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(57) ABSTRACT 

There is provided a means for uniformly controlling the in 
plane temperature of a semiconductor Wafer at high speed in 
a high heat input etching process. A refrigerant channel struc 
ture in a circular shape is formed in a sample stage. Due to a 
fact that a heat transfer coef?cient of a refrigerant is largely 
changed from a refrigerant supply port to a refrigerant outlet 
port, the cross sections of the channel structure is structured 
so as to be increased from a ?rst channel areas toWards a 

second channel areas in order to make the heat transfer coef 
?cient of the refrigerant constant in the refrigerant channel 
structure. Thereby, the heat transfer coe?icient of the refrig 
erant is prevented from increasing by reducing the How rate of 
the refrigerant at a dry degree area Where the heat transfer 
coe?icient of the refrigerant is increased. Further, the cross 
section of the channel structure is structured so as to be 
reduced from the second channel areas toWards a third chan 
nel areas, and thereby the heat transfer coef?cient of the 
refrigerant is prevented from decreasing. Accordingly, the 
heat transfer coef?cient of the refrigerant can be uniformed in 
the channel structure. 
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PLASMA PROCESSING APPARATUS AND 
PLASMA PROCESSING METHOD 

CLAIM OF PRIORITY 

[0001] The present invention application claims priority 
from Japanese application JP2007-l688l ?led on Jan. 26, 
2007, the content of Which is hereby incorporated by refer 
ence into this application. 

FIELD OF THE INVENTION 

[0002] The present invention relates to a plasma processing 
apparatus and a plasma processing method in Which a micro 
fabrication process is performed on a sample such as a Wafer 
in a semiconductor manufacturing process, and particularly 
to a temperature control apparatus and a temperature control 
method for an electrode portion by Which a semiconductor 
Wafer is held and ?xed. 

