3.6 eV, reducing to 3.4 eV 

following a forming gas anneal. The decrease in barrier height following anneal may be 

due to reduction of an interfacial RuO2 that forms in contact with Al2O3. The Ru/HfO2 

barrier height was found to be 3.8 eV for both as-deposited and post forming gas anneal. 

The larger Ru barrier height for HfO2 as compared to Al2O3 is in agreement with ΦM,eff 

measurements in the literature and is likely due to a greater degree of oxidation of the Ru 

electrode in the case of HfO2, leading to a larger work function RuO2 interfacial layer at 

the Ru/HfO2 interface. Following a 400 C forming gas anneal, the difference between the 

Ru/HfO2 and Ru/Al2O3 barrier heights was within measurement error. Forming gas 

anneal leads to a drastic change in the slope of the Schottky plot for both insulators. This 

suggests that there is enhanced lateral non-uniformity of the ΦM,eff of the top electrode 

following a forming gas anneal, in agreement with work on sputtered Ru.  
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5.1 Introduction 

 Ferroelectric materials based on HfO2 have been highly researched in recent years 

for multiple applications. One application with a large degree of recent interest is use of 

ferroelectric materials in negative capacitance FETs to achieve sub-threshold swings 

steeper than the theoretical limit of 60 mV/decade for conventional FETs.1 Ferroelectric 

materials, including HfO2, have been demonstrated to exhibit negative differential 

capacitance, and have exhibited subthreshold slopes less than 60 mV/decade in a FinFET 

structure.2,3 HfO2-based ferroelectric materials are of particular interest due to the ease of 

integration with existing silicon CMOS processing. It is believed that the orthorhombic 

phase of HfO2 is responsible for ferroelectric behavior. This phase has been stabilized 

with a number of dopants, one of which is zirconium,4–6 where the relative ratio of Zr to 

Hf may be used to control the ratio of phases present, and thus the ferroelectric behavior.7  

Successful integration of ferroelectric materials into ferroelectric memory or 

ferroelectric FETs necessitates an understanding of the band structure of these materials 

and how they interact with electrodes. This is particularly important because the high 

dielectric constant of Hf1-xZrxO2 materials7 may lead to enhanced Fermi-level pinning.8 

This would cause an insensitivity of the metal-ferroelectric barrier height to the metal 

work function, meaning that there would less control over the threshold voltage of these 

transistors. Thus, it is beneficial for integration efforts to characterize the barrier height 

between the metal and ferroelectric material. Internal photoemission spectroscopy (IPE) 

is a technique capable of characterizing insitu barrier heights.9–11 This is necessary 

because, as previously mentioned, the insitu barrier height may deviate from ideal due to 
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non-idealities such as Fermi-level pinning. In this work, IPE is used to measure the insitu 

energy barrier heights at the interface of Hf1-xZrxO2 and an array of metal electrodes. 

 

5.2 Experimental 

Sample preparation began with low doped Si substrates with a native oxide. On 

these substrates, 100 nm of TaN was deposited as the bottom electrode via pulsed DC 

sputtering from a TaN target. Atomic layer deposition was then used to deposit 20 nm 

Hf0.58Zr0.42O2 at 150 °C using tetrakis(dimethylamino)hafnium (TDMAH) held at 75 °C 

and tetrakis(dimethylamino)zirconium (TDMAZ) held at 75 °C, with H2O as the 

oxidizing agent for both precursors. Hf0.58Zr0.42O2 was deposited using 102 supercycles, 

with each supercycle consisting of 1 ZrO2 cycle and 1 HfO2 cycle.7 Following insulator 

deposition, a rapid thermal anneal was performed at 600 °C for 30 seconds in an N2 

environment. Top electrodes of Au, Al, Ta, Pt, and Pt/Ti (with Ti in contact with the 

insulator) were patterned via liftoff with devices consisting of circles 75-200 μm in 

diameter. Top electrodes were deposited via physical vapor deposition with a targeted 

thickness of 10 nm for all metals except for Pt/Ti, which had a targeted Pt thickness of 10 

nm a Ti thickness of 1.5 nm.  

IPE measurements were conducted in a homebuilt system with estimated accuracy 

of +/- 0.1 eV. Light originated from a 150 W Xe arc lamp, which passed through a 

monochromator that selected a single wavelength to reach the sample, which was placed 

in a standard probe station. Voltage was applied to the bottom electrode of the sample 

and the top electrode was grounded. An array of voltages were applied such that, 

assuming no built-in field, application of a positive voltage to the bottom electrode would 
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result in emission from the top electrode and application of negative voltage to the 

bottom electrode would result in emission from the bottom electrode. At each applied 

voltage, the monochromator swept the photon energy from 2 to 5 eV and the current was 

measured. The spectral threshold was determined following conversion of current to 

quantum yield, taking the yield to the ½ to account for the energy distribution of carriers 

at the metal electrode, and then extracting the onset of photoemission from the most 

linear region of the yield1/2 vs. photon energy curve. The zero-field barrier height was 

then determined from a Schottky plot of the spectral threshold vs. applied field1/2 to 

account for Schottky barrier lowering. 12 

 

5.3 Results and Discussion 

Fig. 5.1 shows the Schottky plot derived from IPE measurements, with the 

resulting zero-field barrier heights shown in Table 5.1. All metals except for TaN are top 

electrodes, while the TaN data is taken from the bottom electrode of the Ta device. The 

TaN results from the Ta device were repeated with the Al device. Because TaN is a 

bottom electrode, there may be unique considerations in interpreting the results as it will 

have undergone additional processing in the insulator deposition and anneal that the top 

electrodes did not experience. The Hf0.58Zr0.42O2/TaN barrier height of 2.7 eV is 0.2 eV 

lower than prior IPE measurements of HfO2/TaN, with a barrier height of 2.9 eV.13 Au 

and Al also show slightly lower barrier heights with Hf0.58Zr0.42O2 as compared to HfO2, 

with a difference of 0.2 eV between Hf0.58Zr0.42O2 and HfO2 barrier heights for both 

metals.11,13 This 0.2 eV difference between Hf0.58Zr0.42O2 and HfO2 barrier heights is 

consistent for all three metals for which there are direct comparison with our previous 
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work. This points towards a slightly lower band gap for Hf0.58Zr0.42O2 as compared to 

HfO2. 

