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As scaling of silicon (Si) based devices approaches fundamental limits, thin 

film metal-insulator-metal (MIM) tunnel diodes are attracting interest due to their 

potential for high speed operation. Because operation of these devices is based on 

tunneling, electrode / interfacial roughness is critical. Recently, it was shown that 

combining ultra-smooth bottom electrodes with insulators deposited via atomic layer 

deposition (ALD) enables reproducible fabrication of MIM diodes with stable I-V 

behavior.  Key performance parameters of MIM diodes include high I-V asymmetry 

and low turn-on voltage.  The standard way to achieve asymmetry relies on the use of 

non-equivalent work function metal electrodes to induce a built-in field that creates 

polarity dependent electron tunneling barrier.  Thus the electrical performance of 

MIM diodes are directly impacted by the nature of the energy barriers at the 

interfaces.  

In this work, we report the first use of internal photoemission spectroscopy 

(IPE) to measure barrier heights between an amorphous zirconium copper aluminum 

nickel (ZCAN) metal alloy bottom electrode and several high-k dielectrics deposited 

via ALD. In IPE, the conduction band offset between two materials is characterized 

by measuring the additional current created by photo-excitation of carriers under an 

applied bias (Vapp). Devices were tested in a custom built IPE system. 
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1. Introduction 

Interfaces at material junctions play a critical role in electrical device 

performance.  One of the most important interfaces ever studied has been the silicon / 

silicon oxide (Si / SiO2) semiconductor-insulator barrier, which has been extensively 

used in the semiconductor industry.  However, as scaling has increased, the 

semiconductor industry has moved away from thermally grown oxides toward higher 

dielectric constant insulators deposited by atomic layer deposition (ALD).  This shift 

in processing has allowed for the resurgence of metal insulator metal (MIM) tunnel 

diodes and other unique metal-oxide device stacks.  In these devices, measuring the 

energy barriers at the metal oxide hetero-structure interface is necessary to both 

predict the electrical performance of the devices and understand the complex physics 

that determine the magnitude of the energy barriers. 

Internal photoemission (IPE) is an electro-optical technique that allows for the 

direct measurement of energy barriers within a device.  IPE directly measures the 

properties of the interface rather than the intrinsic material properties of the structures 

that compose the device.  High-k oxides have been a fast growing field of research as 

they have been required for the progression of Moore’s law.  ZCAN is an amorphous 

material which has been shown to be an effective electrode for tunneling devices. In 

this thesis, an overview of internal photoemission (IPE) is presented along with 

results that show measured barrier heights between high-k oxides and zirconium 

copper aluminum nickel (ZCAN) alloy.   



2 

 

 

In Chapter 2, a brief background on the formation of energy barriers and the 

defects that can alter the ideal Schottky-Mott relationship is presented along with an 

overview of electrical devices and how barrier heights affect their performance.  

Next, the background on the devices studied in this thesis is explored and brief 

discussion of the techniques used to fabricate said devices is presented.  Following 

this background on the devices used for this study, there is a discussion on techniques 

other than IPE that can be used to estimate barrier heights.  To conclude Chapter 2, 

the fundamental aspects of IPE to determine barrier heights is provided. 

Chapter 3 addresses the materials and methods of this study.  A detailed 

description of the physical device test structure required for IPE is first provided.  

Next, the step-by-step process for the fabrication of the test structures is shown.  To 

conclude Chapter 3, the IPE test system that has been developed at Oregon State 

University is explained in detail, and an explanation of the IPE testing procedure 

using this system will be given.   

Chapter 4 presents the results and discussion of the IPE measurements of this 

study.  It demonstrates the complete process of IPE measurement analysis from the 

raw measurement of the MIM ZCAN devices to the energy barrier height extraction.  

It then compares the various dielectrics and discusses the differences between each 

devices’ results.  Finally, there is a discussion as to why the devices studied diverge 

from the expected barrier heights. 

The conclusion of this thesis in Chapter 5 summarizes the IPE procedure and 

the specific results of this study.  It also presents the author’s opinion with regard to 

the continued exploration of IPE at Oregon State University.  The proposed future 



3 

 

 

projects will require changes to the fundamental aspects of the IPE measurement and 

improvements to the system as well as potential future experiments. 
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2. Background 

 2.1 Formation of Energy Barriers 

Energy barriers block the transport of charge carriers from one material to 

another.  They play a critical role in the physics of electrical devices and are a 

fundamental aspect of electrical device models. 

 2.1.1 Schottky-Mott Relationship 

Ideal energy barriers can be estimated using the Schottky-Mott relationship.  

In this model, there is assumed to be zero charge transfer between the metal and the 

insulator or semiconductor.  The ideal barrier height ϕb for electrons is then the 

difference between the work function of the metal ϕb and the electron affinity of the 

insulator or semiconductor Xi or in mathematical form ϕb = ϕm  - Xi as shown in Figure 

1.  For insulators, the resulting barrier is much simpler as compared to 

semiconductors.  This is because there is assumed to be no band bending or change in 

charge distribution with respect to distance from the energy discontinuity at the 

interface as compared to semiconductors.  This results in a straight band for insulators 

and a curved band for semiconductors near the interface [2], [3]. 
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Figure 1: Formation of an energy barrier with respect to the Schottky-Mott 

relationship.  This energy barrier is formed at the interface of a metal with workf 

unction ϕm and an insulator with electron affinity Xi. 

The work function ϕm is the minimum energy required to remove an electron 

from the Fermi energy EFM of a material to the vacuum energy level Evac such that the 

electron is no longer bound to the material.  The electron affinity Xi of an insulator or 

semiconductor is the energy required to remove an electron from the conduction band 

ECB to the vacuum energy level. 

 2.1.2 Non-idealities and Barrier Heights 

Moving past the zeroth order method for determining energy barriers, there 

are a number of non-idealities that can cause differences between real world barriers 

and those estimated by the Schottky-Mott Relationship.  These could include charge 

trapping at or near the interface, metal-induced gap states, interfacial dipoles, 
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interfacial oxides, and Schottky barrier lowering.  These non-idealities are what 

makes internal photoemission an important method of metrology. 

The zero field barrier height measured by IPE can be influenced by discrete 

charges in the oxide as shown in Figure 2.  This phenomena is particularly 

complicating when the charge centroid is near the interface.  If negative charge builds 

up in the oxide, band bending occurs and the resulting measured barrier height is 

larger than the actual barrier height.  It is difficult to analytically negate the effects of 

trapped charge in the oxide as there needs to be an accurate estimation of the charge 

centroid location and charge density.  Often the best solution is to determine whether 

charge trapping is affecting the measured results and then reduce its effects.  The 

effects of trapped charging are more apparent at low fields and will exhibit distortion 

of the zero field barrier height.  The primary measure to reduce the effects of trapped 

charge is to apply a large enough bias such that the induced field of the trapped 

charge is negligible [1].  
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Figure 2: Band bending in an insulator due to the presence of trapped negative charge 

resulting in a change of the zero field barrier height. 

The Schottky-Mott relationship initially assumes that no charge transfer is 

occurring between the metal and oxide or semiconductor.  However, this is not 

typically the case.  Conventionally the effects of charge sharing have been 

characterized by the charge neutral level (CNL) at the interface or the Schottky 

pinning parameter.  When a metal comes in contact with a semiconductor or 

insulator, intrinsic states are formed in the band gap called metal induced gap states 

[4]. These states can be conceptualized as the evanescent states of the metal wave 

function penetrating into the band gap.   The CNL is the midgap position of the metal 

induced gap states at which all states located above the CNL are empty and all states 

available below are filled for a neutral surface.  Filled states above the CNL result in 

a negative charge at the surface of the material while empty states below the CNL 

result in a positive charge.  As compared to the simple case where ϕn = ϕm  - Xs , the 

Schottky barrier height has been theorized to be ϕn = S(ϕm  - ϕs) + (ϕs -Xs) where S is 

the Schottky pinning parameter [5].  Essentially S takes into account the relative 
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charge sharing for a given interface.  The available states that exist at the interface 

can be created through a number of methods; one example is metal induced gap states 

at the interface, and another example is interfacial dipoles formed from physical 

defects such as oxygen vacancies. 

As previously discussed, metal induced gap states are intrinsic interface states 

formed by the evanescent electron wave due to the metal penetrating the dielectric.  

These states arise due to the asymmetrical termination of the periodic potential at the 

interface.  As these states exist with the band gap of the insulating or semiconducting 

material, charge transfer from the metal will occur, thus altering the Schottky barrier.  

