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Abstract 
 
The temperature uniformity on a heat pipe hot chuck (HPHC) during semiconductor wafer processing has been an important factor to 

critical dimension (300 mm) uniformity as the feature size of semiconductors decreases and productivity density increases due to the new 
process of nano size special manufacturing technology. To design the present heat pipe hot chuck system, which has enhanced tempera-
ture uniformity for the wafer process, the heat distribution of the system was analyzed experimentally with various working fluids such as 
water, TiO2, ATO, ITO, Al2O3, and Ag-nanofluids and 8 cell structures. Unlike the conventional solid state chuck, the present heat pipe 
hot chuck system consists of a heat pipe containing specially charged working fluid. Various working fluids have been tested to find best 
temperature uniformity feature on the top surface of hot chuck. TiO2-nanofluid was used and tested as the working fluid of the heat pipe 
hot chuck system in this paper. The temperature uniformity of upper surface was sustained in the range of ±1oC. A nano-porous layer was 
observed on the surface with the good result of surface temperature uniformity compared with distilled water. 
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1. Introduction 

In recent years, the semiconductor manufacturing industry 
has moved to the nanotechnology or much higher technology. 
Furthermore, due to the high end lithography pattern technol-
ogy, chip devices continue to evolve toward much smaller 
features. As the chip size shrinks with thin patterning process, 
precise temperature control technology has been getting more 
important and this has led to a growing demand in micro-
fabrication processes. The recent chip density leads to wide 
wafer plate processing to 300 mm and 450 mm. Wide work-
ing space of wafer baking can make it difficult to control tem-
perature uniformity. The precise temperature control for a hot 
chuck system wider than 300 mm is not yet studied in strength 
[1-3].  

In the wafer tracks, both steady-state temperature uniform-
ity and transient wafer baking temperature non-uniformity 
significantly impact the critical dimension uniformity. Further 
reduction in across-wafer and wafer-to-wafer critical dimen-
sion variation requires wafer-to-wafer baking temperature 
uniformity for the entire baking cycle [4-6]. 

The present study is on the hot chuck plate system using a 

nanofluidic heat pipe for baking system with 300 mm (12 
inch) wafer baking tracks. The HPHC (heat pipe hot chuck) 
performs exceptionally well with a surface temperature distri-
bution accuracy of ± 1oC and superior thermal response so the 
entire surface of the plate heats uniformly as temperature is 
increased. This minimizes thermal distortion, improves tem-
perature uniformity across the surface of the wafer, and pro-
vides uniform thermal effects on the wafer throughout the 
baking process, not only at steady state but also at transient 
state. [1-3, 6-12] 

The present HPHC is operated by liquid-vapor phase 
changing of a two-phase closed thermosyphon (TCT). This 
closed two-phase changing process utilizes the latent heat of 
vaporization to transfer heat from the hot section with very 
small temperature gradients. Heat at the lower portion of a 
HPHC vaporizes the working fluid. During this phase change 
process, the fluid picks up the heat associated with its latent 
heat of vaporization. The vapor in the evaporator region is at a 
higher temperature. Hence at a higher pressure than the vapor 
pressure in the condenser, the vapor rises with aid of buoy-
ancy forces and flows to the condenser where it gives up the 
latent heat of vaporization. The gravitation then causes the 
condensate film to flow back down the inside wall of the 
HPHC and the process repeats. This two-phase working state 
is the main advantage to be adapted to the present HPHC sys-
tem. Although the inside surface of the HPHC may occasion-
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ally be lined with a cell structure to promote the return of the 
condensate to the evaporator or to increase the associated heat 
transfer coefficient, an HPHC basically depends on the local 
gravitational acceleration for the return of the liquid from the 
evaporator to the condenser. Therefore, for proper operation, 
the evaporator of an HPHC must be located below the con-
denser, because dryout of the evaporator may occur. And the 
heat transfer characteristics of a HPHC are limited by a host of 
thermophysical constraints, including the thermal properties of 
the working fluid [13, 14]. 