 

Figure 5.1: Schottky plot of the results in this work for all metals. TaN Schottky plot 
is from the device with a Ta top electrode. Dashed lines are a linear regression of the 

data for each metal, with the y-intercept giving the zero-field barrier height. 
 

Similar to work with HfO2, the Al/Hf0.58Zr0.42O2 Schottky plot shows a steeper 

slope than any of the other metals.11 The slope of the Schottky plot should ideally be 

dependent on the dielectric constant of the insulator, however this is often not the case 

due to non-idealities at the interface. In this case, this could be due to negative charge 

trapped at the interface, or lateral non-uniformity of the effective work function at the 

interface.14 Other metals, particularly the inert metals Au and Pt, show minimal change in 

the spectral threshold with field, as would be expected from a high dielectric constant 

material such as Hf0.58Zr0.42O2. 
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Table 5.1: Barrier heights measured in this work, allow with metal work functions 
from literature and the resulting calculated electron affinity 

Top electrode 
Barrier height 

(eV) 
Work function 

(eV) 
Calculated electron 

affinity (eV) 

Pt 3.4 5.6 2.2 

Au 3.3 5.4 2.1 

TiPt 2.0 4.33 2.33 

TaN 2.7 4.3 1.6 

Ta 2.3 4.25 1.95 

Al 2.8 4.2 1.4 
 

Table 5.1 also shows reported work functions for the metals used in this work, 

along with the electron affinity that would be calculated from the barrier height measured 

in this work and the literature work function. There is a large range in these calculated 

values where this value should ideally be consistent across all metals. However, as 

previously mentioned, this ideal relationship is rarely the case. Fermi-level pinning 

accounts for some of this non-ideality. Pinning results in the same linear relationship 

between barrier height and work function, but with a slope less than one, where the slope 

is then defined as the slope parameter. The slope parameter may be found as the slope 

from a plot of work function vs. barrier height. This is shown in Fig. 5.2, yielding a slope 

parameter for Hf0.58Zr0.42O2 of 0.71. There is still a large degree of variation in the lower 

work function metals, so clearly Fermi-level pinning is not the only cause of non-ideality 

in the relationship between barrier height and work function in this material. In the non-

inert metals, there may be interfacial layers present. For any of these metals, there may be 
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additional sources of dipoles causing these non-idealities. It is also important to note that 

this degree of variation is also seen in literature for HfO2 and ZrO2.9  

 

Figure 5.2: Plot of work function vs. barrier height as determined via IPE and used 
for determining the slope parameter. 

 

By taking the photon energy sweep out to a 6 eV, rather than 5 eV, 

photoconduction in the HfO2 can be detected as a secondary slope in the yield1/2 curve. 

This is shown in a curve of emission from the Pt top electrode in Fig. 5.3. This can be 

used to determine the band gap of the insulator.15 In Fig. 5.3, the band gap is determined 

by the intersection of a linear regression of the baseline and the region of 

photoconduction. This leads to a band gap of 4.9 eV for the Hf0.58Zr0.42O2 used in this 

work. This is a smaller than both HfO2 and ZrO2, which is consistent with the observation 

of the smaller barrier heights for Hf0.58Zr0.42O2 as compared to HfO2. 
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Figure 5.3: Representative curve of yield1/2 vs. photon energy, taken out to 6 eV to 
obtain photoconductivity data for the insulator. Region of photoconduction is as 
indicated, and onset of photoconduction is taken to be the intersection of the two 

dashed lines. 
 

5.4 Summary and Conclusion 

 Barrier heights between various metal electrodes and Hf0.58Zr0.42O2 were 

measured via internal photoemission spectroscopy. It was found that for electrodes for 

which there are comparisons to HfO2, the difference between the barrier heights of 

Hf0.58Zr0.42O2 and HfO2 was consistently 0.2 eV, with Hf0.58Zr0.42O2 being 0.2 eV lower 

than HfO2. This indicates that the band gap for Hf0.58Zr0.42O2 is slightly smaller than that 

of HfO2. A steep slope in the Schottky plot of the Al/Hf0.58Zr0.42O2 device was also seen 

in prior work for Al/HfO2 and is believed to be due to negative charge at the interface or 

lateral non-uniformity of the work function. The other metals showed much shallower 

slopes, with the inert metals showing little dependence of the spectral threshold on the 

applied bias. This is consistent with expectations for a high dielectric constant material. A 

band gap of 4.9 eV was found by extending the measurement spectrum out to 6 eV. 
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6.1 Introduction 

Back end of line (BEOL) metal-insulator-metal (MIM) devices such as capacitors 

and resistive random-access memory (RRAM) help to increase integrated circuit packing 

density by multilevel stacking of devices. Recently, thin film MIM tunnel diodes have 

gained widespread interest for a number of applications such as rectification for solar 

rectenna based energy harvesting 1–4, infrared (IR) detection, selector diodes for RRAM 5, 

hot electron transistors 6,7, single electron transistors 8, and field emission cathodes 9–11. 