BACKGROUND OF THE INVENTION 

[0003] Along With microfabrication of a semiconductor 
device, processing accuracy required for an etching process 
of a sample has been increasingly strict. In order to perform a 
high accuracy process on a micropattem of a Wafer surface 
With a plasma processing apparatus, it is important to control 
the temperature of the Wafer surface during an etching pro 
cess. HoWever, due to the demand for a larger area of a Wafer 
and the improvement of an etching rate, high frequency elec 
tric poWer applied to the plasma proces sing apparatus tends to 
be increased, and large electric poWer in kiloWatt-order has 
been beginning to be applied, in particular, for etching of an 
insulating ?lm. The applying of large electric poWer increases 
ion impact energy to the Wafer surface, Which involves a 
problem of an excessive rise of the temperature of the Wafer 
during an etching process. Further, due to the demand for 
further improvement of shape accuracy, a means capable of 
controlling the temperature of the Wafer at high speed and 
With accuracy during the process has been demanded. 
[0004] In order to control the surface temperature of the 
Wafer in a plasma processing apparatus, it is necessary to 
control the surface temperature of an electrostatic absorption 
electrode (hereinbeloW, referred to as an electrode) Which 
comes in contact With the back surface of the Wafer through a 
heat transfer medium. For a conventional electrode, channels 
for a refrigerant are formed inside the electrode, and a liquid 
refrigerant is alloWed to How inside the channels so as to 
control the temperature of an electrode surface. The liquid 
refrigerant is supplied to refrigerant channels inside the elec 
trode after being adjusted to a target temperature by a cooling 
apparatus or a heating apparatus inside a refrigerant supply 
apparatus. Such a refrigerant supply apparatus has a structure 
in Which the liquid refrigerant is once stored in a tank and is 
fed after adjusting its temperature, and is effective in keeping 
the surface temperature of the Wafer constant because the 
liquid refrigerant itself exhibits a large heat capacity. HoW 
ever, the liquid refrigerant is poor in temperature response, 
loW in heat exchange e?iciency, and the temperature thereof 
is dif?cult to control at high speed. Therefore, the refrigerant 
supply apparatus becomes larger in siZe along With a recent 
high-heat-input, and it has been dif?cult to optimally control 
the temperature of the Wafer surface in accordance With the 
progression of etching. 
[0005] For the problems described above, there has been 
proposed a direct-expansion-system refrigerant supply appa 
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ratus (hereinbeloW, referred to as a direct-expansion-system 
refrigeration cycle) in Japanese Patent Application Laid 
Open No. 2005-89864 in Which a compressor for alloWing the 
pressure of a refrigerant to be higher With a refrigerant circu 
lation system, a condenser for condensing the high-pressured 
refrigerant, and an expansion valve for expanding the refrig 
erant are installed in an electrode, and the refrigerant is evapo 
rated inside refrigerant channels of the electrode for cooling. 
[0006] In the direct-expansion-system refrigeration cycle, 
since latent heat generated by refrigerant evaporation is uti 
liZed, the cooling ef?ciency is high, and further it is possible 
to control the evaporation temperature of the refrigerant by 
pressure at high speed. For the reason as described above, by 
employing the direct-expansion-system refrigeration cycle as 
a refrigerant supply apparatus for an electrode, the tempera 
ture of the semiconductor Wafer at the time of a high heat 
input etching process can be controlled With high ef?ciency 
and at high speed. 
[0007] The direct-expansion-system refrigeration cycle 
performs cooling by using latent heat generated When the 
refrigerant evaporates from a liquid state to a gaseous state, 
and the evaporation temperature of the refrigerant can be 
controlled by pressure. In the refrigerant channels of the 
electrode, if the refrigerant pressure is constant, the evapora 
tion temperature is constant. HoWever, the refrigerant ?oWs 
While being evaporated by absorbing heat in the channels, and 
thus a heat transfer coe?icient is changed along With the 
phase change. That is, even When the refrigerant pressure is 
kept constant in the refrigerant channels in consideration of 
uniformity of the in-plane temperature of the electrode, the 
heat transfer coef?cient becomes nonuniform in the refriger 
ant channels, and thus it is di?icult to uniformly control the 
surface temperature of the electrode, and further the in-plane 
temperature of the Wafer. For that reason, When the direct 
expansion-system refrigeration cycle is employed as a cool 
ing mechanism for an electrode, the uniform control of in 
plane temperature distribution is a technical challenge. 
[0008] For the above described problems, Japanese Patent 
Application Laid-Open No. 2005-89864 proposes a method 
in Which by using a heat diffusion plate for an electrode 
surface on Which the Wafer is placed, the nonuniform heat 
transfer of the refrigerant is corrected so that the in-plane 
temperature of the Wafer is made uniform. Thereby, even if 
the direct-expansion-system refrigeration cycle is employed 
as a cooling mechanism for an electrode, the in-plane tem 
perature of the Wafer can be uniformly controlled With high 
cooling e?iciency. HoWever, in the case Where the tempera 
ture of the Wafer is controlled at high speed hereafter, it is 
necessary to reduce the heat capacity of the electrode. Even if 
the evaporation temperature of the refrigerant can be varied at 
high speed, the large heat capacity results in loWering of the 
speed of the temperature control for the Wafer. 