Researches on the hot chuck plate system have been studied 
in Korea eagerly, because the semiconductor industries are 
advanced and very active. The hot chuck system has been 
studied rarely. Gyu Jin Park et al. [7] developed a hot plate 
device for hot embossing nano-imprinting machines. The 
conventional hot plate requires rapid heating-up, high tem-
perature uniformity and precise controllability of temperature. 
An additional concern particularly for hot embossing is rapid 
cooling-down of the hot plate, which is essential in the de-
molding process. Analysis of design requirements leads to a 
120mm×120mm×16mm rectangular plate made of Alumin-
ium alloy, which has a series of cartridge heaters and circular 
holes for gas cooling in parallel. Park et al. [8] and Lee et al. 
[9] reported the possibility and reality of the thermal control 
on the hot plate using a CFD code. Numerical computation 
has been conducted for assessing the feasibility of a hot plate 
(l20×120 mm2, circular plate of φ = 200 mm for S. Y. Lee). 
Parallel experiments have also been performed for verifying 
thermal performance. This not only shows the results the op-
timum number of thermocouples related to controllers but also 
suggests that the thermal simulation using a CFD code would 
be an alternative method to design and develop the thermal 
control equipment. J. Lee et al. [10] investigated the tempera-
ture uniformity on a wafer during post-exposure baking (PEB) 
process in photolithography. It has been an important factor to 
critical dimension (CD) uniformity as the feature size of semi-
conductors decreases. The need for the multi-zone hot plate 
and the possibility of the temperature non-uniformity on the 
multi-zone hot plate was explained. G. J. Park et al. [11] car-
ried out the numerical investigation of thermal control of a hot 
plate device (240×240 mm2) specially designed for thermal 
nanoimprint lithography with single circular heat pipes. In this 
study, a numerical experiment is conducted to simulate un-
steady thermal behavior of hot plate under control. They in-
troduce the possibility and reality of the thermal control on the 
hot plate using a CFD code (Fluent). Heat pipe is used to en-
sure high temperature uniformity.  

J. H. Boo et al. [12] investigated the effect of condenser 
temperature on the disk type heat pipe. They carried out the 
test of temperature uniformity on the top surface in the heat 
pipe with FC-40 and PF5060 as the working fluid. They re-
ported that the temperature uniformity is affected by the oper-
ating height of vapor space, the wall thickness of condenser, 
and the existence of wick structure.  

A nanofluid which is used in the present HPHC system is a 

suspension of ultrafine particles in a conventional base fluid 
which enhances the heat transfer characteristics of the original 
fluid. [15-18]. Nanofluids have been studied in-depth since 
firstly debuting. But there are only a few published articles on 
deriving the boiling heat transfer of nanofluids [17, 18]. The 
purpose of this article is to pioneer and apply for a new appli-
cation of the nanofluids. An innovative idea applied to the 
wafer heat pipe hot chuck system is to suspend ultrafine solid 
particles in the fluid for improving the thermal physical prop-
erties of a fluid.  

It was found that only a few papers have discussed on the 
heat transfer of nanofluids in a real application such as heat 
pipes. Chien et al. [19] reported the experimental results with 
heat pipe using Au-water nanofluid and the average decrease 
of 40% in thermal resistance compared to that of pure water. 
Tsai et al. [20] and Kang [21] investigated heat pipes using the 
Au and Ag-nanofluid and reported 37% lower thermal resis-
tance compared to that of distilled water with various heat 
pipes and nanofluid concentrations. They reported that smaller 
nanoparticles have greater reduction in thermal resistance. 

Ma et al. [22] studied the nanofluid behavior in an oscillat-
ing heat pipe and thus they reported that nanofluid can reduce 
thermal resistance and increase critical heat flux.  

In the present study, the possibilities improving the heat 
transfer and operation performance using HPHC with nan-
ofluid were investigated. A hot chuck system of special design 
was manufactured to test various parametric effects such as 
kinds of working fluids, charging amount, and operation. 