Typically, the current vs. voltage performance of single insulator MIM devices is 

controlled by the built-in electric field induced by the work function difference (ΔΦM) 

between the two dissimilar metal electrodes, which is limited to a maximum of roughly 

1.3 eV for practical materials 12,13. Recent work, however, has demonstrated that 

engineering the asymmetry of the tunnel barrier by using asymmetric bi-layer and multi-

layer nanolaminate heterostructure insulators with different electron affinities is a more 

effective way to optimize these devices. Further, by properly aligning the asymmetric 

tunnel barrier with ΔΦM, one can greatly improve the asymmetry (|I-/I+|,), non-linearity 

(fNL = (dI/dV)/(I/V)), responsivity (1/2(d2I/dV2)/(dI/dV)), and zero-bias-resistance of 

these devices (I/V|V = 0 V) 7,14–24.  Work on dual insulator MIIM devices to date has 

focused on thin films insulator stacks for low voltage applications. For example, it was 

recently shown that the use of 5 nm thick Ta2O5/Al2O3 bilayers with TaN bottom and Al 

top electrodes, resulted in ηasym > 10 and fNL of ~5 at less than 0.5 V, a significant 

improvement over Ta2O5 or Al2O3 alone 14. There is also interest in using MIIM based 

devices for high voltage applications such as diodes for circuit routing optimization, 

energy management for flexible wearable electronics, high voltage logic, antenna diodes 
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for plasma induced damage (PID) and electrostatic discharge protection, and antifuse 

one-time programmable (OTP) non-volatile memory 25–27. Based on oxide breakdown, 

antifuse OTP memory is a class of programmable read only memory (PROM) that can be 

programmed only once. Because of its low leakage in the non-programmed state, small 

readout voltage, and imperviousness to altering the state of the device with heat or 

voltage, they are in demand not only for analog/sensor trimming and calibration, but also 

for high security applications such as secure key storage and device IDs 28.  

In this work, we evaluate a series of thick (60-300 nm) Al2O3/Ta2O5 bi-layer 

MIIM devices for high-voltage applications and investigate the impact of Ta2O5 to Al2O3 

stack order and layer thickness ratio on device performance, including asymmetry, 

reverse leakage, breakdown, and programmable resistance ratio. Regions of operation are 

distinguished, underlying dominant conduction mechanisms are identified, and 

performance evaluated for OTP applications. 

 

6.2 Experimental 

Dual insulator Al2O3/Ta2O5 MIIM diodes were fabricated using three different 

substrates as bottom electrodes. The majority of the work was performed using 

Si/SiO2/Ta/TaN substrates with the TaN layer planarized via chemical mechanical 

polishing (provided by ON Semiconductor). For comparison, Si/SiO2 substrates with 

either sputtered ZrCuAlNi or sputtered TiN were also investigated. Atomic layer 

deposition (ALD) of Al2O3 and Ta2O5 were performed at 200 °C in a Picosun SUNALE 

R-150 reactor using alternating N2-purge-separated pulses of H2O and either 

trimethylaluminum (TMA) or tris(ethylmethylamido)(tert-butylimido)tantalum(V) 
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(TBTEMTa), respectively. The TMA and TBTEMTa sources were held at 17 °C and 

90 °C, respectively. The deposition rates of Al2O3 and Ta2O5 were approximately 0.092 

nm/cycle and 0.051 nm/cycle, respectively. Al2O3/Ta2O5 bilayer stacks were deposited 

without breaking vacuum. To complete fabrication of MIIM diodes, 250 μm diameter Al 

top contacts (area approximately 0.05 mm2) were thermally evaporated through a shadow 

mask. A schematic cross section of a TaN/Al2O3/Ta2O5/Al MIIM diode is shown in Fig. 

6.1(a).  

Insulator film thickness was measured using a J.A. Woollam M2000 variable 

angle spectroscopic ellipsometer (VASE) in the range of 400-1000 nm. Current vs. 

voltage measurements were taken using an Agilent B1500A in the dark with the bottom 

electrode held at ground. Measurements shown were performed on pristine devices with 

the bias swept from 0 V to the maximum absolute voltage, with new devices used for 

each polarity. The area of each Al contact was measured (with an average error of +/- 

1.8%) for area normalizations.  

 

Figure 6.1: (a) Schematic cross section and (b) superimposed equilibrium band 
diagrams for Al/Ta2O5/Al2O3/TaN MIIM devices. 
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6.3 Results and Discussion 

6.3.1 Deposition Temperature, Layer Order, and Lower Electrode 

To obtain the maximum asymmetry of MIIM diodes with 30 nm / 30 nm (1:1 

ratio) Al2O3/Ta2O5 insulator stacks, three parameters are varied: (i) the ALD temperature 

(200 vs. 250 °C), (ii) the bottom electrode (TaN, TiN, and ZrCuAlNi), and (iii) the order 

of insulator deposition (Al2O3/Ta2O5 vs. Ta2O5/Al2O3). For all devices, an ALD 

temperature of 200 °C produces a greater maximum asymmetry than a temperature of 

250 °C. Shown in Fig. 6.2 are ηasym vs. V plots for all of the 200 °C deposited devices. Of 

the three bottom electrode metals, TaN has the greatest asymmetry for all ALD 

temperatures and insulator orientations, indicating that TaN has a larger effective work 

function with both Al2O3 and Ta2O5 than does either TiN or ZrCuAlNi. Finally, an 

insulator orientation of Al/Al2O3/Ta2O5 shows the greatest asymmetry in all cases except 

for devices with a TaN bottom electrode. This same orientation with respect to the 

electrode work functions also led to the largest asymmetry in our previous report on 

ultrathin Al2O3/Ta2O5 stacks 18. Subsequent experiments were thus performed on TaN 

substrates with an insulator orientation of Al2O3/Ta2O5 and an ALD temperature of 

200 °C.  
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Figure 6.2: Plots of log (ηasym) vs. V for (a) Ta2O5/Al2O3 and (b) Al2O3/Ta2O5 MIIM 
diodes, each with Al top electrodes and either TaN, TiN, or ZrCuAlNi bottom 

electrodes. 
 