The effect of these surface states will be determined by whether they are filled or 

empty in correlation to the CNL.  Filled states above the CNL will induce an increase 

in barrier height while empty states below the CNL will decrease the barrier height 

[6], [7]. 

A fundamental aspect of IPE involves the Schottky effect or Schottky barrier 

lowering.  Schottky barrier lowering occurs due to the image force from mobile 

charge carriers in the dielectric or semiconductor with an applied field.  This 

phenomena can also be evaluated for the energy barrier between a metal and the 

vacuum level which is simpler to conceptualize as shown in Figure 3.  In this case, 

the necessary energy to excite an electron under ideal conditions is the work function 

of the metal.  When an electron is ejected from the metal at some distance x, the 

negatively charged electron induces a positive charge on the metal surface.  The term 

“image charge” is used because of the virtual positive charge opposite and equal to 

the electron that would be at distance –x inside the metal.  The applied field and the 
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image charge causes a reduction in the potential energy that is equal to PE = -

q2/(16πε0x)-q|Ε|x.  This means that the reduction of the barrier height is given by 

∆ϕB=(q|E|/(4 πε0))
1/2.  This phenomena will be directly implemented in the extraction 

of barrier heights using the yield method of IPE [8]. 

 

Figure 3: Schottky barrier lowering due to the image potential. 

In most real-world cases, it is difficult to form a barrier between an oxide and 

either a semiconductor or metal without the formation of an interfacial oxide.  This 

interfacial oxide can have impacts in the actual barrier height as well as the electrical 

characteristics of the interface.  The interfacial oxides is often between 1-3 nm thick.  

The interfacial oxide will often be oxygen deficient, cause an oxygen deficiency in 

the insulator near the interface [9].  The interfacial oxide can alter the expected 

barrier height, will cause the field to be dropped across the interface, and allow for a 

high concentration of trap locations, which can alter the reliability of the device. 
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 2.2 Energy Barriers and Electrical Device Properties 

Tunnel devices offer promising capabilities over conventional drift or 

diffusion devices as they have the potential for much faster operation.  A thin 

insulator, approximately 5 - 30 nm, is a necessity for a MIM tunnel diode such that 

the probability of tunneling is relatively high at low applied bias.  Electrons are 

collected after tunneling through the thin insulator film [8].  The current voltage 

characteristics of these devices is asymmetric and polarity dependent due to the 

differences in relative barrier heights at the collector and emitter of the device.  The 

asymmetry due to the difference in barrier height is more pronounced once the 

electrons are tunneling through a triangular barrier or in the Fowler-Nordheim regime 

[10], [11].  Thus, understanding the barrier heights formed at the metal insulator 

junction is crucial to understanding the electrical behavior of MIM devices. 

The use of high-k materials deposited by atomic layer deposition (ALD) has 

found its way into the fabrication process of metal oxide semiconductor field effect 

transistor (MOSFET) in the use of gate dielectrics.  Changing the gate dielectric from 

SiO2 to other oxides with higher dielectric constants reduces the short channel 

performance degradation effects.  This reduction is caused by greater control of the 

channel by the gate and limiting the fringing field lines from the gate into the source 

drain regions.  Furthermore, implementing SiO2 with equivalent capacitance that can 

be achieved with high-k dielectrics would result in significant gate leakage due to 

direct tunneling as the SiO2 would have to be too thin.  Metal gates have replaced 

highly doped polysilicon gates to eliminate the polysilicon gate depletion effect.  The 

selection of a metal with a Fermi level near the Si midgap and high-k dielectric is 
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crucial to the performance of sub-100nm MOSFETs.  The barrier heights and built-in 

potential of these metal high-k stacks directly affect the threshold voltage and 

subthreshold swing of modern day MOSFETs [12]. 

Flash memory incorporates both the complexities of MOSFET and MIM 

tunnel devices.  In flash memory, a floating gate is used to alter the threshold voltage 

of a MOSFET by the amount of charge present on the floating gate.  The charge on 

the floating gate is injected and removed by tunneling.  The metal oxide barrier 

heights can change many aspects of flash memory as it both affects the current 

voltage characteristics of the MOSFET and the tunneling characteristics of the 

floating gate [13].  It is important to select optimal metal work functions and high-k 

dielectrics in order to eliminate negative effects, such as electron and hole back 

tunneling [14]. 

A future device that is strongly dependent on metal insulator barrier heights is 

a hot-electron transistor (HET).  In an HET, electrons injected from the emitter into 

the base have high kinetic energy and are then extracted by the collector.  The 

injection method from the emitter to the base is often tunneling for such a device.  

Thus the relative barrier heights for all the contacts of a device are critical to 

performance.  HETs could potentially have high intrinsic speeds due to their 

relatively high hot carrier velocity. [8], [15] 

Rectennas have been studied from the 1960s as alternative methods for optical 

to electrical energy conversion.  Rectennas can operate in a wider optical spectrum as 

compared to traditional solar cells.  This advantage of rectennas is due to the 

fundamental difference in operation of rectennas and solar cells.  Solar cells operate 
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by generating electron hole pairs across an energy bandgap.  Whereas rectennas 

implement an antenna and rectifying element to convert photons into direct current 

(DC) electrical power.  An MIM is an ideal device structure as it implements both of 

these aspects of the rectennas.  Optical waves induce electric fields at the surface of 

the metals, and the tunnel diode nature of the MIM allows for rectification.  In this 

case, the barrier heights play a crucial role in determining the viability of rectification 

through the asymmetric nature of the device [16].    

 2.3 Background of the ZCAN MIM Devices 

The dominant conduction methods of carrier passing through a junction will 

be influenced by the barrier height at the interface.  This can be simple to 

conceptualize with regard to thermionic emission, where the charge carriers have to 

exceed the barrier in order to conduct.  An exploration of the different conduction 

mechanisms aids in the comprehension of the importance of measuring barrier 

heights. 

Direct tunneling is a mode of conduction that exists due to quantum 

mechanics.  The fundamental aspects of it rely on the particle-wave duality of 

electrons.  As an electron wave approaches a rectangular barrier that it would 

otherwise not be able to overcome, part of the electron wave penetrates the barrier as 

an evanescent wave, even though there are no states for which the electron to exist 

within the barrier.  If the barrier is thin enough, the wave can perpetuate to the other 

side of the barrier and continue on. 
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Fowler-Nordheim (FN) tunneling is similar to direct tunneling; however, the 

electrons only tunnel through a reduced portion of the barrier.  This is due to a 

reduction of width from the formation of a triangular barrier at high fields, rather than 

a rectangular or trapezoidal one. 

Frenkel-Poole (FP) emission is another means that MIM devices can conduct.  

For FP, electrons are excited from traps inside the dielectric to the conduction band. 

There, the electrons are able to conduct until they are extracted or interact with 

another trap.  Electrons that interact with a trap can then be remitted.  Electrons also 

enter traps by tunneling from the metal contact to the trap or by initial thermionic 

emission at the metal insulator interface. 

Thermionic emission occurs when an electron has sufficient energy to exceed 

the barrier.  This type of emission is often referred to as Schottky emission and is the 

primary contributor to conduction in systems with small barrier heights.  As the name 

implies, thermionic emission is proportional to the temperature of the system.  

Thermionic emission is also why it is difficult to measure small barrier heights using 

IPE as it can overpower the effects of photoemission. 
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Figure 4: Different mechanisms for conducting through a MIM device. 

The choice of bottom contact material for MIM tunnel devices can have a 

significant impact on the electrical properties of the device and device 

manufacturability.  As shown in Alimardani et al., the roughness of the bottom metal 

significantly affects the probability of fabricating a working device [17].  This is due 

to the relatively thin dielectric breaking down from increased electric field at the 

peaks of the rough material.  Devices using an ultra-smooth bottom contact with sub 

1 nm root mean square (RMS) roughness have a much higher yield and also can 

result in higher asymmetry. 
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 2.4 Fabrication Background 

ALD has been studied since the 1960s but has recently become a necessary 

semiconductor processing technique due to increased requirements for high quality 

gate dielectrics.  ALD is a surface limited reaction process that often uses a repetitive 

sequence of a binary reaction pulses separated by chamber purges.  In an ideal ALD 

process, each pulse of the binary sequence completely saturates the surface sites of 

the substrate and the excess gas is removed from the reaction chamber.  Due to the 

self-limiting nature of the reaction, the film is applied so that it is deposited in a 

sequential monolayer-by-monolayer process [18]. 