Table 1. Working Fluids used in HPHC. 
 

Working Fluids Particle Concentration (α) Charging Ratio (V+)
ATO 

(Antimony Tin Oxide, 
Sb2O3-SnO2) 

0.005, 0.01, 0.05, 0.1 0.1, 0.4 

ITO 
(Indium Tin Oxide, 

In2SnO5) 
0.005, 0.01, 0.05, 0.1 0.1, 0.4 

Al2O3 0.005, 0.01, 0.05, 0.1 0.1, 0.4 
Ag 0.005, 0.01, 0.05, 0.1 0.4 

TiO2 0.1 0.1, 0.2, 0.3, 0.4, 0.5 

Pure Water  0.1, 0.2, 0.3, 0.4, 0.5
 
 

 
 
Fig. 1. Experimental setup of hot chuck test system. 
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2. Heat pipe hot chuck element design 

2.1 Experimental apparatus and method 

Here we will present an overview of the structure and work-
ing principle of the heat pipe hot chuck (HPHC) plate and 
highlight the thermal performance of our heat-pipe plate. Fig. 
1 shows schematic features of the test section and a schematic 
cross-section of the heat-pipe hot chuck plate. Experimental 
apparatus consists of HPHC, data acquisition unit, and heating 
unit. The HPHC plate is made of Aluminum 701 with various 
working fluids listed in Table 1. On the underside of the 
HPHC a hollow compartment is formed being integrated with 
an evaporator and a heater. After the HPHC is evacuated, it 
must be filled with a certain amount of the working fluid. An 
electric heater is installed in the evaporator that vaporizes the 
working fluid in the evaporator. This working fluid vapor 
condenses on the underside of the plate, which uniformly 
heats the surface of the plate and the wafer that is placed on 
the top of the HPHC plate.  

The effective diameter of HPHC system is 300 mm, and in-
side depth is 15 mm. 25 mm margin of system is width for 
jointing between upper plate and bottom plate. As shown in 
Table 1, distilled water and TiO2, ATO (Antimony Tin Ox-
ide ), ITO (Indium Tin Oxide), Al2O3 and Ag nanofluids were 
used for the working fluid, and its optimum amount is deter-
mined by the preliminary experimental results. 10-50% of 
working fluid is charged into heat pipe hot chuck, Fig. 2 

shows the specification of the heat pipe and experimental con-
ditions. Power is supplied to nichrome wire, which is placed 
in the bottom of the hot chuck plate. The hot chuck and heater 
were assembled together. And the input power was controlled 
by the variable voltage adjuster and PID (proportional integral 
derivative) temperature controller attached to the hot chuck. 
The heater once insulated with the insulation plate. The tem-
perature in the vicinity of the heating plate and the outside 
temperature are measured to calculate heat loss.  

Power units are rated at 220V-5kW for plug-in to the heat 
pipe hot chuck. The robust heating element is pressed into the 
bottom surface of hot chuck to provide efficient heat transfer 
and uniform surface temperatures. The element is end sealed 
to resist moisture and contamination during use.  

A thermostat senses the plate temperature of the chuck bot-
tom surface to control the temperature of the top surface. The 
physical characteristics of the HPHC assembly used in the 
study are divided into three parts: the evaporation section with 
the evaporator bottom plate, the short smooth transporting 
sections, and the top surface condensing plate. The surface of 
the top condensing plate is main wafer baking place to sustain 
temperature uniformity. 

 
 
Fig. 2. Structural view of hot chuck. 
 

 
 
Fig. 3. Thermocouple positions on upper surface. 

 
 
Fig. 4. Peak to peak temperature difference (ΔTp-p) on upper surface.
 