6.3.2 Conduction mechanism analysis 

Superimposed equilibrium band diagrams for a series of Al2O3/Ta2O5 MIIM 

devices with the Al2O3 layer fixed at 30 nm and the Ta2O5 layer thickness varied from 30 

to 270 nm, such that the Al2O3:Ta2O5 thickness ratio is varied from 1:1 to 1:9, is shown 

in Fig. 6.1(b). Plots of logarithmic current density vs. applied voltage (J-V) for these 

devices (Fig. 6.3) reveal that the Al2O3:Ta2O5 thickness ratio affects the J-V 

characteristics in a number of distinct ways for positive and negative bias. 

(i) Positive bias 

Under positive bias, four distinct regions of J-V behavior are apparent (marked 1-

4 in Fig. 6.3). In each of these regions, the dominant conduction mechanisms are 

determined using a combination of J-V simulation, linearization of test data and elevated 

temperature testing (where appropriate). 
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Figure 6.3: Representative log J vs. V curves for a series of TaN/Al2O3/Ta2O5/Al 
MIIM devices with constant Al2O3 thickness (30 nm) and varying Ta2O5 thickness, 
with Al2O3:Ta2O5 thickness ratios labeled. Three distinct conduction regions are 

indicated for negative bias (labeled I, II, III and demarcated with dashed lines) and 
four conduction regions are indicated for positive bias (labeled 1 through 4 and 

demarcated with dashed lines). Insets show a representative negative and positive 
bias band diagrams for the 1:5 device. 

 

Region 1 is defined as the region prior to the “knee” in each J-V curve that marks 

the onset of steeply increasing conduction. As an example, for the 1:5 device, Region 1 

begins at 0 V and ends at approximately 37 V. Within this region, J is linearly dependent 

upon V, suggesting ohmic conduction where  

 
ohmicJ nq ,     (1)  

and where n is the density of electrons in the conduction band (CB) of the insulator, q is 

the elementary charge, μ is the electron mobility within the insulator, and ℰ is the electric 

field. Fitting Eqn. (1) to the linearized J-V data yields a mobility μ of roughly 20 cm2/(V 

s) and an n of roughly 3 x 103 cm-3, both reasonable values for Al2O3, indicating that 
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ohmic conduction through the Al2O3 is the dominant charge transport mechanism in 

Region 1. 

Region 2 is defined between the “knee”  (again, occurring at roughly 37 V for the 

1:5 device) and the more subtle increase in slope (occurring at approximately 44 V for 

the 1:5 device). This region is well described by Fowler-Nordheim tunneling (FNT), an 

electrode / interface controlled conduction mechanism in which electrons quantum 

mechanically tunnel through the triangular barrier formed when a high electric field is 

applied across the insulator tunnel barrier. FNT is distinct from direct tunneling, in which 

electrons must tunnel through the entirety of the insulator thickness, and may be 

described as  
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where ħ is the reduced Plank’s constant, φBn is the barrier height between the two 

materials of interest (in this case the TaN/Al2O3 interface), and me
* is the electron 

effective mass in the insulator 29. Linearizing this equation and replotting Region 2 of 

Fig. 6.3 as ln(J/ℰ2) vs. 1/ℰ allows an assessment of the likelihood of FNT (through 

determination of the R2 value of a linear fit). As seen in the inset in Fig. 6.4(a), the 1:5 

stack device shows high linearity with an R2 value of 0.996 in Region 2. Similarly good 

fits are observed for the rest of the devices, strongly suggesting that FNT through the 

Al2O3 layer is limiting charge transport in Region 2.  
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Figure 6.4: (a) Plot of positive Vknee vs. Al2O3:Ta2O5 thickness ratio (inset shows 
FNT linearization plot of ln(J/ℰ2) vs. 1/ℰ for the 1:5 Al2O3:Ta2O5 device under 

positive bias along with the linear regression coefficient of determination (R2) for 
Region 2). (b) Plot of ℰAl2O3,knee (right-hand axis, orange squares) and effective 
tunnel distance dtunnel (left-hand axis, black triangles) in Al2O3 vs. Al2O3:Ta2O5 

thickness ratio assuming an ideal capacitive voltage divider. The average value for 
each quantity is indicated with a horizontal dashed line. 

 

The voltage at which the knee occurs (Vknee) increases roughly linearly with 

increasing stack ratio from roughly 16 V for the 1:1 to roughly 54 V for the 1:9 devices, 

as shown in Fig. 6.4(a), where the knee values are determined from the intersection of the 

slopes of the pre and post knee regions. Assuming that the devices behave as ideal 

capacitive voltage dividers under positive applied bias, the electric field present across 

the Al2O3 layer (ℰAl2O3,knee) and effective tunneling distance (dtunnel) through the Al2O3 

layer are calculated at Vknee and plotted for each device in Fig. 6.4(b). The average of the 

ℰAl2O3,knee and dtunnel across all thickness ratio devices is 4.0 MV/cm and 8.1 nm. Though 

there does appear to be a slight difference between the average values for the three low 

ratio stacks versus the three high ratio stacks, this may be an extraction artifact due to the 

increased contribution of FPE conduction in stacks with thinner Ta2O5 layers. 

Extrapolation of the three lowest ratio and three highest ratio stacks in Fig. 6.4(a) to the 
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y-axis (zero Ta2O5 layer thickness) both yield Vknee = 12 V (ℰAl2O3,knee = 4 MV/cm), 

consistent with the average of the calculated values and with previous reports of values 

for FNT in Al2O3. Taken together, the FNT linearization, ℰAl2O3,knee values, and dtunnel 

values indicate that Region 2 is dominated by FNT through the Al2O3 layer. 