ALD is entirely dependent upon precursor chemistry and there is a substantial 

amount of research devoted to finding and developing novel precursors.  Many initial 

processes utilized chlorine chemistries for ALD; however, the relatively low 

reactivity and introduction of chlorine contamination has caused researchers and 

engineers to explore other avenues of precursor chemistry.  The ideal characteristics 

of a precursor is that they are volatile such that they can be dispersed into the 

chamber, stable enough to reach the sample, and reactive enough to readily react once 

they have reached the surface.  As such, liquids are often more advantageous than 

solid precursors as the vapor pressure is higher.  These requirements have led to the 

development of metal organic precursors such as trimethyl aluminum (TMA), the 

primary precursor used for Al2O3 depositions and the precursor used from making 

devices in this thesis.  The three methyl groups readily react to the hydrogen of water 

during an ALD pulse cycle.  The high reactivity of organic ligands often make them a 

suitable choice for various ALD processes [19].  
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Plasma enhanced atomic layer deposition (PEALD) is very similar to plasma 

enhanced chemical vapor deposition.  A plasma creates radicals from a precursor, 

which become more reactive. The increase in reactivity is why some processes are 

substantially better using PEALD rather than thermal ALD.  For this work, the SiO2 

process using PEALD results in a high quality dielectric that is pinhole free [20]. 

 2.5 Other Techniques for Energy Barrier Predictions 

There are other means to estimate barrier heights in devices besides internal 

photoemission spectroscopy (IPE).  Two such techniques are Kelvin probe and 

ultraviolet photoelectron spectroscopy (UPS).  However, these methods differ in their 

approach and effectiveness.  Often, material properties are measured, such as work 

function and electron affinity, and then expected barrier heights are predicted by the 

Schottky-Mott relationship.  This strategy could possibly lead to reasonable 

estimations, but as previously discussed, defects at the interface and charge sharing 

between metal and insulator can alter the barrier heights.   

Kelvin probe or Kelvin probe force microscopy is a non-contact method for 

determining the surface charge or potential of a material.  The measurement compares 

the work function of a metal probe to the surface potential of the material under test.  

The probe is brought near the surface of the material and the resulting potential is 

measured.  In a vacuum with an ideal material, this value is the difference in work 

function between the metal and the Kelvin probe tip. The determined value can be 

used to estimate barrier heights.  However, in most lab setups this is not the case; 

there is often contamination on the surface of the material and the resulting measured 

surface energy differs significantly from the work function [21]. 
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Another more reliable method for determining work function of a metal or 

electron affinity is ultraviolet photoelectron spectroscopy (UPS).  With this technique, 

ultraviolet photons are used to excite electrons such that they have enough energy to 

be completely free from the material.  This is a direct application of Einstein’s 

photoelectric effect.  In UPS, the material work function is the difference of the 

incident photon energy and the energy of the emitted electron.  All the electrons 

emitted during UPS are from the location on the surface of the material with the 

lowest work function.  This causes UPS measurements to often be lower than KP 

measurements [22].  However, like KP, UPS is limited to the Schottky-Mott 

relationship in determining barrier heights in devices, and also requires a specialized 

vacuum system for operation [23], [24]. 

The electrical characteristics of an MIM device can also be used to estimate 

the barrier heights at the metal insulator interfaces.  The device has to be biased such 

that Fowler-Nordheim conduction occurs.  The barrier heights can be extracted for 

each interface using a Fowler-Nordheim plot of log(|I/V2|) versus 1/V with the barrier 

heights being proportional to the slope.  However, this technique does not account for 

the built in potential.  In order to account for MIM with two different barrier heights, 

log(|I/(V+∆ϕ)2|) versus 1/(V+∆ϕ) should be plotted with an appropriate value of ∆ϕ 

[25].  However, the results of this technique can be influenced by defects in the oxide. 

This technique also relies heavily on being able to fit an accurate built in potential. 

 2.6 Fundamentals of IPE 

IPE is directly related to the Einstein photoelectric effect or external 

photoemission.  When the vacuum level in Einstein’s photoelectric effect is replaced 
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with a condensed phase material, nearly the exact same phenomena is derived.  A 

diagram of IPE is shown in Figure 5.  It is difficult to directly measure IPE due to 

charge trapping that occur inside the device.  With some assumptions of the 

photoelectric yield or the number of photoexcited electrons generated per incident 

photon, a quality estimation of internal photoemission can be made.  This approach is 

contrary to external photoemission, where the current of excited electrons can be 

directly probed by measuring the induced current of an electron emitted to a detector 

in a vacuum such is the case of previous techniques discussed like UPS.  By 

evaluating the internal photoelectric yield, the energy barrier of the interfaces can be 

analyzed, thus making IPE a valuable tool in understanding the formation of energy 

barriers and their resulting effects on electrical characteristics of devices. 
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Figure 5: A band diagram of a device undergoing IPE.  A positive bias is applied to 

the electrode on the right of the MIM device.  Incident photon energy, hv, excites an 

electron from the emitter on the left such that the electron has enough energy to 

overcome the barrier. 

For IPE to occur, incident photons with energy hv excite electrons in the 

emitter to sufficient energy levels in order to overcome the potential barrier of the 

collector.  This barrier is often referred to as the spectral threshold as it represents the 

threshold for which IPE begins to occur.  These actions result in the photoemission 

current, which is then used to estimate the total internal photoemission yield.  This 

phenomena is not to be confused with electron-hole generation, referred to as the 
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internal photoeffect or photoconductivity.  The internal photoeffect is primarily used 

for detectors and power generation, and is different from IPE as the generated 

photocurrent is caused by excited carriers in the same material rather than requiring 

carriers to exceed a potential barrier.  

The most important quantity to describe IPE is the internal quantum yield, 

Y(h𝑣).  As described previously, the internal quantum yield is defined as the average 

number of electrons or carriers emitted from the emitter to the collector ne per 

incident photon absorbed nph by the emitter.  The emission of carriers escaping the 

barrier can be described by the probability of a carrier at a given energy escaping the 

barrier, P(E), and the energy distribution of excited carriers at the surface, N(E).  The 

overall internal quantum yield is the integral of the product of the probability and 

energy distribution, integrated over the photon energy spectrum, as shown below.   

 

𝑌(ℎ𝑣) =  
𝑛𝑒(ℎ𝑣)

𝑛𝑝ℎ(ℎ𝑣)
= ∫ 𝑁(𝐸)𝑃(𝐸)𝑑𝐸

ℎ𝑣

0
                              (1) 

 

Assuming momentum conservation can be ignored, meaning that the escape 

probability is solely dependent on the band structure of the emitter and is not 

impacted by the collector, then  

                                    P(E) = C(E- ϕ)α for E> ϕb 

P(E) = 0             for E < ϕb                                          (2) 
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where C is a constant and α depends on the carrier distribution function but is often 

assumed to be equal to one.    The energy distribution can be expressed as N(E) = 

A(hv-E)b where A is a constant and b is dependent on the effects of excited carriers 

interacting with the distribution of energy states [26].  The fundamental solution to 

equation 1 is 

 

𝑌(ℎ𝑣) = 𝐴(ℎ𝑣)[ℎ𝑣 − 𝜙]𝑝                                            (3) 

    

where A(ℎ𝑣) takes into account the constants and the photon energy dependences of 

P and (ℎ𝑣).   The exponential p changes based on the shape of the energy bands of 

the interfaces. A(ℎ𝑣) can be difficult to determine; fortunately, if the proper steps for 

analysis are taken, this term should have no change in the extracted results when this 

equation is set to 0. For metal/insulator interfaces, p = 2, which correlates to an 

energy band resembling a step.  For metal/semiconductor interfaces, p = 3, which 

correlates to an energy band resembling a ramp or a slope.  However, p can also be 

evaluated as a fitting parameter with the barrier height during analysis.  This can be 

achieved by taking the derivative of the natural log of Y with respect to photon 

energy, resulting in 

 

𝜕(𝑙𝑛𝑌(ℎ𝑣))

𝜕(ℎ𝑣)
=

ℎ𝑣− 𝜙

𝑝
                                        (4) 
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This allows for consideration of non-idealities at the interface, which can be due to 

interface charges or dipoles that would cause a change in the barrier shape [26]. 

