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Internal photoemission spectroscopy is used to measure energy 
barrier heights in metal/insulator/metal (MIM) structures with 
plasma-enhanced atomic layer deposited SiO2 and amorphous 
metals TaWSi and TaNiSi and polycrystalline TaN bottom 
electrodes. With an Al top electrode, the TaWSi/SiO2 barrier 
height is 4.0 eV. Al and Au barrier heights with SiO2 were found 
to be 3.7 eV and 4.2-4.3 eV, respectively. With a Au top electrode, 
barrier heights between SiO2 and Ta-based bottom electrodes could 
not be reliably extracted. The Au top electrode device with a 
TaWSi bottom electrode exhibited switching behavior, pointing 
towards migration of a positively charged species in the dielectric 
which was not observed with the Al top electrode.  
 

Introduction 

 
Metal/insulator/metal (MIM) tunnel diodes are of interest for use in high-speed 
applications such as rectenna based energy harvesting of IR radiation, as building blocks 
for beyond CMOS hot-electron (MIMIM) transistors, and for use in resistive random 
access memory (1–3). Tunnel diodes 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. As such, a very smooth 
bottom electrode is necessary to provide a uniform electric field and charge transport 
throughout the MIM device. Amorphous metals are excellent candidates for this 
application as they are atomically smooth due to their amorphous nature. The amorphous 
metal ZrCuAlNi has been previously shown to function well as a bottom electrode for 
MIM devices (4–6),  but suffers from an interfacial oxide and thermal instability above 
~300 °C. Recently, Ta-based amorphous metals such as TaWSi and TaNiSi have been 
shown to have larger work functions and stability approaching 900 °C and above (7).  
     Because FNT is strongly dependent on the metal/insulator barrier heights in the device, 
knowledge of these barrier heights is critical for predicting, understanding, and 
optimizing MIM diode device operation. The Schottky-Mott model may be used to 
predict ideal barrier heights (φBn = ΦM - χi) from the metal vacuum work function (ΦM) 
and insulator electron affinity (χi). However, actual barrier heights depend strongly on 
deposition method and interface properties and often differ substantially from ideal 
values. Internal photoemission (IPE) spectroscopy may be used to directly measure 
barrier heights at interfaces buried within the device of interest. In this work, IPE is 
utilized to measure the metal/insulator barrier heights in MIM stacks with Ta-based 
amorphous metal bottom electrodes or polycrystalline TaN, using both Au and Al as top 
electrodes. 
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Experimental 

 
     MIM devices were fabricated on silicon substrates with 100 nm of thermally grown 
SiO2 to provide electrical isolation from the underlying silicon. TaWSi and TaNiSi 
bottom electrodes were deposited using DC magnetron sputtering from single alloy 
targets (7, 8). TaN bottom electrodes (obtained from ON Semiconductor) consisted of a 
Si/SiO2/Ta/TaN stack that was planarized via chemical-mechanical planarization. SiO2 
was deposited on the bottom electrodes with plasma-enhanced atomic layer deposition 
(PEALD) using bis(diethylamino)silane (BDEAS) and O2 plasma as precursors in a 
Picosun SUNALE R-200 reactor at 200 °C. The targeted dielectric thickness was 15 nm. 
For the semi-transparent top contact needed for IPE measurements, approximately 10 nm 
of either Al or Au was deposited via thermal evaporation. 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.  
     IPE measurements were conducted using a 150 W Xe arc lamp light source 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 current was measured as 
the photon energy (hν) was swept from 2 to 5 eV. 
 

Results and Discussion 

 
Procedure for barrier height determination 
 
     Current was normalized for each applied bias, such that only the light-induced current 
(Iph) was analyzed. The quantum yield (Y) was then calculated using Eqn. 1,  
 

Y = (Iph * hν) / Pph     [1] 
 
where Pph is the power of the light incident on the sample, as measured by a silicon 
photodiode.  
     The next step in data analysis was to determine spectral thresholds (Φthresh) from plots 
of Y1/2 versus hν (9, 10), where Y1/2 was used to account for the energy distribution at a 
metal interface. Spectral thresholds were found 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. Once the region for linearization was determined, the x-intercept was 
calculated, giving Φthresh for that specific bias. Φthresh extractions for SiO2 devices with Al 
and Au top electrodes and Ta-based bottom electrodes are shown in Figure 1. It must be 
noted that with a Au top electrode, barrier heights between SiO2 and the Ta-based metals 
were not extracted due to difficulty in finding repeatable linear regions for spectral 
threshold extractions, which will be discussed later. The built-in field for each device was 
determined as an average of the crossover point of Iph from a positive to negative value 
over the range of hν. Φthresh were then plotted as a function of the square root of the 
electric field in the oxide (ξ1/2), taking into account the built-in field in the device. The y-
intercept of a linear regression of this data was then found in order to obtain the zero-field 
barrier height, φbn-0, to account for field-dependent barrier lowering (11). This extraction 
is shown for SiO2 devices in Figure 2. Ideally, this field dependence is due to image-force 
barrier lowering, and the slope of the extraction is dependent on the dielectric constant of 
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the oxide. However, that was not the case for these extractions. This non-ideality may be 
due the presence of charges near the interface or interfacial layers, and is typically 
reported for metal-insulator barriers (12–14). 
 