Region 3 is bounded at lower voltages by the subtle increase in slope and at 

higher voltage by the abrupt decrease in slope. Following FNT conduction through the 

Al2O3 in Region 2, as voltage is increased, the field across the Al2O3 layer eventually 

reaches the breakdown strength and irreversible hard breakdown occurs. The voltage at 

the onset of breakdown (VBD) for each device is plotted in Fig. 6.5. Assuming again an 

ideal Ta2O5/Al2O3 capacitive voltage divider, the electric field in the Al2O3 layer at which 

hard breakdown occurs (ℰ BD,Al2O3) is calculated for each devices and plotted in Fig. 6.5 

for all stack ratios. The calculated ℰBD,Al2O3 is roughly independent of stack ratio and the 

average ℰBD,Al2O3 for all device types is roughly 5.8 MV/cm. Extrapolating the VBD,Al2O3 

data to the y-axis (zero Ta2O5 thickness) yields ~18 V or ~6 MV/cm, consistent with 

average of the calculated values. 
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Figure 6.5: Plots of VBD,Al2O3 and EBD,Al2O3 for all devices under positive bias. The 
average of the EBD,Al2O3 of all device types indicated by the horizontal dashed line. 

Inset shows J-V sweep following breakdown. 
 

Finally, Region 4 of the positive bias response is marked by the abrupt decrease in 

slope following breakdown of the Al2O3 layer. Once breakdown occurs and the device 

enters Region 4, the J-V behavior is irreversibly changed, as shown in the inset of Fig. 

6.5. Subsequent current-voltage behavior is limited by Frenkel-Poole emission (FPE) 

through only the Ta2O5 layer, described by 

   
 exp

T r

FPE C

q q
J q N

kT

 





  
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  

,                         (3) 

where Nc is the density of states in the conduction band, φT is the energy level of the traps 

through which FPE conduction occurs, εr is the optical dielectric constant of the insulator, 

and k is Boltzmann’s constant [29]. FPE conduction in similarly deposited Ta2O5 was 

previously seen in 30; fitting of FPE conduction will be discussed below for Region III. 
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(ii) Negative bias 

For negative bias operation, three distinct conduction regions are apparent 

(marked I, II, and II in Fig. 6.3). The initial negative sweep in Region I shows a rapid 

increase in current followed by a rough "shelf" of slowly increasing current vs. voltage. 

In subsequent negative sweeps, current density remains low to about -3 V before rapidly 

increasing to the same "shelf" value. The negative shift in the voltage at which the rapid 

increase in current occurs is likely due to charging of defects at the Al2O3/Ta2O5 interface 

or in the Ta2O5. 

For the 1:1 device, the I-V response in region I shows a high degree of linearity 

for Schottky emission (SE), where 

   
* 2
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where A* is the effective Richardson constant for the insulator into which the electron is 

being injected 29. Fitting is achieved by replotting data from Region I as ln(J) vs. E1/2 and 

calculating the coefficient of determination (R2) for the region of interest. For the 1:1 

device, the Region I shelf is highly linear (R2 = 0.998) indicating that SE is likely the 

dominant conduction mechanism. Under negative bias there are two energy barriers to be 

surmounted, the Ta2O5/Al barrier with a theoretical ideal value of 1.0 eV, and the 

Al2O3/Ta2O5 barrier with an ideal value of 1.8 eV (assuming a steady supply of electrons 

in the Ta2O5 conduction band. As one would expect that the larger barrier would be the 

limiting factor in charge transport, we tentatively assign SE over the Al2O3/Ta2O5 barrier 

as the dominant conduction mechanism for the 1:1 device. As expected, current shows 

temperature dependence. 
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As the Al2O3:Ta2O5 ratio increases, current density increases and the R2 value for 

Schottky emission in Region I decreases, suggesting that another conduction mechanism 

is also playing a dominate role. For all devices, it is presumed that charge from the Al top 

electrode is injected into the Ta2O5 via either SE over the Ta2O5/Al barrier or direct 

tunneling into the abundant defect levels at about 0.5 eV below the CB of Ta2O5 
13. In the 

Ta2O5, charge transports rapidly through these defect levels via FPE. Upon reaching 

Al2O3/Ta2O5 interface, there will be SE of charge over the Al2O3/Ta2O5 barrier. For the 

higher ratio devices however, increased current flow indicates that there must be an 

additional conduction path.  

One possible contribution of additional current is from hot carriers. As the 

thickness ratio is increased to 1:2 and above, for the same applied voltage range, the CB 

of Ta2O5 begins to rise higher than the CB of Al2O3. This situation creates the potential 

for hot electrons within a mean free path of the interface to either surmount the 

Al2O3/Ta2O5 barrier and be directly injected into the CB of Al2O3 or to energetically 

assist with SE. As there is a large increase in current between the 1:1 and 1:2 stacks, but 

only small increases for thicker stacks, it may be that only electrons within a narrow band 

of distance (at the edge of the mean free path) away from the interface are hot electron 

assisted, whereas closer electrons are blocked by the barrier and those further away are 

thermalized. 

Another, perhaps more likely, potential cause of the increase in current density 

with increasing insulator thickness is negative charge at the Ta2O5/Al2O3 interface. This 

buildup of charge would increase the field across the Al2O3 and decrease the field across 
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the Ta2O5, leading to increased Schottky lowering of the Al2O3/Ta2O5 barrier for thicker 

stacks and a concomitant increase in SE current.  

Since the two interfaces are in electrical series, both hot carrier assistance and 

negative charge buildup would shift current limiting from the Al2O3/Ta2O5 to the 

Ta2O5/Al interface. Thus, for the thinner stacks current is limited primarily by the 

Al2O3/Ta2O5 interface while for the thicker stacks the current becomes more limited by 

the Ta2O5/Al interface. Given that injection of current at the Ta2O5/Al interface should 

remain relatively constant for all stacks, this would create the interesting situation in 

which the low field current is greater for the thicker than for the thinner stacks. However, 

due to the difficulty of modeling competing conduction mechanisms, our assessment of 

conduction in this region is inconclusive.  