With the description of quantum yield in the simple form 𝑌(ℎ𝑣) =

𝐴(ℎ𝑣)[ℎ𝑣 − 𝜙]𝑝, the actual electrical measurements can be applied to determine the 

spectral thresholds.  However, without knowing the effects of interference and the 

actual optical constants of the materials, the device needs to be specially designed in 

order to make some simplifications.  By making the insulator sufficiently thin such 

that its thickness is much less than the incident photon wavelength divided by the 

index of refraction, the effects due to interference can be ignored.  The resulting 

current due to incident light is then 

 

𝐼𝑝ℎ(ℎ𝑣) =
𝑃𝑌(ℎ𝑣)

ℎ𝑣
                                                (5) 

 

where P in this case is the power of absorbed light by the emitter.  In order to further 

simplify the analysis, the absorbed light is replaced by the incident photon power 

measured at the location of the sample [26]. 

When determining the actual optically induced current Iph, the thermionic 

emission should be removed.  This can easily be done by measuring the stabilized 

dark current of the device and subtracting that from the currents measured while the 

sample is being illuminated by monochromatic light.  This holds true generally if the 

ϕb/kT > 40 or ϕb > 1 eV.  Having this condition means that the overall Iph will be 

orders of magnitude larger than the fluctuations of thermionic emission.  If smaller 
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barrier heights are being measured, then additional constraints will have to be made 

upon the testing apparatus in order to reduce the effects of thermionic emission, and 

ultimately the sample will have to be cooled to below room temperature [1]. 

 

To complete the description of the fundamental model for IPE, an 

understanding of the effects of applied electric field on the quantum yield is 

necessary.  The primary factor that affects quantum yield is the Schottky barrier 

lowering, which was discussed previously when describing the effects on barrier 

heights and shown in Figure 3.  As stated, the resulting change in barrier height is 

given by ∆ϕb=(q|E|/(4 πε0))
1/2. The electric field also affects the scattering probability 

at the interface and the transport of carriers in the collector.  These factors can be 

ignored if utilizing the method used in this thesis which will be discussed in the 

following chapter. 

A Schottky plot describes the change in barrier height for different fields by 

applying the yield equation to the measured photocurrent and extracting the spectral 

thresholds.  The general method to create a Schottky plot is to extrapolate from the 

region of highest linearity after the onset of photocurrent on each of the yield plots.  

This equation is essentially the energy barrier due to Schottky barrier lowering at 

each bias.  A more detailed description of how this equation is determined and effects 

on the shape of the yield plots is discussed later.  Following this step, each of the 

spectral thresholds are plotted with respect to the square root of the corresponding 

field in the dielectric.  The resulting linear plot should show the change in the spectral 

threshold due to the increasing effects of Schottky barrier lowering.  The Schottky 
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plot can then be used to estimate the barrier height at flat band conditions (zero field) 

in the dielectric.  Following this basic description of IPE, the device design, 

fabrication, and IPE test setup will be explored in Chapter 3. 

3. Materials and Methods 

Internal Photoemission (IPE) experiments require both specifically designed 

devices and electro-optical testing equipment.  An example of a device under test is 

shown in Figure 6.  In this chapter, the device structure is discussed and the 

fabrication process is explained.  Next, an overview of the physical IPE test system 

that has been developed at Oregon State University is presented.  The chapter 

concludes with a description of the IPE testing procedure. 

 

Figure 6: Physical diagram of a device during an IPE test.  The device consists of a 

thin semitransparent Al metal layer on the top, an arbitrary insulator in the middle, 

and an amorphous ZCAN layer on the bottom.  The voltage supply and current meter 

are connected in series to test the device. 

 3.1 Device Description 

Fabricating high yield and reliable MIM devices requires a smooth bottom 

electrode.  This reduces the probability of peaks from the bottom contact, which can 



25 

 

 

cause the device to directly short through the dielectric or act as field multipliers, thus 

resulting in dielectric breakdown at low applied biases.  Previous research has been 

performed on the electrical properties of MIM devices with a bottom contact of the 

amorphous metal ZCAN; in particular, this research examined the effects on 

asymmetry due to different oxides or dual dielectric stacks [17], [27], [28].  

Asymmetry was of interest as it is an important aspect of functional diodes to perform 

rectification. This research is an extension of such previous work to directly 

determine the barrier heights for such devices. 

In order to effectively and accurately measure the internal photoemission 

current, there are two primary constraints on the dielectric.  First, the charge carrier 

trap density needs to be relatively small such that a sufficient amount of photo-

excited electrons are not trapped in the dielectric.  Essentially, the mean free path of 

the carriers must be longer than the thickness of the dielectric.  Furthermore, the 

barrier height between the metal and the dielectric must be sufficiently large such that 

thermionic emission and internal photoemission can be distinguished. 

The top contact must be semitransparent so that incident photons can pass 

through it to the bottom electrode so as to allow for the probing of both top and 

bottom barrier heights.  An optical transparency of approximately 0.3 to 0.35 is 

desired.  This can be achieved with a metal film thickness of 10 - 20 nm.  There are 

other considerations to take into account when choosing a top metal electrode, such as 

adhesion and thermal stability. 



26 

 

 

 

Figure 7: The step by step process for fabricating MIM devices for IPE testing.  The 

process begins in the upper left with the initial substrate and is completed in the lower 

right.  Photoresists masks are labeled with PR for the lithography patterning steps. 

 3.2 Device Fabrication Process 

The initial substrate to use for internal photoemission spectroscopy can either 

be a highly doped silicon or a silicon wafer with a thermally grown oxide.  The 

benefit of depositing the bottom electrode directly onto the highly doped silicon is 

that it allows for backside contact.  Having a thermally grown SiO2 layer allows for 

isolation of the IPE device from the substrate.  The primary method for this research 
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used a silicon substrate with a SiO2 layer so that the resistivity of the bottom metal 

could be measured and monitored.  Figure 7 shows the step by step fabrication 

process starting from the initial Si / SiO2 substrate. 

In this research, zirconium copper aluminum nickel (ZCAN) was used for the 

bottom contact.  This choice was made because ZCAN has been demonstrated as a 

smooth bottom electrode for fabricating high quality MIM devices [17].  The ZCAN 

was deposited using DC magnetron sputtering and was the first step of the fabrication 

process.  A single alloy target of Zr40Cu35Al15Ni10 was used. 

The second step in fabrication was the deposition of the various dielectric 

materials.  Two different atomic layer deposition (ALD) tools were utilized for the 

processing of the samples in this research.  As discussed in Section 4 of Chapter 2, 

ALD utilizes a purge separated binary surface limited deposition scheme in order to 

maintain precise control of deposited layer thickness.  Also, ALD allows for the 

deposition of highly uniform, continuous, and conformal films.  These aspects make 

it an ideal process for depositing ultra-thin oxides for the use in test structures for 

IPE. 

ALD uses at least two precursors pulsed independently during the growth 

process.  For the thermal ALD in this research, metal organics were used in the 

fabrication process along with water for the choice of precursors.  Metal organic 

precursors are advantageous as they readily react with water and do not add 

contaminating halogens such as chlorine as with other precursor chemistries.  A 

single ALD cycle involves four primary steps.  First precursor A is pulsed into the 

chamber and saturates the surface of the sample.  Then, the remaining excess  and 
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physisorbed precursor is purged from the chamber to prevent chemical vapor 

deposition.  Next, precursor B is pulsed into the chamber so that it can react with the 

precursor A chemically bound to the surface of the sample.  Finally the remaining 

excess precursor B and the byproducts of the reaction are purged from the chamber.  

The pulse and purge times are chosen such that sufficient material is present in the 

chamber without allowing for CVD growth. 

Plasma enhanced ALD (PEALD) is very similar to thermal ALD and allows 

for an improved performance for precursors that conventionally struggle with 

standard thermal ALD.  In order to improve the reaction mechanics, one of the 

precursors is passed through a remote inductive coupled plasma unit before entering 

the chamber.  The IPE SiO2 devices in this research were made with PEALD with 

bis-diethylaminosilane BDEAS and oxygen plasma as the precursors.  SiO2 was the 

only dielectric that was processed in the Picosun R-200.  Each of the other dielectrics 

where processed with the Picosun R-150.  The precursors used for Al2O3, HfO2 and 

ZrO2 were trimethylaluminum (TMA), tetrakis (ethylmethylamino) hafnium (TEMA-

Hf), and tetrakis (ethylmethylamino) zirconium TEMA-Zr, respectively, all with 

water as the oxidizing agent. 