 
 
Fig. 5. Peak to peak temperature difference (ΔTp-p) on upper surface 
with different working temperature levels. 
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A completely new design of the heat pipe hot chuck was 
developed based on a novel yet simple concept. The system 
was made of Aluminium 701. As shown in Fig. 2, HPHC has 
a particular cell structure to do modular operation inside. The 
upper plate of the system was 8 mm thick for both models, 
and the upper plate was jointed to lower container with 8 bolts 
and temporally sealed φ =5 mm circular silicon ring. A tem-
porary seal of the test HPHC was made with a vacuum pump 
(PJ KODIVAC) so that the test HPHC could be used repeat-
edly. 

To measure the temperature distribution on the surface of 
HPHC, 19 K-type thermocouples (φ =0.25mm) were used as 
shown in Fig. 3, and 5 K-type thermocouples were attached to 
the bottom of hot chuck to check and control supply power. 
The charging system consists of a vacuum pump, a McLeod 
gauge, vacuum valves and a special syringe to charge the de-
sired amount of the working fluid into the test TCT. Pure dis-
tilled water and nanofluids as the working fluids were pre-
pared to fill into the TCT. Nanofluids used in this work are 
listed in Table 1, which were supplied by NanoANP Co, Ko-
rea. De-ionized water was used as the base liquid.  

The evaporator section of the hot chuck was designed to 
simplify the manufacturing process. Fourteen holes in the 
evaporator were drilled through the upper plate into the bot-
tom side for the hot chuck plate, which connect the short adia-
batic section. The center holding column (30 mm diameter) 

was placed in the center of the bottom side with one drilled 
hole to connect the upper plate. The test hot chuck assembly 
with the heater was installed on the desk board and covered 
with thick insulated wafer operation chamber.  

At the start of this investigation, the transient temperature 
variation of the test system was recorded on computer based 
data acquisition system (MX100 Yokogawa). The noise was 
specified to be a maximum of ± 2% rms.  

The power to the evaporator heating section was controlled 
by PID system and increased carefully in steps to the desired 
heat flux to satisfy operation level temperature of the top sur-
face (70, 100, 120oC). Voltage was seen to fluctuate within a 
range of ± 0.2 V. 

We propose an 8 radial zone design for the hot chuck plate 
with distinguishing walls as shown in Fig. 2, configured by 
properly divided zone. Each zone could act as respective heat 
pipe zone. Even though each zone was not a closed cell, 8 
different working zones are operating as separated heat pipes. 
 

3. Experimental results 

Fig. 4 shows the temperature uniformity for the present sys-
tems with different working fluids and charging ratios. An 
important constraint in the operation of a HPHC is the effect 
of V+ as shown in Eq. (1) In the present study, the charging 
ratio of the working fluid inside an HPHC is defined as the 

  

  

  
 
Fig. 6. Peak to Peak Temperature Difference ( P PT −∆ ) on Upper with Different V+, TLevel = 120oC. 
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ratio of the volume of working fluid (VLP) at the ambient con-
dition to the inside volume (VHPHC, effective total volume is 
0.00105 m3): 

 
  

LP

HPHC

VV
V

+ =   (1) 

 
For an HPHC, the estimation of the optimum amount of a 
working fluid is usually based on an assumption that the two-
phase flow heat transfer in an HPHC takes place and the heat 
transfer in the evaporator is that of the pool boiling, whereas 
the evaporative heat transfer is taking place from the falling 
condensate liquid film above the pool of the working fluid. 
There are several analytical studies on the amount of working 
fluids in heat pipes or two-phase closed thermosyphons based 
on very simplified assumptions, but they all grossly underes-
timate the real situations [13-14]. But the present HPHC is a 
heat pipe and the objectives to be investigated are much dif-
ferent from the conventional heat pipes. The present HPHC is 
not only a heat transfer device, but also a temperature control 
system. The main purpose of HPHC is to control temperature 
in terms of temperature uniformity and stability on wafer bak-
ing process.  

However, for HPHC, this issue is not well documented in 

the literature. The amount of working fluid should be enough 
to transfer the heat in the evaporator section as well as the 
amount of vapor and the returning condensate in the transport-
ing loop and the condenser section.  