The start of Region II (Fig. 6.3) is characterized by a knee marking a steep slope 

change to exponentially increasing current, which we assign to the onset of FNT through 

the Al2O3 barrier. Due to high defect density, thermal conduction mechanisms such as 

FPE typically overwhelm tunneling in Ta2O5, as demonstrated in Region 4 for positive 

bias 30.  

Shown in Fig. 6.6 is a plot of the negative onset voltage for FNT through the 

Al2O3 (-Vonset,FNT) for each ratio device, as determined from the intersection of pre- and 

post-knee slopes. A band diagram illustrating device operation in this regime is shown as 

an inset. While +Vonset,FNT is a strong function of the stack thickness, as expected for a 

capacitive voltage divider (Fig. 6.5), under negative bias, -Vonset,FNT occurs at lower 

absolute voltages and is only a weak function of stack thickness.  Assuming the devices 

act as ideal capacitive voltage dividers under negative bias, the onset field across the 
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Al2O3 layer, ℰonset,FNT,Al2O3, decreases from roughly -2.7 MV/cm for the 1:1 to roughly -

1.25 MV/cm for the 1:9 device. Not only is this field in all cases too low to account for 

FNT in Al2O3, ℰonset,FNT,Al2O3 should be roughly the same for all stack ratios because the 

Ta2O5/Al2O3 injection barrier height remains the same, as do the properties of the Al2O3. 

This indicates that the ideal voltage divider model does not hold for negative bias. Due to 

high levels of FPE conduction, the Ta2O5 layer is highly conductive compared to the 

Al2O3. Therefore, under negative bias, the insulator stack may act more as a resistive 

voltage divider such that most of the voltage drop is across the Al2O3 layer. 

 If we simply assume that all of the voltage drop occurs across the Al2O3, we find 

that -ℰonset,FNT,Al2O3 is roughly constant at -4 MV/cm for all device stacks (see Fig. 6.6). 

This is comparable to the roughly +4 MV/cm onset field for FNT through the 30 nm 

Al2O3 layer under positive bias (Fig. 6.4). However, there is a slight trend to higher -

ℰonset,FNT,Al2O3 for larger insulator ratio devices. This may be accounted for by the fact that 

thicker Ta2O5 layers will proportionally drop more of the field than thinner Ta2O5 layers. 

The onset of Region III is marked by a distinct rollover in the slope of the J-V 

response. The rollover occurs due to dielectric breakdown of the Al2O3 layer, resulting in 

the current no longer being limited by FNT through the Al2O3. Instead, conduction in this 

region is well modeled by FPE through only the Ta2O5 layer with thicker layers showing 

higher resistance. FPE simulation with an optical dielectric constant of 4.6, a trap depth 

of 0.71 eV, and electron mobility of 170 cm2/V-s yields a close match to the 1:5 device J-

V response. The negative bias breakdown voltages (Fig. 6.7(a)), are much lower than 

observed for positive bias (Fig. 6.4) and have a weaker dependence on stack thickness, 

increasing from roughly -17 V for the 1:1 device to ~30V for the 1:9 device. Considering 
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again the device to act as a resistive divider rather than a capacitive divider, we find that 

the average breakdown field for each stack is roughly 8 MV/cm, consistent with Al2O3 

and slightly higher than for positive bias due to the larger barrier for electron injection.  

 

Figure 6.6: Plot of voltage and field within the Al2O3 (assuming ideal voltage 
divider) at which the negative knee between Regions 1 and 2 occurs for all stack 

ratio devices. 
 

Finally, for the 1:1, 1:2, 1:3, and 1:5 stacks, an increase in slope is observed at 

larger negative biases. This is due to dielectric breakdown of the Ta2O5 layer and current 

quickly reaches compliance. Assuming that all of the field is dropped across the Ta2O5, 

this leads to a breakdown field of a little over 4 MV/cm, consistent with Ta2O5. The 1:1 

device shows a larger calculated breakdown field than the thicker stacks (Fig. 6.7(b)), 

because the small voltage drop occurring across the broken 30 nm Al2O3 layer that is 

ignored in this treatment comprises a greater percentage of the total voltage drop for the 

lower ratio devices.  
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Figure 6.7: (a) Plot of applied voltage and calculated field within the Al2O3 
(assuming all field is dropped across the Al2O3) at which breakdown occurs for all 

stack ratios. Inset shows reverse sweep for the 1:5 device taken after negative 
breakdown showing that the Al2O3 no longer contributes to the current-voltage 
behavior. (b) The field within the Ta2O5 at which negative breakdown of Ta2O5 

occurs for those ratios which exhibit this behavior. 
 

6.3.3 Device operation 

Shown in Fig. 6.8 is a plot of current-voltage asymmetry (ηasym) vs. |V| for all 

devices. For device operation at voltages less than about +/-12 V (below the onset of 

negative bias FNT through the Al2O3 layer), we find that ηasym increases roughly with 

increasing stack ratio from roughly 5 for the 1:1 to roughly 50 for the 9:1. In this region 

the devices may be operated as a back end of line (BEOL) weakly rectifying MIM diode 

in which the asymmetry can be tuned with the thickness of the Ta2O5 layer.  

With the onset of negative bias FNT conduction through the Al2O3 layer, ηasym 

increases rapidly. In this region, with the exception of the 1:1 device, ηasym becomes 

higher for thinner devices. Diode operation in this region is limited by the negative bias 

breakdown of the Al2O3 layer (Region III), which increases only weakly with increasing 

Ta2O5 thickness (Fig. 6.7). ηasym,max occurs at the forward (negative) breakdown voltage 

and, with the exception of the 1:1 devices, is roughly independent of stack thickness. The 
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maximum asymmetry voltage is tuned by the Ta2O5 thickness, increasing from ~19 V for 

the 1:1 ratio device to ~52 V for the 1:9 ratio (Fig. 6.4). 