For this set of experiments, aluminum was chosen as the top contact material.  

This choice was made for two primary reasons.  First, Al was used extensively in 

previous experiments and is in abundance in our clean room facilities.  The top 

contact needs to be semi-transparent such that incident photons can penetrate to the 

back contact, thus allowing the IPE measurement to probe both top and bottom 

interfaces.  Approximately 10-15 nm of Al was used as at this thickness, a relatively 
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large amount of light can penetrate the aluminum and reach the ZCAN interface.  

Also, this thickness prevents full oxidation of the aluminum top contact while testing.  

Multiple patterning techniques were explored in order to create an effective top 

contact with reliable results. 

 

Figure 8: Optical image of the devices created for this thesis. 

The top contact requires a large area of thin material for optical transmission 

that is connected to a thicker contact pad that can be used for electrical probing.  In 

this research, the contact pads were between 100-200 nm in thickness.  Initially, 

shadow masks were explored for patterning the large semitransparent top contact.  

This provided a clean interface at the cost of density and patterning precision.  This 

was followed by a secondary aluminum deposition and lift-off process using S1818 

photoresist.  The device geometry originally explored was a “donut” configuration, 

with the thin layer in the middle and a thick contact pad surrounding it.  In order to 

increase the number of devices processed and to be consistent with devices that were 

200 µm 
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made at the National Institute of Standards and Technology (NIST), a two stage 

photomask process was developed.  Futhermore, the patterning capabilities of the 

shadow mask process were limited due to deposition occuring under the mask.  The 

two stage photolithography process is shown in Figure 7 and the completed devices 

can be seen in Figure 8.  An initial Al etch is used to pattern the semi-transparent 

region.  Following this, a lift-off process also using S1818 is used to pattern the 

contact pad.  In this process, a 100 um x 100 um rectangular contact pad is adjacent to 

range of sizes of rectangular transparent regions.  After the deposition and patterning 

of the Al top contact, the devices are ready for testing in the IPE system. 

 

 3.3 OSU IPE System Description 

A diagram of the IPE testing system is shown in Figure 9.  There are five 

main components to the IPE system: the arc lamp, monochromator, probe station, 

electrical testing equipment, and control computer.  The arc lamp used has a 150 watt 

Xenon deep UV bulb in a Newport optics lamp housing.  The deep UV bulb was 

selected to increase the higher energy region of the spectrum from 3 to 5 eV.  The 

spectrum for the lamp is measured using a Thor silicon power meter after each 

successful test and is shown in Figure 10.  The power measurement is taken where the 

device would allow for accurate spectral power measurements.  The Thor silicon 

detector is calibrated for each wavelength and thus has to be set for each power 

measurement.  To accomplish this, a LabVIEW program sweeps the optical 

frequency and reads the specific wavelength power measurement from the silicon 

detector. The lamp has to be well ventilated in order to prevent explosion so a fan was 
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installed to exhaust the hot air outside of the laboratory.  Also, the 150 watt lamp 

generates a significant amount of ozone while running and thus requires external 

ventilation. 

 

Figure 9: A diagram of the OSU IPE system.  White light is created in the Xe arc 

lamp on the left which is focused onto the inlet of the monochromator.  The 

monochromator outputs monochromatic light into the shaping and collimating lenses.  

The lenses direct the beam onto a parabolic focusing mirror which focuses the beam 

on to the sample under test.  An electrometer and voltage supply are used to measure 

the photo-response of the device. 

The monochromator is an essential piece of the IPE system.  The 

monochromator takes the broadband white light source from the Xenon arc lamp and 

following a series of mirrors and gratings, emits a limited window of near 

monochromatic light.  The spectral width of the window is determined by the slit 

openings on the entrance and exit to the monochromator and the slit density of the 

grating.  The blaze of the grating is 300 nm, allowing for maximum efficiency at 

higher energy photons.  The original monochromator used in this study was a 

Princeton SP-150, with 150 corresponding to the numerical aperture of the 

monochromator in millimeters.  The numerical aperture of the monochromator is 
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matched by the collimating and focusing optics on the output of the arc lamp housing 

to ensure maximum power transfer.  However, this monochromator experienced 

spectral drift while changing wavelength.  A short-term remedy was derived by 

realigning the grating turret at each wavelength.  In addition, a beam splitter was 

added to the beam path outside of the monochromator, which split the beam 20/80 to 

a fiber coupled Ocean Optics Spectrometer to verify the peak wavelength at each 

step. This ultimately increased the length of the test and lowered the spectral 

throughput. It was determined during this process that a newer version of the same 

model of monochromator should be ordered.  The slit opening is chosen such that the 

output spectrum is relatively monochromatic light with a bandwidth smaller than the 

minimum step size of the sweep parameters as determined by the Ocean Optics 

Spectrometer USB4000-UV-VIS. 

The monochromatic light exiting from the monochromator is then collimated 

and shaped with a series of lenses.  The lens used to collimate the beam is a 1/2 inch 

plano-convex lens with a 75 mm focal length.  Then, two rectangular plano-convex 

lenses are used to shape the rectangular beam to a square pattern.  The beam then 

travels over to the platen of the probe station to a cylindrical focusing mirror.  This 

mirror redirects and focuses the light onto the sample located on the probe station 

chuck.  The mirror is mounted on an adjustable mount and fastened to an optics post.  

The optics post is connected to a vertical rotation mount which is in turn mounted on 

a horizontal rotation mount.  This setup allows for fine x and y adjustments of the 

beam location using the adjustable mirror mount, while course adjustments of the 

beam location are done by using the vertical rotation mount.  This setup also allows 
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for the entire mirror to be swung over and away from the sample during probe 

landing.  A USB microscope is mounted on the probe station platen and is able to be 

positioned above the sample when landing contact probes.  The contact probes are a 

pair of triaxial 3-axis probes mounted on magnetic stabilizers.  The probes are then 

connected to an electrical routing box which properly grounds the probes before 

connecting to the electrical testing equipment. 

The electrical testing equipment used was a Yokogawa GS210 programmable 

voltage source and a Keithley 617 electrometer.  The voltage source applies the bias 

to the device and the ground lead is connected to the ground of the electrometer.   The 

electrometer then measures the current through the device, often in the femto to 

nanoamp range for working devices.  The electrometer and voltage supply are 

connected to either side of the device and are thus aligned in parallel.  Depending on 

the number of sampling intervals the electrometer may require approximately one 

minute in order to obtain a single measurement.  The Yokogawa voltage source was 

selected for this study due to its relatively low noise levels as compared to other 

voltage source manufacturers.   

There were secondary pieces of electrical equipment used for a number of 

applications in this study.  A lamp power supply controlled the current to the arc 

lamp, and a shutter controller opened and closed the arc lamp shutter.  A separate DC 

voltage supply was used to operate the shutter controller, because the shutter 

controller only has a TTL communication line and not a GPIB. A separate DC power 

supply with GPIB was used to act as a GPIB to TTL converter. 
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All the equipment was then controlled through a PC running LabVIEW with a 

GPIB PCIe card.  The LabVIEW software is able to set the applied biases and 

wavelength of the monochromator as well as collect the spectral and power readouts 

when trying to find a working device.  The strategy for finding a working device in 

this study required an alignment of the USB microscope over the sample so that the 

probes could be landed onto both bottom and top contacts of the device.  The bottom 

contact of the IPE device was grounded while the voltage bias was applied to the top 

contact.  Bottom side contact was often made using indium solder to one of the 

corners of the device after it has been scratched through with a diamond scribe.  

Then, a small bias was applied to the bottom and top contacts of the device to verify 

that the device conducts current proportional to the applied voltage and voltage 

polarity.  Next, the USB camera was swung away from the device and the mirror was 

positioned above the sample.  The monochromator was set to a visible wavelength, 

most often green with a wavelength of 530nm.  The mirror was then positioned such 

that the incoming monochromatic light was directly reflected onto the device being 

probed.  Next, the photoresponse was verified by applying a small voltage and then 

the current was monitored under a no light condition and under various wavelengths 

of illumination.  If the device showed a reasonable change in current with respect to 

incident light, the entire setup was covered with an optical blanket and the device 

tested again.  If it passed the second preliminary test, the test parameters were entered 

into the full LabVIEW control software and the IPE measurement began.  The IPE 

measurement usually lasted at least eight hours and was often monitored for a device 

failure, which was relatively common. 
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 3.4 IPE Test Procedure 

The IPE measurement began with setting the initial conditions for all the 

equipment.  The arc lamp shutter was closed and the first bias was applied to the 

device.  When changing the applied voltage to the sample, there was a one- to five-

minute programmed delay such that the dark current can stabilize before the 

measurement process begins.  After the voltage holding period, the monochromator 

was set to the lowest energy level for the current test and the arc lamp shutter opened.  

