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1. Introduction
In the realm of semiconductor technology, where precision 
and speed are paramount, the demand for innovative 
materials is at an all-time high. High-k dielectrics, emerging 
as a pivotal element in this field, are at the vanguard of 
the latest technological advancements. Despite their 
potential to revolutionize the industry, their integration 
presents significant challenges. This white paper explores 
the multifaceted aspects of High-k dielectrics - from their 
extensive benefits to the intricacies of their vaporization 
process, including the revolutionary nanodroplet atomization 
technique. Join us in a detailed examination of the evolving 
landscape of high-k dielectric vaporization.

2. Benefits of Using High-k Dielectrics
High-k dielectrics have steadily risen to prominence in the 
electronics domain, particularly within the semiconductor 
industry. Their special attributes present a multitude of 
benefits, rendering them essential for a range of  
technological pursuits.
In the past, the semiconductor landscape was largely 
dominated by materials with lower dielectric constants,  
like SiO2. However, as electronics sought miniaturization, 
speed, and efficiency, the industry transitioned towards 
materials with higher dielectric constants, namely High-k 
dielectrics. This shift overcame many challenges posed  
by the older materials.

Among the benefits of High-k dielectrics are:
1.	�Improved Capacitance: Given that capacitance is tied to 

the dielectric constant, High-k dielectrics offer better data 
storage and elevate overall device performance, aligning 
with the needs of modern electronics.

2.	�Miniaturization: With the semiconductor sector focusing 
on smaller devices, High-k dielectrics are integral in 
maintaining Moore's law. They ensure that as devices  
scale down, performance remains consistent.

3.	�Lower Power Consumption: Devices equipped with 
High-k dielectrics are more power-efficient than their 
counterparts. This not only heightens energy conservation 
but also prolongs the device's life.

4.	�Reduced Leakage Current: Acting as barriers against 
electron tunneling, High-k materials minimize leakage 
current, thereby enhancing device dependability  
and efficacy.

Some common metals used in high-k dielectric precursors 
are Zirconium (Zr), Hafnium (Hf), and Cobalt (Co). These 
materials are essential in the creation of high-k dielectric 
films, and they must be available in a form suitable for 
vaporization. Generally, this means they should be in 
a liquid state at room temperature. To achieve this, 
these metals are often converted into organometallic 
compounds. For instance, Zirconium and Hafnium are 
utilized as Tetrakis(ethylmethylamido)zirconium (TEMAZ) and 
Tetrakis(ethylmethylamido)hafnium (TEMAH), respectively. 
Cobalt is similarly processed into a volatile precursor like 
(3,3-Dimethyl-1-butyne)dicobalt  
hexacarbonyl (CCTBA). 
These precursors are selected based on their volatility and 
stability, which are essential for efficient and reliable  
deposition in semiconductor device fabrication. Notably, 
cyclopentadienyl compounds of Zirconium (CpZr) and  
Hafnium (CpHf) are becoming increasingly preferred for  
their higher vapor pressures and greater stability, attributed 
to their elevated decomposition temperatures. Their growing 
popularity underscores their effectiveness in meeting  
the rigorous demands of advanced semiconductor 
manufacturing processes.
Furthermore, the influence of High-k dielectrics extends 
beyond semiconductors. They're making noteworthy strides 
in areas such as medical devices and space ventures, 
optimizing the efficacy and durability of products in  
diverse sectors.



3. Challenges in Vaporizing High-k Dielectrics
Traditional techniques for vaporizing high-k dielectrics 
face a range of complexities. High thermal requirements 
not only elevate energy consumption but also introduce 
the risk of compromising the integrity of the substrate and 
other materials involved. Additionally, these methods are 
often marked by suboptimal vapor distribution, material 
underutilization, and the constraints imposed by low vapor 
pressures of the dielectrics.