In this study, the quantity of working fluid inside the HPHC 
was defined as the ratio of the volume of the working fluid in 
the heat pipe to the inside total volume. The important con-
straint in the operation of a thermosyphon is the effect of V+. 
The quantity of the working fluid was found to vary directly 
with an increase or decrease of the temperature uniformity of 
the HPHC. There are a few analytical studies on the amount of 
working fluid in heat pipes, based on very simplified assump-
tions which grossly underestimate the real situations. 

Imura et al. [14] suggested a useful formula for VH,I
+ in 

terms of the average temperature of the top-inside, bottom-
inside, and adiabatic wall and the critical heat flux given as:  
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Fig. 7. Temperature difference between bottom and top surface. 
 

 
 
Fig. 8. Average temperature fluctuation on upper surface. 

 
 
Fig. 9. Temperature profile, pure water, V+ = 0.4. 

 

 
 
Fig. 10. Temperature Profile, TiO2 –Water nanofluid, α =0.1, V+=0.2.
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They mentioned that 1/5-1/3 of the first term is not suffi-
cient in the case where le is much less than (lc+la) and con-
cluded that a further study on the matter is needed. However, 
Eq. 3 is useful to estimate the minimum amount of a working 
fluid. Calculation can be an approximation and be made with 
equivalent evaporator area. To fill the correct amount of work-
ing fluid into the HPHC, the calculated amount for the current 
system was approximately VH.I

+
 ≈  0.4 for water. Calculation 

was made with equivalent le and lc as 0.075 m, respectively, 
and with same heating surface area compared with the present 
HPHC and with short la as 0.015 m, Ve ≈  0.45 m3. But the 
system was experimentally charged step by step from V+ = 0. 
14 to 0.5 with Imura’s approximation method. The optimum 
amount was investigated with experimental work. 

With such information, one can determine the optimum 
amount of a given working fluid, and a series of experiments 
was carried out to determine the optimum V+. The HPHC 
used in the present study was designed with a very short 
transport zone (15 mm). The length of the condenser and 
evaporator is not definitely recognized. This implies that any 
extrapolation of the effect of V+ for other working fluids re-
quires caution.  

Fig. 4 shows the effect of nanofluids on the temperature 
uniformity of the system with various amounts. However, the 
choice of working fluid must be considered in terms of the 
system vapor pressure and saturation temperature of the work-
ing fluid because the system stability depends strongly on the 
working fluid. The figures demonstrate that TiO2-H2O nan-
ofluid (V+ = 0.2-0.5) seems to be the best working fluid for the 
present application.  

As shown in Figs. 5 and 6, the system operation states are 
observed through the temperature difference between low 
peak and high peak temperature, the average temperature fluc-
tuation of the top surface. Fig. 5 shows temperature variation 
with different working temperature levels (70, 100, and 
120oC). The HPHC shows the best temperature uniformity 
with TiO2-H2O. As shown in Figs. 5 and 6, ΔTp-p is the lowest 
in post system with 40% charged of 0.1 % nanofluid boiling 
with 1.9oC. Fig. 6 expresses the average temperature fluctua-
tion on the top surface of an HPHC system. Fig. 6 shows the 
best stable operation state with 20 % (V+=0.2) charged with 
TiO2-H2O (α=0.1). It shows about ±1oC of ΔTp-p. 

Fig. 7 shows the two-phase heat transfer performance of 
HPHC. The temperature difference between bottom and top 
surface (ΔTB-T) is lowest in the case of 0.1 % (α=0.1) of TiO2. 
The lower value of ΔTB-T implies that the heat transfer ability 
to transfer heat from the heater to top surface is high. The 
HPHC system is two-phase system operating with a working 
fluid. This means that the system can be directly affected by 
physical characteristics of working fluids such as thermal and 
physical properties. 