There was another delay for the device to stabilize for each increment wavelength.  

This was a much shorter hold of only 10 seconds to allow for the system to stabilize 

after the mechanical rotation of the turret in the monochromator.  The electrometer 

then took the measurement for that specific energy level and the data was stored to a 

file located on the computer.  The process continued by increasing the incident 

photon energy onto the device until the maximum energy level of 5 eV was achieved. 

Once the maximum energy level was achieved, the arc lamp shutter closed and the 

next voltage was applied to the device.  This process continued until all the voltages 

were swept.  If a device performed well, a reverse sweep to the opposite polarity was 

attempted. 
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4. Results, Analysis, and Discussion 

The ultimate goal of IPE is to estimate the energy barrier heights of material 

junctions.  To achieve this, the fundamental measurement taken is the photoemission 

current with respect to incident photon energy.  There are preliminary measurements 

and analysis steps that must be taken before final deduction of the energy barrier can 

be completed.  An accurate measurement of the insulator thickness is necessary, 

which is achieved by spectroscopic ellipsometry.  Then, the built-in potential needs to 

be estimated to determine the field inside the dielectric.  Finally, an accurate 

measurement of the incident spectral power needs to be made.  Once these values are 

known, analysis of the actual IPE measurement can begin.   

There have been three overall methods for performing the data analysis of the 

IPE measurements used in this research.  The first was a rudimentary analysis that 

was executed simply in Microsoft Excel.  However, due to the extensive amount of 

data and complexity to each analysis, a more robust method was necessary.  The next 

method used software that was developed at NIST by Nhan Nguyen, which 

automatically plots the results but requires manual manipulation of each step of the 

analysis.  The final method was a collection of Python scripts that automatically 

detect the nature of the measurement and appropriately analyze the data while 

exporting figures and reports for each analysis step.  The results presented are 

primarily based on the third method of analysis described. 
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 4.1 Test Characterization Measurements 

In this study, spectroscopic ellipsometry was performed on the devices, using 

both a silicon witness sample that was present during the ALD process and the actual 

IPE samples before top contacts were deposited.  For the witness samples, a simple 

model of a silicon substrate with a native oxide was used along with the 

corresponding dielectric model.  The optical dielectric constant was compared to 

reported values and previous results to verify film quality.  The thickness was then 

recorded to compare to the dielectrics measured on ZCAN.  A blank ZCAN sample 

was measured in order to model the substrate for the IPE samples.  Each sample was 

measured and analyzed with the ZCAN substrate model and the appropriate dielectric 

model.  Thickness values were then compared to the silicon witness sample and used 

to estimate the field in each device.  After taking into account the native oxide 

thickness of both types of substrates, the ALD oxides differed by approximately a 

nanometer of each other. 

The power spectrum was measured using a silicon detector located at the 

sample location shown in Figure 10. An accurate measurement of the power allows 

for a better conversion from measured current to photoemission yield.  In an ideal 

environment, the power could be measured periodically during the test; however, this 

is not feasible with the current setup. 
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Figure 10: Power measured in the IPE system used to calculate photoemission yield. 

 4.2 Photocurrent Measurement 

The initial results for each device are based on the measured current from the 

IPE procedure described previously in Chapter 3.  Following this measurement, the 

current needs to be corrected to compensate for the non-photoemission components.  

This is done because only the photo-dependent current should be used to extract the 

barrier using IPE.   

There are three methods implemented to achieve this correction.  The first is 

to measure the dark current of the device averaged over a given time window.  The 

second method is to estimate the leakage current by taking the minimum current from 

a range of samples when low energy photons have illuminated the device.  Both of 

these methods have their benefits and disadvantages.  By subtracting the dark current, 

the analysis ensures that only leakage current is being removed.  However, the dark 
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current method often underestimates the non-photoemission components, thus 

reducing the accuracy of the measurement, the main advantage of the dark current 

method is its simplicity.  The third method uses the current measurements at low 

photon energy, but rather than finding the minimum value, a background or linear 

approximation is made which is later used as the reference baseline.  This method can 

be advantageous if there is a significant amount of charging in the device, resulting in 

a gradual turn-on of photocurrent or if the device in question is undergoing 

photoconduction and photoemission.  In order to implement the baseline method as 

well as the low photon energy minimum, the user has to specify the range to select for 

the background subtraction or the analysis software will attempt to automatically 

select values at the beginning sweep.  The analysis software does this by evaluating 

the overall shape of the curve and selects values that are relatively similar in 

comparison to the maximum and minimum current values of each sweep.  Figures 

11(a) through 14(a) show the unmodified measured current for SiO2, HfO2, ZrO2, and 

Al2O3 respectively.  In Figures 11(b) through 14(b), the corrected current is plotted.  

The minimum current or the second method described was utilized for each voltage 

bias to account for the non-photoemission contributions in these graphs. 

Figure 11(a) shows the measured current of the ZCAN/SiO2/Al device.  Recall 

that the bias is applied to the top Al contact and the ZCAN is grounded.  The positive 

current is from electrons emitted from the ZCAN electrode while the negative current 

is due to electrons emitted from the Al electrode as indicated by the insets in the 

graph.  Each line in the graph is the current vs. photon energy sweep at a given bias.  

The SiO2 device exhibited the most non-photoemission current emission from the 
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ZCAN electrode relative to the Al as compared to the other devices.  The SiO2 device 

also displayed the latest turn-on increase in photoemission current than all the other 

devices.  Figure 11(b) is the Iph for the SiO2 device.  The reduction of current at high 

photon energy is due to the loss of lamp power in that region of the spectrum. 

Figure 12 shows the current results for the ZCAN/HfO2/Al device.  The two 

most significant differences between the SiO2 device and the HfO2 device is that the 

HfO2 device showed a much lower spectral threshold and exhibits significantly higher 

Iph.   

The results of the ZCAN/ZrO2/Al device are presented in Figure 13.  The 

ZrO2 device had the highest non-photoemission currents of all the devices.  

Furthermore, there was a dramatic increase in current approaching 5 eV.  This was 

due to the onset of photoconductivity and the excitation of electrons from the valence 

band of the ZrO2 to the conduction band which differs from IPE as discussed in 

Section 2.6. 

The final current Figure is of the Al2O3 device, which exhibited unique 

behavior.  Interestingly, the negative current was significantly higher than the positive 

current in this device.  Also, the onset of photo-induced current was relatively early.  

Even though there was an early onset of Iph, possibly meaning a low barrier height, 

there was very little non-photoemission contributors to the overall current.  This is 

exemplified in the similarity between Figure 14(a) and Figure 14(b). 

Each of these figures along with the corresponding photoemission yield 

results are also plotted in 3D surface graphs in Appendix I.  These graphs plot the 

current vs. applied voltage vs. photon energy. Viewing the 3D surface graphs allows 
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for easy examination of trends and an increased general understanding of the testing 

results.  However, it is difficult to detect specific sweep details on the 3D figures as 

compared to the 2D plots. 
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Figure 11: Current results for the ZCAN/SiO2/Al device. (a) The initial current 

measurement of the device. (b) The corrected Iph after the background current has 

been removed.  The insets are a band diagrams corresponding to the polarity of the 

current. 
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Figure 12: Current results for the ZCAN/HfO2/Al device. (a) The initial current 

measurement of the device. (b) The corrected Iph after the background current has 

been removed.  The insets are a band diagrams corresponding to the polarity of the 

current. 
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Figure 13: Current results for the ZCAN/ZrO2/Al device. (a) The initial current 

measurement of the device. (b) The corrected Iph after the background current has 

been removed.  The insets are a band diagrams corresponding to the polarity of the 

current. 
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Figure 14: Current results for the ZCAN/Al2O3/Al device. (a) The initial current 

measurement of the device. (b) The corrected Iph after the background current has 

been removed.  The insets are a band diagrams corresponding to the polarity of the 

current. 
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4.3 Built in Potential and Field Calculation 

The next step of the analysis process is to determine the built-in potential.  