 

Figure 6.8: Asymmetry (ηasym) for all ratios of Al2O3:Ta2O5, as labeled below each 
curve, for (a) the entire sweep and (b) the asymmetry which can be obtained prior to 

irreversible Al2O3 breakdown. 
 

Next, we consider the more interesting case of operation as an OTP anti-fuse in 

which the devices are operated only in reverse (positive) bias. The programming voltage, 

which normally is at or slightly above the circuit operational voltage, is set by the Al2O3 

film thickness and stack ratio. In the un-programmed state, the anti-fuse is the open high 

resistance state (HRS) and current density is very low (< 10-8 A/cm2) up to the onset of 

FNT. The device is programmed by ramping to the positive Al2O3 breakdown voltage so 

that the anti-fuse is shorted and the device is in the low resistance state (LRS), yielding a 

maximum programmable resistance ratio (R+
LRS/R+

HRS) at +Vonset,FNT,Al2O3 which is 

controlled by the resistive properties of the Ta2O5 layer. For the 1:5 stack, R+
LRS/R+

HRS = 

~7 x 105 at +Vonset,FNT,Al2O3 (see inset Fig. 6.5).   

The maximum operating voltage in the high resistance state (+Vonset,FNT,Al2O3) and 

the reverse program voltage (+VBD,Al2O3) may be tuned not only with the thickness of the 
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Al2O3 layer but also the thickness of the Ta2O5 layer. The resistance of the LRS is 

controlled by the thickness and properties of the Ta2O5 layer while the resistance of the 

HRS is determined by the thickness and properties of the Al2O3 layer. 

 

6.4 Summary and Conclusion 

Using TaN bottom gates and Al top gates, a series of thick Al2O3/Ta2O5 bilayers 

were deposited via ALD with the Al2O3 layer thickness fixed at 30 nm and Ta2O5 varied 

from 30 to 270 nm to assess the impact of insulator thickness ratio on MIIM devices 

under high voltage operation. Due to low temperature fabrication, MIM based devices are 

of interest for large area electronics and for implementation in the CMOS BEOL as a way 

to implement 3D integration and reduced interconnect routing conflicts, building upward 

away from Si. 

Device operation is found to be a strong function of the Al2O3/Ta2O5 thickness 

ratio. Trends in conduction and ƞasym are explained by the asymmetric barrier (Fig. 6.1) 

created by the pairing of Al2O3 and Ta2O5 and involve the interplay of several distinct 

positive and negative bias conduction regions, dominated by either Schottky emission 

(SE), ohmic conduction and Fowler-Nordheim tunneling (FNT) through the Al2O3 

barrier, and defect-based Frenkel-Poole emission (FPE) conduction through the Ta2O5. 

Because the FNT onset voltage is dependent (independent) on the Ta2O5 thickness under 

positive (negative) bias, controlling the Ta2O5 thickness can effectively tune device 

operation.   

 As an OTP anti-fuse, this device shows very low leakage in non-programmed 

state, has a high programmable resistance ratio, can be read with a relatively small 
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voltage, is compatible with CMOS processes, scalable, reliable (once it has experienced 

hard breakdown, the Al2O3 layer will not self-heal as with e-fuse technology), and is 

potentially secure. As such, it is of interest for applications such as secure key storage, 

device IDs, analog/sensor trimming and calibration.  

This work demonstrates that ALD bilayers may be used to effectively engineer 

the reverse breakdown programming voltage, maximum programmable resistance ratio, 

I-V asymmetry, and operating range of high voltage MIM devices.  
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7 PRELIMINARY RESULTS AND FUTURE WORK 

7.1 Internal Photoemission Spectroscopy of MIIM devices 

The devices characterized in Chapter 61 present a very interesting structure for 

barrier height analysis. In the configuration used in that work, the barrier to electron flow 

from the TaN electrode is formed from a single insulator, while both insulators present 

barriers to electron flow from the Al electrode as shown in the ideal band diagram in Fig. 

7.1. In literature there have been reports of IPE measurement within dual-insulator 

systems, however this has typically been in systems where at least one of the insulators is 

very thin.2,3 This is useful, for example, in Fermi-level de-pinning where a thin insulator 

is inserted at a metal contact interface to provide better control over the Schottky barrier 

height.4,5 However, understanding barrier heights in thicker dual-insulator systems such 

as those in Chapter 6 may be very useful in understanding the complex conduction 

mechanisms at play.   

 

Figure 7.1: Ideal band diagram utilizing vacuum measurements for metal work 
functions and electron affinities, and measured band diagram determined from IPE 
barrier height measurements. 

 

Representative yield1/2 curves, calculated as outlined in Chapter 1, for the 

measured barrier heights shown in Fig. 7.1 are shown in Fig. 7.2. Notably, there are two 
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distinct regions of linearity in emission from the top electrode, while there is only one 

region of linearity in emission from the bottom electrode. Both slopes were extracted and 

are given in the measured band diagram in Fig. 7.1. These results are beneficial in that 

they can assist in interpreting the conduction mechanisms in the work from Chapter 6. 

Future work should focus on depositing new dual-insulator devices with insulators of 

varying thicknesses and insulator ratios to determine at which point there are no longer 

two distinct slopes in the yield curves. 

 

Figure 7.2: Representative yield curves for emission from the top and bottom 
electrodes. Two regions are extracted from the top electrode curve, with dashed 
lines guiding the eye for spectral threshold extraction. 

 

7.2 Internal Photoemission Spectroscopy of Solution Deposited Thin Films 

Solution deposited films present a number of benefits over traditional vacuum 

deposited thin films. They are processed at atmosphere, so there is no need for expensive 

vacuum systems, and they have higher throughput than atomic layer deposited films. 