The experimental investigation of the system working sta-
bility is a direct extension of the present study. The high tem-

perature fluctuation of an HPHC deteriorates system operation 
performance. The instability of the working fluid flow within 
the HPHC is one of the major concerns for the design of any 
two-phase system. Fig. 8 is showing the temperature fluctua-
tion on the upper surface. In Fig. 8, it is seen that the tempera-
ture fluctuations with ITO as the working fluid are severe 
(3.12oC), and lowest fluctuation (0.5oC) with TiO2. (α=0.1, 
V+=0.2). With pure water, temperature fluctuation is about 
1oC and the optimum amount rated in V+ = 0.4. 

Figs. 9 and 10 show a high-low temperature profile on the 
top surface of HPHC in a certain time. As shown in figure, the 
temperature in the center is higher than other positions in 300 
mm circular HPHC. This must be due to the holding column 
in the center of the HPHC. 

Fig. 11(a) shows the effect of cell structure installed in 
HPHC inside. It shows higher ΔTB-T in case of the distilled 

 
(a) Characteristic temperaturest 

 

 
(b) With structure, water, V+ = 0.4 

 

 
(c) Without structure, water, V+ = 0.4 

 
Fig. 11. Effect of internal structure of HPHC inside. 
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water than HPHC without cell structure. For ΔTp-p which 
explains the temperature uniformity on the Upper surface, the 
internal structure HPHC with the distilled water and 0.1 % 
ATO HPHC showed better uniformity, ΔTp-p with other con-
centration is not much different. Temperature fluctuation is 
slightly low compared with HPHC without internal cell struc-
ture. Also, Fig. 11(b) and (c) shows the effect of structure. As 
shown, HPHC without structure shows the peak temperature 
placed on the center. This means that the inside structures are 
helpful for temperature flattening on the surface and the heat 
from the bottom can be spread to the whole surface.  

As shown in Fig. 12, even with state-of-the-art wafer opera-
tion tracks, the across-wafer temperature range can be as 
much as 9oC during the heating transient wafer on-off process 
and 0.7oC during the steady state [1]. As shown in Fig. 12, 
while better performance has been recorded, it is very difficult 

to achieve good uniformity, especially during the transient 
phase, due to the inherent lack of temperature control during 
wafer transport and heating transients. More specifically, the 
bake step is conducted by transferring the cold wafer to the 
hot HPHC bake plate and the chill step follows. These trans-
port processes between plates abruptly change the thermal 
behavior of the HPHC system. In the present HPHC wafer 
baking process, we propose a simple baking module with 
nanofluidic flat plate heat pipe hot chuck, which relies on a 
special wafer carrier to on-off transfer. This simple chuck 
system can help the stable wafer transfer operation without the 
abrupt change of surface thermal state.  

Another important effect caused by nanofluid with boiling 
in the HPHC is the porous layer on the inside surface in eva-
porator side. It will increase the surface wettability. The sur-
face wettability will increase the nucleation rate with im-
proved contact angle on the evaporator surface. One can see 
the difference in the structure of the surface. As shown in Figs. 
13 and 14, the difference is further illustrated by comparing 
the SEM images. From these images it is seen that the features 
created in the surface are similar with different set of tests 
with various amounts of working fluid [15]. A few representa-
tive cases in the present study are shown in Figs. 13 and 14. 
As shown in Fig. 13, the difference between (a), (b) with TiO2 
and (c) with Ag is the nanoporous layer on the surface after 

  
Fig. 12. Wafer operation trajectory. 
 

  
                                  (a)                                     (b) 

  
                                  (c)                                     (d) 
(a) Pure Surface, No nanofluid, AL701 
(b) After Boiling with nanofluid (0.1%-TiO2) 
(c) After Boiling with nanofluid (0.1%-Ag) 
(d) Coagulation after Al2O3 
 
Fig. 13. Micro and macro view on the evaporator inside surface after
nanofluids. 