This is performed by finding the applied bias where a reverse in the polarity of 

photocurrent is observed.  In order to complete this step, the entire set of measured 

current sweeps is transposed such that simplistic operations can be performed.  Then 

at each photon energy, the voltage where the current is nearest zero is found.  This 

process is done using the measured current values.  Then, multiple windows around 

the smallest current value are selected.  For each of the windows, linear regression is 

performed and the intercept of the x-axis is determined.  The coefficient of 

determination is evaluated for each window range and the window with the largest 

size and satisfactory coefficient of determination is selected to determine the built in 

potential values.  From this, two plots are generated for the selected window range.  

First, the estimated built in potential for each photon energy is plotted.  Then the 

coefficient of determination for each photon energy is plotted.  With these two 

graphs, an appropriate region is selected for averaging the built in potential, and this 

value is used to determine the field in the dielectric as shown in Figure 15.  Before 

internal photoemission occurs (when the incident photon energy is below the barrier 

height), the built in potential cannot be estimated using this technique.  Furthermore, 

depending on the relative barrier heights and incident photon energy, one side might 

be experiencing IPE while the other interface is still below the spectral threshold.  

The other concern is that a single photon energy might be a slight outlier from the rest 
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of the values, and thus an average is used to best assess the built-in potential or flat 

band voltage. 

 

 

Figure 15: Two separate examples of Vbi extraction from a single photon energy and 

all the Vbi extracted for an entire IPE sweep. 



48 

 

 

Next the internal field is calculated by simply applying E = (Vapp –Vbi)/d 

where d is the dielectric thickness measured using spectroscopic ellipsometry.  Note 

that this is still an approximation because it doesn’t take into account the field that is 

dropped across interfacial oxides.  The polarity of the field is used to determine which 

contact is emitting for the yield and spectral threshold analysis. 

 

 4.4 Photoemission Yield and Spectral Thresholds 

The yield for each sweep can now be calculated from the corrected current 

using Equation 4.  Plots are generated for the yield to the first power, the square root 

of yield and the cube root of yield.  In order to create comprehensive plots that show 

the transition from internal photoemission of one interface to the other, the yield to 

the first power is plotted, examples of such plots can be found in Appendix 1.  The 

yield plots of different powers are then compared to determine the best power to 

pursue for spectral threshold analysis, keeping in mind the proper power based upon 

the theory discussed in Chapter 2.  The results presented are all of the square root of 

yield as these offered sufficient linearization of the yield and is the proper power for 

metal-insulator junctions.  The Y1/2 for each of the devices is presented in Figures 16 

– 19.  The inset for each graph shows the electrode that is acting as the emitter. 

Shown in each figure, are plots of Y1/2 vs. photon energy with (a) ZCAN as the 

emitter and (b) when the Al contact is the emitter. 

After the quantum yield has been calculated, the spectral thresholds are 

determined.  This is done by determining at what point photoemission has occurred in 
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the spectrum and then using linear regression to estimate the knee of the yield curve 

or spectral threshold.  Depending on whether the background subtraction was a 

minimum or a baseline subtraction, the spectral threshold is either at the intercept of 

the x-axis with the linear regression or the intercept of the linear regression and the 

baseline estimation.  A moving window is used to determine the region of highest 

linearity from the yield curves.  This is done by comparing the coefficient of 

determination of each window.  Once the optimal windows have been found, the 

spectral threshold is then calculated for each bias.  The dotted lines in Figures 16 

through 19 are the linear regressions for each sweep that was used to determine the 

spectral threshold in this study.  A general rule for selection of the optimal window is 

that it should be well within the region of photoemission, because at the onset of 

photoemission, charging effects of carriers entering low energy traps at the interface 

can affect the accuracy of the yield results [29].  This will cause additional current 

that is spectral dependent but is not due to internal photoemission.  Thus it is difficult 

to remove and affects the spectral threshold extraction.  Furthermore, the selected 

region should be monotonic and highly linear.  For the HfO2 and ZrO2, there is a 

small discontinuity at approximately 2.6 and 3.8 eV.  This is due to an imperfect 

spectral power normalization and the same discontinuity can be seen in Figure 10 of 

the measured spectral power.  Simply put, the measured spectral power for these tests 

did not perfectly match the actual spectral power that the device saw during the test.  

The range for each applied bias should be similar for all the sweeps in a given test. 
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Figure 16: Photoemission Yield1/2 vs incident photon energy for the ZCAN/SiO2/Al 

device. (a) Yield results for the ZCAN electrode. (b)  Yield results for the Al 

electrode.  The linear extractions for spectral threshold are shown in dashed lines. 
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Figure 17: Photoemission Yield1/2 vs incident photon energy for the ZCAN/HfO2/Al 

device. (a) Yield results for the ZCAN electrode. (b)  Yield results for the Al 

electrode.  The linear extractions for spectral threshold are shown in dashed lines. 
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Figure 18: Photoemission Yield1/2 vs incident photon energy for the ZCAN/ZrO2/Al 

device. (a) Yield results for the ZCAN electrode. (b)  Yield results for the Al 

electrode.  The linear extractions for spectral threshold are shown in dashed lines. 
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Figure 19: Photoemission Yield1/2 vs incident photon energy for the ZCAN/Al2O3/Al 

device. (a) Yield results for the ZCAN electrode. (b)  Yield results for the Al 

electrode.  The linear extractions for spectral threshold are shown in dashed lines. 
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 4.5 Schottky Plots and Barrier Extractions 

The final step in the analysis process is the creation of a Schottky plot to 

estimate the zero field barrier height.  A Schottky plot is the energy level of the 

spectral thresholds plotted versus the square root of the field in the dielectric.  A 

Schottky plot is used due the effects of barrier lowering as previously discussed, 

where the barrier lowering is equal to ∆ϕB=(q|E|/(4 πε0))
1/2. Figures 20 - 23 show the 

Schottky plot and corresponding barrier height for each of the devices tested.  Figure 

25 summarizes the results of the measured band diagrams for each of the devices in 

this thesis.  All but the Al2O3 device exhibited larger barrier heights on the Al 

electrode than the ZCAN electrode.  In an ideal case, the slope for each linear 

regression for both interfaces would be equal, due to the slope of the line being 

proportional to the dielectric constant of the insulator.  The reason for why this is not 

always the case will be explored in the next section. 
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Figure 20: Schottky plot of spectral thresholds vs field1/2 for the ZCAN/SiO2/Al 

device.  The results for the Al interface are plotted in blue.  The result for the ZCAN 

interface are plotted in red.  Dashed lines show the linear extraction of the zero field 

barrier height. 
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Figure 21: Schottky plot of spectral thresholds vs Field1/2 for the ZCAN/HfO2/Al 

device.  The results for the Al interface are plotted in blue.  The result for the ZCAN 

interface are plotted in red.  Dashed lines show the linear extraction of the zero field 

barrier height. 
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Figure 22: Schottky plot of spectral thresholds vs Field1/2 for the ZCAN/ZrO2/Al 

device.  The results for the Al interface are plotted in blue.  The result for the ZCAN 

interface are plotted in red.  Dashed lines show the linear extraction of the zero field 

barrier height. 
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Figure 23: Schottky plot of spectral thresholds vs Field1/2 for the ZCAN/Al2O3/Al 

device.  The results for the Al interface are plotted in blue.  The result for the ZCAN 

interface are plotted in red.  Dashed lines show the linear extraction of the zero field 

barrier height. 

 

 4.6 Divergence from Expected Results 

Much of the research preceding this work on ZCAN devices primarily utilized 

Al as top contacts.  The estimates of the work function of ZCAN were near 4.8 to 4.9 

eV, measured by Kelvin probe electrostatic voltmeter or extracted from electrical 

measurements [25], [30].  The findings presented in this work suggest that the 

effective work function is closer to the 4.2 eV of Al than previously predicted.  In 
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comparison to previously reported IPE measurements of Al and the dielectrics studied 

in this experiment, the Al/Al2O3 matched the closest to reported values of 2.9 eV.  A 

summary of reported values can be found in Table 1.  Figure 24 shows the differences 

in reported values for Al versus the ones presented in this work.  One explanation for 

some of these discrepancies between reported barrier heights and the results of this 

research could be the effects of charges in the oxide.  As shown in the Schottky plots, 

the ZCAN/SiO2, Al/ZrO2, and ZCAN/Al2O3 interfaces may have exhibited behavior 

that could be attributed to trapped charges [1].  This is because the slope of these 

extrapolations is low, which corresponds to minor changes in the Schottky barrier 

lowering with respect to field.  This could be due to trapped charges negating the 

effects of the field in the dielectric and potentially causing band bending, which could 

be obscuring the actual barrier height as shown in Figure 2.  The effects of trap 

charging in the oxide will also alter the extracted dielectric constants.  The slopes of 

each dielectric and the dielectric constant can be found in Table 2 in the appendices. 