1.	�Low Vapor Pressures: One of the primary challenges  
with high-k dielectrics is their naturally low vapor pressures. 
Precursors with low vapor pressures typically require 
increased energy for vaporization and exhibit slower 
evaporation rates. This condition results in limited vapor flow 
rates, constraining the efficiency and speed of deposition 
processes in semiconductor manufacturing.

2.	�Thermal Decomposition: The requirement for high 
temperatures during vaporization introduces significant 
risks. There's always a potential for thermal degradation 
to both the substrate and any other materials involved, 
especially those that are temperature-sensitive, which is 
common among High-k dielectric precursors.

3.	�High Operating Temperatures: Traditional vaporization 
methods demand high temperatures, making the process 
energy-intensive and leading to increased operational 
costs. The situation is further complicated by the need 
for specialized equipment that can endure these high-
temperature conditions.

4.	�Uneven Distribution: The incomplete or partial vaporization 
of the dielectric can lead to uneven distribution. If some of 
the flow isn't fully vaporized, it can result in inconsistencies 
when the material is deposited onto the substrate. This, 
in turn, can affect the quality of the film and influence the 
performance of the resulting semiconductor device.

5.	�Inefficient Usage of Material: There's often a degree 
of inefficiency associated with traditional vaporization 
techniques. Incomplete vaporization or suboptimal transfer 
to the substrate can lead to material wastage, posing both 
economic and environmental challenges.

The vaporization of high-k dielectrics is hindered by significant 
challenges, with the predominant issues being low vapor 
pressures and the risk of thermal degradation. Addressing 
these concerns requires a comprehensive approach 
that draws from fields such as thermodynamics, surface 
chemistry, and mechanical engineering. This interdisciplinary 
collaboration is crucial for the industry to develop more 
effective vaporization methods.

4. Thermal Decomposition in High-k Dielectrics
The development of new techniques for vaporizing high-k 
dielectrics primarily focuses on addressing the challenge of 
thermal decomposition. Many high-k dielectric precursors 
exhibit low vapor pressures, necessitating the application of 
higher heat for more extended periods to achieve vaporization. 

Such elevated temperatures can cause material deterioration, 
resulting in the loss of essential properties and compromising 
the end product's integrity. This degradation impacts the 
electrical characteristics of the dielectrics and can lead to 
diminished reliability and performance in the final device.  
In addition, the chemical breakdown can cause clogging within 
the system, significantly reducing the lifespan of components.
In the fabrication of semiconductor devices, managing the 
thermal decomposition of high-k dielectric precursors is 
a fundamental aspect of process control. The Arrhenius 
equation is essential for understanding and quantifying this 
decomposition, providing a predictive relationship between 
temperature and the rate of precursor degradation.  
This equation is essential for identifying the optimal  
processing conditions that prevent the loss of  
material integrity.

Equation 1: Arrhenius equation for thermal  
decomposition rate

k=Ae
-Ea

RT
Where:
k = Rate constant
A = Arrhenius factor (frequency factor)
T = Absolute temperature
Ea = Activation Energy
R = Universal gas constant

Temperature sensitivity in the thermal decomposition of high-k 
dielectric precursors is linked to the exponential increase in the 
reaction rate with rising temperature. This increase is a result  
of the decreasing exponent e -Ea

RT in the Arrhenius equation. 
Time is also a critical factor, as longer exposure to heat, even  
at optimal temperatures, can cumulatively increase the rate  
of decomposition.

The graph above illustrates the vapor pressure curves for 
various high-k dielectric precursors, with isopropanol (IPA) 
included as a comparative baseline. Notably, TEMAZr and 
TEMAHf demonstrate a significantly lower vapor pressure 
compared to the other substances, especially at lower 
temperatures. This characteristic necessitates higher 
temperatures to achieve vaporization, yet such conditions  
can expedite thermal decomposition, as detailed by the 
Arrhenius equation.

Figure 1. �Comparative Vapor Pressure Curves of High-k Dielectric Precursors and IPA



Precursors with lower vapor pressures, such as TEMAZr, 
demand greater heat for vaporization, which must be carefully 
managed to avoid accelerated decomposition. The disparity 
in vapor pressures among these materials underscores 
the importance of tailoring vaporization strategies to each 
precursor's properties. Such tailored approaches are vital 
for developing efficient and secure vaporization techniques 
essential for advanced semiconductor fabrication processes.