Solution deposition has drawbacks as well, such as historically poor electrical 

performance and high annealing temperatures. We recently demonstrated electrical 

performance of solution deposited Al2O3 comparable to that of ALD Al2O3 by using a 
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high-purity starting solution.6 To follow up on this work, IPE measurements were taken 

on these high-purity solution deposited films on silicon and TaN substrates and compared 

to barrier heights of ALD Al2O3 in the same devices.  

Schottky plots for solution deposited and ALD Al2O3 on silicon are shown in Fig. 

7.3. Though the solution deposited film could not be measured up to as high of fields as 

the ALD film, the resulting barrier height with the Au top electrode was found to be the 

same for both deposition methods at 4.0 eV. This barrier height for ALD Al2O3 matches 

prior reports.7 Schottky plots for the same films on TaN substrates and with Al top 

electrodes are shown in Fig. 7.4. These results show a different relationship in that the 

barrier height for ALD Al2O3 is 0.6 eV greater than that of solution deposited Al2O3. 

Generally, a greater degree of disorder in an oxide will tend to decrease the band gap, so 

it is reasonable that solution deposition would lead to oxides with smaller band gaps than 

ALD. However, this does not align with the results on silicon. A very likely reason for 

this is that solution deposited Al2O3 leads to significant SiOx interfacial layer 

formation,6,8 so the barrier height found via IPE may be the barrier height with SiOx 

rather than Al2O3 in the case of the solution deposited film.  
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Figure 7.3: Schottky plots for the Au top electrode barrier height for ALD and 
solution deposited Al2O3 on silicon substrates. 

 

 

Figure 7.4: Schottky plots for the Al top electrode barrier height for ALD and 
solution deposited Al2O3 on TaN substrates. 

 

The next steps for this work would be to measure additional samples both of 

Al2O3 and other solution deposited films available to ensure that the results seen in this 

preliminary data are repeatable. 
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8 CONCLUSION 

A combination of internal photoemission spectroscopy (IPE) and current-voltage 

measurements were utilized to characterize barrier heights and conduction mechanisms in 

metal-insulator-metal (MIM) and metal-insulator-semiconductor (MOS) devices. There 

were a number of metal-insulator systems characterized with unique components relevant 

to an array of technological applications.  

First, barrier heights at the interface of amorphous metal bottom electrodes and 

atomic layer deposited (ALD) insulators were characterized. ZrCuAlNi was the first 

amorphous metal characterized in MIM devices with Al top electrodes. It was found in 

this work that the ZrCuAlNi barrier heights were lower than expected from vacuum 

measurements and were indeed lower than Al barrier heights. From these results, it is 

expected that the effective work function of ZrCuAlNi is closer to that of Al than vacuum 

measurements of work function would predict and that there is a dipole present at the 

interface. IPE results were found to be consistent in polarity with current-voltage 

measurements. Ta-based amorphous metals TaWSi and TaNiSi were also characterized 

with IPE and current-voltage measurements, along with polycrystalline TaN. It was 

found that TaWSi has a larger effective work function with the ALD insulators in this 

work than does ZrCuAlNi, making TaWSi an excellent choice as an electrode where a 

high work function is needed. It was also found with the Ta-based amorphous metal 

devices that the polarity of IPE measured barrier heights were in alignment with current-

voltage measurements. 

The barriers at the interface of ALD ruthenium metal and ALD insulators were 

characterized as-deposited and following a post-deposition anneal. It was found that the 
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Ru/Al2O3 barrier height was 3.6 eV and the Ru/HfO2 barrier height was 3.8 eV. 

Following a post-deposition forming gas anneal, the Al2O3 barrier height decreased 

slightly while the HfO2 barrier height stayed within the error of measurement. The 

difference in the as-deposited barrier height between HfO2 and Al2O3 is likely due to a 

difference in the degree of oxidation of the Ru top electrode. Following post-deposition 

anneal, there was a steeper slope in the Schottky plot for both oxides, which indicates a 

greater degree of lateral non-uniformity in the effective work function. This agrees with 

previous work on sputtered Ru. 

Ferroelectric Hf0.58Zr0.42O2 barrier heights with various metal electrodes were 

determined. Barrier heights with Au, Al, and TaN were all 0.2 eV lower than barrier 

heights with HfO2 in previous work, which points to a smaller bandgap for Hf0.58Zr0.42O2 

as compared to HfO2. Use of all extracted barrier heights led to a slope parameter of 0.71 

eV. Most of the electrodes showed minimal impact of the applied field on the barrier 

height, aside from Al. Given that Hf0.58Zr0.42O2 has a relatively high dielectric constant, 

this is the expected behavior. The deviation with the Al electrode has also been seen in 

prior work with HfO2 and is expected to be due to interfacial charge or effective work 

function lateral non-uniformity. 

Thick bi-layer stacks of Al2O3 and Ta2O5 were characterized with current-voltage 

analysis and preliminary IPE results of these devices were shown. This work showed 

tunability of the reverse breakdown programming voltage, maximum programmable 

resistance ratio, I-V asymmetry, and operating range of high voltage MIIM devices. IPE 

measurements showed potential for determining the offset between the two insulators in 

an MIIM device. 
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Finally, preliminary IPE results on solution deposited Al2O3 were compared to 

ALD Al2O3. It was shown that with an Al top electrode and TaN bottom electrode, the Al 

barrier height with the solution deposited device was 0.6 eV lower than with the ALD 

device.  However, on a device with a Au top electrode and silicon bottom electrode, the 

Au/Al2O3 barrier height was 4.0 eV for both solution deposited and ALD Al2O3. This 

solution deposited film is known to oxidize substrates, so the difference in these results 

may, in fact, be coming from the SiOx interfacial layer on the silicon device. Additional 

samples are needed to confirm these results. Taken together, this work shows an array of 

materials and devices for which IPE is useful and shows the benefits of directly 

characterizing barrier heights of new materials using IPE.   

 

 