Another explanation for these discrepancies could be the effect of ZCAN on the Al 

interface due to the charge neutral levels, an example of metal induced gaps states.  

The charge sharing from the ZCAN interface could have altered the barrier height of 

the Al on the other side of the device. 

Another possible difference between reported values and barrier heights 

measured in this work is the method in which spectral thresholds are extracted.  Most 

other authors, such as Afanes’ev, have directly selected from which regions to 

extract, however as I have discussed, I have implemented an algorithm using the 

coefficient of determination to find the region of highest linearity.  Because of 
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varying techniques to determine the region of photoemission, differences in the 

extracted values can be expected. 

 

Table 1: Results for barrier heights presented in this work as compared to previously 

reported values by IPE [1]. 

 

 

Literature 

Results   This work   

 

Electrode Al (eV)  Al (eV) ZCAN (eV) Vbi (V) 

Insulator (Xi)      

SiO2 (0.95 eV) 3.15  3.77 3.34 1.22 

HfO2 (2.65 eV) 2.5  3.02 2.97 0.012 

ZrO2  (2.75 eV) 2.7  2.22 2.18 0.039 

Al2O3 (2.5 eV) 2.9   2.97 3.17 0.43 

 

 

 

Figure 24: Comparison of extracted barrier heights for the Al interface with respect to 

the electron affinity of the dielectric of this work in red and literature values in blue. 
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Figure 25: Representative band diagrams of all the measured barrier heights presented 

in this work. Bandgaps based on literature values. 
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5. Summary / Conclusion 

The assessment of metal-insulator barrier heights of the amorphous metal 

ZCAN with SiO2, Al2O3, HfO2, and ZrO2 is presented in this thesis.  The final results 

are presented in Figure 25 and compared to literature values in Table 1. 

To achieve these results, the research performed entailed the development of a 

complete IPE testing system at Oregon State University.  It also required the process 

development for IPE device fabrication.  Finally, the testing of these devices required 

substantial analysis and understanding of the fundamental aspects of IPE in order to 

yield quality results.   The barrier heights that were measured for ZCAN were 

significantly higher than previously reported [25].  The previously reported values 

used KP and electrical measurements to estimate the barrier height using the 

Schottky-Mott relationship.  In the following sections, there is a brief review of the 

entire project and a discussion of potential paths forward in order to continue this 

research at OSU. 

 5.1 IPE Future Considerations 

There are opportunities for possible improvements to the system at OSU and 

future experiments for IPE.  The most difficult aspect of the current implement of the 

IPE system is the difficulty of and labor intensity involved in completing an IPE 

measurement in its entirety without breaking the device.  This is due to two primary 

reasons, with the first being the length of time of the test.  The second is that 

vibrations that occur in the room in which the system is housed can cause device 

failure.  The majority of successful experiments for this study were completed on 
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weekends or overnight while few people were in the laboratory and building.  The 

length of test and ease of failure resulted in many partial completions.   

However, these issues can be counteracted in two ways.  The first approach is 

to improve device reliability; this can be achieved through improving the optical 

isolation table on which the system is located, upgrading the electrical probes, fully 

enclosing the electrical side of the system in a dark box, and redesigning the device to 

be more robust.  To improve the robustness of the devices, a field oxide could be 

implemented in the design so that the contact pad would have a much thicker oxide 

between it and the bottom electrode, which would result in lower chance of dielectric 

breakdown.  Another approach toward improved testing would be to alter the testing 

procedure and upgrade some of the equipment used.  For example, a new 

electrometer might allow for faster testing.  Another option that could yield 

substantially better results would be to implement a digital lock-in amplifier.  The use 

of a lock-in amplifier could substantially improve the speed of the test by reducing 

the time necessary to measure the device.  A lock-in amplifier could be implemented 

by chopping the incident photon spectrum and the resulting current from the device 

would then be demodulated from the synchronized chopping or carrier frequency.   

With a much shorter test, the probability for device failure would be diminished and 

the ability to test a large of amount of devices would allow for an expansion of the 

possible experiments that can be conducted.  If the testing time could be improved, a 

scanning system could be implemented. This would require an upgrade of the light 

source to a super-continuum laser and entail the use of scanning piezo mirrors to map 
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the surface of the device.  These changes would dramatically improve the impact this 

research could have on the field of IPE. 

Although upgrades to the IPE system at OSU would be beneficial, there are 

still a significant amount of experiments that could be conducted in its current 

form.  The results of device performance due to aging and stressing have been 

noted.  Subjecting samples to different environments could help the understanding of 

how defects at the interface form and how they impact on the energy barrier.  Another 

experiment could involve the replacement of the bottom electrode with another 

amorphous material or experimentation with different dielectrics.  The dielectrics in 

these experiments could be novel ALD grown films. Other areas for exploration 

could involve the exploration of different deposition techniques, such as solution 

deposition or mist deposition.  The development of novel devices made from 2D 

materials, such as molybdenum disulfide, is a growing field, and the exploration of 

the interface mechanics of 2D materials could offer a challenging and exciting 

opportunity to uncover unknown aspects about these materials.  Finally, exploring the 

impacts of interfacial oxide layers could be done by intentionally introducing multiple 

interfacial oxides by ALD.  These experiments offer many opportunities for 

continued research using the IPE system that has been developed at OSU. 
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Appendix I:

 
Figure 26: 3D plot of the uncorrected current vs photon energy vs applied bias.  The 

color map corresponds to the current levels of each device and each intersection of 

the mesh is a measured data point.   
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Figure 27: 3D plot of the photocurrent vs photon energy vs applied bias.  The color 

map corresponds to the current levels of each device and each intersection of the 

mesh is a measured data point.   
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Figure 28: 3D plot of the yield vs photon energy vs applied bias.  The color map 

corresponds to the current levels of each device and each intersection of the mesh is a 

measured data point.   
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Figure 29: 3D plot of the uncorrected current vs photon energy vs applied bias.  The 

color map corresponds to the current levels of each device and each intersection of 

the mesh is a measured data point.   



72 

 

 

 

 
Figure 30: 3D plot of the photocurrent vs photon enegery vs applied bias.  The color 

map corresponds to the current levels of each device and each intersection of the 

mesh is a measured data point.   
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Figure 31: 3D plot of the yield vs photon energy vs applied bias.  The color map 

corresponds to the current levels of each device and each intersection of the mesh is a 

measured data point.   
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Figure 32: 3D plot of the uncorrected current vs photon energy vs applied bias.  The 

color map corresponds to the current levels of each device and each intersection of 

the mesh is a measured data point.   
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Figure 33: 3D plot of the photocurrent vs photon energy vs applied bias.  The color 

map corresponds to the current levels of each device and each intersection of the 

mesh is a measured data point.   
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Figure 34: 3D plot of the yield vs photon energy vs applied bias.  The color map 

corresponds to the current levels of each device and each intersection of the mesh is a 

measured data point.   
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Figure 35: 3D plot of the uncorrected current vs photon energy vs applied bias.  The 

color map corresponds to the current levels of each device and each intersection of 

the mesh is a measured data point.   
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Figure 36: 3D plot of the photocurrent vs photon energy vs applied bias.  The color 

map corresponds to the current levels of each device and each intersection of the 

mesh is a measured data point.   
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Figure 37: 3D plot of the yield vs photon energy vs applied bias.  The color map 

corresponds to the current levels of each device and each intersection of the mesh is a 

measured data point.   
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Figure 38: Image of the IPE test system with labels for each of the major components. 

 

 

 

 

 

 

Table 2: Slopes of the Schottky plot for each interface.  The slope is then used to 

calculate the estimated dielectric constant.  The Vbi that was extracted for each device 

is given. 

  Slope Al Slope ZCAN εr Al εr ZCAN Vbi 

Insulator      

SiO2  -0.357 -0.0815 2.80 12.27 1.22 

HfO2 -0.481 -0.492 2.08 2.03 0.012 

ZrO2 -0.0147 -0.196 68.03 5.10 0.039 

Al2O3 -0.239 -0.0723 4.18 13.83 0.43 

 