5. The Nanodroplet Atomization Solution
Nanodroplet atomization technology presents a novel 
approach to address the challenges in vaporizing high-k 
dielectrics. By generating nanometer-scale droplets, this 
method utilizes the increased surface area-to-volume 
ratios, which significantly enhance heat transfer, enabling 
vaporization at comparatively lower temperatures. 

Equation 2: Surface area-to-volume ratio

Surface Area to Volume Ratio (SA:V) =
Surface Area

Volume
For a sphere, the SA:V is given by 3

r , where r is the radius. 
Smaller droplets have larger SA:V, increasing the efficiency of 
heat transfer.

The comparative analysis presented in Figure 2 underscores 
the exponential benefits of nanodroplet atomization.  
While the 1mm droplets already present a significant  
surface area advantage over the ampule, 0.5μm droplets 
provide an astoundingly larger surface. Impressively, 
nanodroplets increase the surface area by over 105 times 
compared to the small ampule. This significant increment 
in surface area, relative to volume, is pivotal for enhancing 
vaporization processes.
Nanodroplet atomization not only circumvents the traditional 
challenges associated with vaporizing high-k dielectrics but 
also offers an energy-efficient mechanism that is optimal  
for semiconductor and broader industrial applications.  
By leveraging the increased SA:V ratios, this technology 
ensures enhanced heat transfer and maximizes vaporization 
efficiency with adjustable flow rates. 

6. Integration with Heat Exchangers
Heat exchangers play a pivotal role in the nanodroplet 
atomization process by supplying the essential thermal 
energy needed to vaporize atomized nanodroplets. They 
must operate with high efficiency to provide sufficient heat 
while avoiding the overexertion that could lead to thermal 
decomposition, maintaining a controlled environment.
The system's stability is largely due to the effective heat 
transfer within the exchanger, facilitated by the interaction 
between the droplet's surface area and the heat medium. 
The use of a carrier gas is particularly advantageous for 
high-k dielectrics, acting as an intermediary heat medium that 
ensures uniform heat distribution and serves as a protective 
agent against thermal decomposition, safeguarding the 
integrity of the materials.

Equation 3: Heat transfer equation
Q=h×A×∆T

Where:
Q is the heat transfer rate
h is the heat transfer coefficient
A is the surface area of the droplet
∆T is the temperature difference between the droplet and  
the heat exchanger medium 
The greater the surface area A, the more effective the heat 
transfer Q. In practical terms, this means that nanodroplets, 
due to their increased surface area relative to their volume, can 
transfer heat more effectively than larger droplets, enhancing 
the overall performance of the heat exchanger.

7. Benefits of the Integrated Approach
Using a nanodroplet atomizer with a heat exchanger combines 
the strengths of both technologies. This combination not only 
improves the vaporization process but also brings several 
other advantages:
1.	�Highly Stable Vapor Flow Rates: The nanodroplet 

atomization technique ensures exceptionally stable vapor 
flow rates, which is crucial for consistent and predictable 
deposition in semiconductor manufacturing. This stability 
is a product of the small droplet size and well-controlled 
distribution, enabling uniform heat transfer and vaporization 
even when working with materials that have inherently low 
vapor pressures.

2.	�High Flow Rates: This integrated method also achieves 
higher flow rates compared to traditional vaporization 
techniques. By optimizing the surface area-to-volume ratio 
of the nanodroplets, the system can efficiently transfer 
heat and vaporize more material in less time, increasing 
throughput without sacrificing quality.

3.	�Long Lifetime: The nanodroplet atomization approach 
enhances heating efficiency and reduces the exposure time 
of materials to high temperatures. This leads to less material 
clogging, significantly extending the operational lifetime of 
the equipment and reducing the frequency of maintenance 
and replacement costs.