 
Fig. 14. Temperature profile on top surface with after boiling with 
various amount of nanofluid 0.1%. 
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boiling of nanofluid. SEM photos after boiling nanofluid show 
the obvious difference. As shown in the SEM photo, the 
roughness and total area of the boiled surface by nanofluid are 
much different from those of the surface boiled in pure water. 
This can lead to decrease of the contact angle on the nano-
porous layer and such decrease occurs with pure water as well 
as nanofluid droplets; thus the wettability is enhanced by the 
nanoporous layer on the surface, not the nanoparticles in the 
fluid. This phenomenon has been reported by Kim et al. [15]. 
Also, Fig. 13(d) shows the macro view of inside the evapora-
tor after Al2O3. As shown in Fig. 13(d), a large amount of 
agglomeration of nanoparticles was observed. As shown in 
Fig. 14, the temperature profile is not much different from 
previous boiling results with nanofluid. This means that the 
surface nanoparticle deposition leads to increased nucleation 
rate and boiling performance.  

Fig. 15 shows the effect of natural convection on the off 
chamber state. If HPHC is on the outside chamber, the tem-
perature uniformity is deteriorated abruptly. This could be due 
to the flow non-uniformity on the top surface. This shows 
partially similar phenomena with Chien et al’s results on flow 
pattern between wafer and chuck [19]. They mentioned that a 
uniform flow rate is needed to obtain temperature uniformity 
during wafer operation. 
 
4. Conclusions 

As semiconductor manufacturing technology evolves to-
ward smaller sizes, higher temperature uniformity becomes 
increasingly important in the wafer baking process. This led us 
to develop an HPHC that exploits the superior temperature 
uniformity and thermal response of heat pipes for use in 
commercial wafer manufacturing and inspection process. The 
HPHC plate has a number of significant advantages: 

- Exceptional temperature uniformity of ± 1oC across the ef-
fective surface area (300-mm in radius for 300-mm wafers) 

for a working temperature range from 70 to 120ºC was 
achieved. 

- Excellent thermal response on the wafer on-off transfer 
process resulting from the smaller heat capacity of the radial 
empty chamber structure of heat pipe without the abrupt tem-
perature change was achieved. 

- Minimum thermal deformation of the plate because excel-
lent thermal uniformity is maintained while the plate is being 
heated up to specified setting temperature. 

- The optimum performance in temperature uniformity in 
the range of ± 1oC was achieved from nanofluidic HPHC with 
TiO2 particles (α=0.1, V+=0.5). 

- It was observed that the temperature uniformity can be 
improved with thermosyphonic HPHC compared having cell 
structure. 
 

The easy temperature uniformity of the HPHC 300 mm 
plate makes it especially well suited for thermal processing of 
semiconductor wafer baking processes that require high preci-
sion temperature control.  
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Nomenclature------------------------------------------------------------------------ 

d  : Diameter (m) 
hfg :  Latent heat of vaporization (J/kgoC) 
l :  Length (m) 
q :  Heat flux (W/m2) 
r  :  Radius (m) 
T  :  Temperature (oC) 
TCT : Two-phase closed thermosyphon 

B TT −∆  : Temperature difference between bottom and top  
  surface (oC) 

P PT −∆  : Temperature difference between low and high  
  peak on top surface (oC) 
V : Volume (m3) 
Ve :  Volume of evaporator (m3) 
VHPHC  : Total effective volume (m3) 
VLP  :  Volume of liquid pool (m3) 
V+ :  Dimensionless working fluid volume, VLP/VHPHC  
VH,I

+ :  Dimensionless working fluid volume, VLP/Ve  
WF :  Working fluid 
 
Greek letter symbols 
α  :  Nanoparticle volume concentration (%) 
φ : Diameter (m) 
µ :  Viscosity (kg/m-s) 
ρ : Density (kg/m3) 
σ :  Surface tension (N/m) 

 
Fig. 15. Effect of temperature uniformity with chamber. 
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Subscripts 
a  : Adiabatic section 
c : Cold section 
cr  : Critical 
e  :  Evaporation, evaporator 
e,e  :  Effective evaporator 
e,c  :  Effective condenser 
g :  Gas, vapor state 
h : Heater, hot 
l  : Liquid 
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