 
 
Figure 1. Representative spectral threshold extractions for devices with (a) Al and (b) Au 
top electrodes. Dashed lines show the extracted spectral threshold for each interface. Note 
that barriers were not extracted for the SiO2 and bottom electrode interfaces for the Au 
devices. 
 

 
 
Figure 2. Schottky plots used to extrapolate the zero-field barrier height from IPE-derived 
spectral thresholds. 
 
SiO2 Barrier Heights with Ta-based Metals 
 
     First, SiO2 was characterized with an Al top electrode and TaWSi bottom electrode to 
directly compare to previous work with ZrCuAlNi (12). This yielded a similar Al barrier 
at 3.7 eV, and a TaWSi barrier height of 4.0 eV, larger than the ZrCuAlNi barrier height 
of 3.3 eV (12). This is in agreement with Kelvin probe measurements that indicate 
TaWSi has a larger vacuum work function than ZrCuAlNi (15, 16).  
     To avoid the potential for oxidation of the top electrode, Au was used as the top 
electrode when comparing the bottom electrodes in this study. Bottom electrodes of 
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TaWSi, TaNiSi, and TaN were studied. The Au barrier height measured for all three 
bottom electrodes was between 4.2-4.3 eV, within experimental error of one another. 
This suggests that the bottom electrode is not impacting the barrier height of the top 
electrode. This value is ~0.6 eV greater than the Al barrier height, where a difference of 
~0.9 eV would be expected from the vacuum work function difference between Au and 
Al. The expected barrier height between Au (ΦM = 5.2 eV) and SiO2 (χi = 0.9 eV) is 4.3 
eV, which matches the measured barrier height. These two observations support previous 
reports of a dipole at the interface of ALD insulators and Al that increases the barrier 
height between Al and the ALD insulator (14). 
     A clear, consistent region of linearity could not be determined for spectral threshold 
extractions for the barrier height between SiO2 and Ta-based metals when a Au top 
electrode was used. However, the zero-field barrier height from the spectral thresholds 
that could be extracted yielded a value far lower than expected. The TaWSi barrier height 
was over 1 eV lower than was measured with an Al top electrode. A potential explanation 
for this lower than expected TaWSi barrier height is the presence of charge at the TaWSi 
interface.  
     In previous work with Ta-based metals, it was postulated that negative Ta ion 
migration into an ALD oxide following a post-deposition anneal could lead to an increase 
in barrier height (17). This is the opposite effect of what was observed in this work. 
However, it is possible that positive Au ion migration to the opposing electrode could 
cause a lower TaWSi barrier height than expected. Au is known to migrate through 
oxides, and may even be used to form conductive bridges that display switching behavior 
as in conductive bridging random access memory (CBRAM) (18, 19). IPE determination 
of the bottom electrode barrier height in this work is performed with a positive bias 
applied to the top electrode over a relatively long period of time, giving ample time for 
positively charged Au ions to migrate to the opposing electrode. These positively charged 
Au ions could cause a lowering of the barrier height at the bottom electrode. 
 

 

Figure 3. Switching behavior exhibited by Au/SiO2/TaWSi device over 9 cycles.  
 
     Significant Au migration would likely lead to switching behavior. IV measurements 
were used to look for switching behavior in TaWSi bottom electrode devices. Of those 
tested, only the Au/SiO2/TaWSi device exhibited reversible resistance switching of the 
device, shown in Figure 3, while the SiO2 device with an Al top electrode did not. The 

ECS Transactions, 85 (13) 729-734 (2018)

732
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 128.193.51.242Downloaded on 2018-07-19 to IP 

http://ecsdl.org/site/terms_use


 

migration of Au would explain why only the Au top electrode device exhibits switching 
behavior and why a clear, repeatable linear region could not be found for spectral 
threshold extraction for the SiO2/Ta-based metal interface when using a Au top electrode. 
 

Conclusion 

 

     The barrier height between PEALD SiO2 and TaWSi was determined, with a 
comparison made between Al and Au top electrodes. Samples with TaWSi, TaNiSi, or 
TaN bottom electrodes and Au top electrodes yielded a Au barrier height between 4.2-4.3 
eV. Reliable bottom electrode barrier height extractions could not be made for samples 
with Au top electrodes due to a lack of consistent linear regions in the yield curve for 
spectral threshold extraction. However, the spectral thresholds that were extracted were 
much lower than with an Al top electrode. The presence of positive ions near the 
interface of the Ta-based metals could explain this lower barrier height, one example of 
which would be Au migration from the top electrode, as evidenced by observable 
resistive switching behavior. A comparison to previous work with ZrCuAlNi showed that 
TaWSi has a larger work function than ZrCuAlNi. Due to its low roughness and 
significantly higher temperature stability than ZrCuAlNi, TaWSi may be promising for 
use as a high work function bottom electrode in MIM tunnel diodes. 
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