4.	�Solution for Almost All Liquids: Nanodroplet atomization 
technology is versatile and effective for a wide array of 
liquids, including those that are thermally sensitive or have 
low vapor pressure. This vaporization process allows even 
the more unstable substances to be vaporized without 
degradation by optimizing heat transfer, broadening  
the scope of materials that can be processed with  
this technology.

The benefits of using nanodroplet atomization with a heat 
exchanger clearly highlight the superior efficiency and control 
this technology brings to the vaporization process. To further 
illustrate these points, the following graph provides empirical 
evidence of the performance enhancements. 

Figure 2. �Surface Area to Volume Ratios for Different Heating Approaches.



It compares the downstream vapor pressure stability of the 
nanodroplet-based MSP Turbo II™ Vaporizer with that of 
traditional DLI vaporization methods, showcasing the practical 
impact of these advancements in a real-world setting.

Figure 3. Downstream Vapor Pressure: MSP Turbo™ Vaporizer vs. Traditional DLI Vaporization

The graph presented in Figure 3 reveals a distinct advantage 
of using nanodroplet atomization in tandem with heat 
exchangers. It illustrates a more stable downstream heat 
exchanger pressure, evidenced by the reduced pressure 
variance when compared against the traditional DLI solution. 
Such stability validates the effectiveness of this integration, 
enhancing reliability and reducing associated risks in the 
vaporization of High-k dielectrics.

8. Conclusion
As we stand at the crossroads of technological advancement, 
the vaporization of high-k dielectrics emerges as a critical 
area ripe for innovation. The emergence of nanodroplet 
atomization, in synergy with heat exchanger technology, 
represents a significant leap forward in overcoming the 
longstanding challenges of low vapor pressures and thermal 
degradation. This white paper has highlighted not only the 
theoretical underpinnings of this technology but also its 
practical implications in enhancing the efficiency, safety, and 
quality of semiconductor manufacturing processes.
The journey towards integrating these advanced techniques 
into standard industry practices is not without its hurdles. 
However, the compelling benefits they offer — from improved 
energy efficiency to superior product quality — underscore 
their potential to redefine the standards of semiconductor 
fabrication. As the industry continues to evolve, embracing 
these innovations will be key to maintaining competitiveness 
and meeting the ever-increasing demands for smaller, faster, 
and more efficient electronic devices.

The future of high-k dielectric vaporization is a promising one, 
illuminated by the advancements discussed in this paper. It is 
an invitation to industry leaders, engineers, and researchers 
alike to embrace these breakthroughs, further refine them, 
and pave the way for a new era in semiconductor technology. 
The implementation of these cutting-edge solutions is not just 
a step forward in addressing current challenges but a stride 
towards shaping the future of the semiconductor industry.

9. �Embrace Next-Generation  
Semiconductor Solutions

While this white paper has outlined the theoretical advantages 
of combining nanodroplet atomization with heat exchangers, 
the practical implementation of such a solution is at the 
forefront of technological evolution, and MSP™ is leading  
the charge.
MSP™, a Division of TSI®, is proud to introduce the  
Turbo II™ Vaporizer, the latest addition to our renowned 
Turbo™ Vaporizer lineup, launched at the start of 2024. 
Capitalizing on revolutionary technology, the Turbo II™ is 
specifically designed to overcome the intricate challenges of 
vaporizing High-k dielectrics, embodying the advantages of 
nanodroplet atomization integrated with heat exchangers.
By incorporating the Turbo II™ Vaporizer into your processes, 
users can expect unparalleled operational efficiency, 
heightened safety standards, superior product quality, and 
optimal resource utilization. To fully grasp how this state-of-
the-art vaporizer can transform your vaporization processes, 
we invite you to explore the Turbo II™ alongside our full range 
of products at MSPVaporizers.
Engage with MSP™ today, and let the Turbo II™ Vaporizer 
propel your operations into the future of High-k dielectric 
vaporization. Your journey towards operational excellence is 
just a click away.
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