SUMMARY OF THE INVENTION 

[0009] In order to reduce the heat capacity of the electrode, 
it is necessary to reduce the mass of constituent elements. 
HoWever, When the heat diffusion plate is used, a proper 
thickness is required for the plate in order to secure a heat 
diffusion area. Further, due to a recent high-heat-input caused 
by applying a high Wafer bias, a difference in in-plane tem 
perature becomes large, and a thickness required for the heat 
diffusion plate is increased. 
[001 0] Due to this, a neW study on an electrode structure has 
been needed in order to uniformly control the in-plane tem 
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perature of the Wafer on the electrode With high e?iciency and 
at high speed by using the direct-expansion-system refrigera 
tion cycle. 
[0011] An object of the present invention is to provide a 
plasma processing apparatus and a plasma processing method 
in Which the in-plane temperature of a sample to be processed 
can be uniformly controlled With high cooling e?iciency, and 
at the same time, the heat capacity of en electrode can be 
reduced. 
[0012] Another object of the present invention is to provide 
a plasma processing apparatus and a plasma processing 
method in Which by restraining a heat transfer coef?cients of 
a refrigerant in the in-plane of an electrode of a sample stage, 
the in-plane temperature of a sample to be processed can be 
uniformly controlled With high ef?ciency and at high speed. 
[0013] Still another object of the present invention is to 
provide a plasma processing apparatus and a plasma process 
ing method in Which by controlling a heat transfer coef?cients 
of a refrigerant in the in-plane of an electrode of a sample 
stage, the in-plane temperature distribution of a sample to be 
processed can be arbitrarily controlled. 
[0014] In order to address the above described problems, 
according to the present invention, there is provided a plasma 
processing apparatus Which converts a process gas introduced 
inside a vacuum processing chamber into plasma and Which 
performs surface processing, by using the plasma, on a 
sample that is placed on an electrostatic absorption electrode 
of a sample stage, the apparatus comprising: a refrigerant 
channel structure Which is provided in the sample stage under 
the electrostatic absorption electrode, Wherein the refrigerant 
channel structure con?gures an evaporator of a refrigeration 
cycle; and a refrigerant supply port and a refrigerant outlet 
port Which supplies and evacuates a refrigerant for cooling 
to/ from the refrigerant channel structure, Wherein the refrig 
erant channel structure of the sample stage is formed betWeen 
the refrigerant supply port and the refrigerant outlet port and 
have at least three channel areas that are sequentially con 
nected to each other from the side of the refrigerant supply 
port to the side of the refrigerant outlet port, and the cross 
section of the middle channel area among at least three chan 
nel areas is larger than those of the other channel areas. 

[0015] Further, the plasma processing apparatus according 
to the present invention, irregularities are formed on inner 
Walls of at least three channel areas in the refrigerant channel 
structure, and the heights of the irregularities of the middle 
channel area among at least three channel areas are loWer than 
those of the other channel areas. 

[0016] Furthermore, in the present invention, a plasma pro 
cessing apparatus Which converts a material gas that is intro 
duced inside a vacuum vessel having a vacuum evacuation 
means by a gas introduction means, into plasma and Which 
performs surface processing, by using the plasma, on a 
sample to be processed, further comprising a sample stage on 
Which the sample is placed is a sample stage, a refrigeration 
cycle including a compressor, a condenser and an expansion 
valve is con?gured With the sample stage as an evaporator, a 
means Which supplies and evacuates a refrigerant for cooling 
to/from the sample stage is provided, and the in-plane tem 
perature distribution of the sample to be processed is arbi 
trarily controlled by adjusting the dry degree of the refrigerant 
that ?oWs in the sample stage. 
[0017] According to the present invention, the cross sec 
tions of refrigerant channel structure in a sample stage is 
changed in accordance With changes of a heat transfer coef 

Jul. 31, 2008 

?cient accompanied by phase change of a refrigerant, and 
accordingly it is possible to uniformly maintain the in-plane 
temperature of the electrode by controlling the How rate of the 
refrigerant and by reducing the non-uniformity of the heat 
transfer coef?cient in the channels. Further, it is possible to 
arbitrarily control the in-plane temperature distribution of a 
Wafer on the electrode by controlling the dry degree, ?oW 
volume and pressure of the refrigerant that ?oWs inside the 
refrigerant channel structure of the electrode. 

[0018] Moreover, the present invention can provide a tem 
perature adjusting unit for an electrode by Which the in-plane 
temperature of a Wafer at the time of etching With a high heat 
input caused by applying high Wafer bias electric poWer can 
be uniformly controlled With high ef?ciency and at high 
speed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] The invention Will be more particularly described 
With reference to the accompanying draWings, in Which: 

[0020] FIG. 1 is a schematic diagram shoWing the Whole 
system con?guration of a plasma processing apparatus 
according to the present invention; 
[0021] FIG. 2 is a schematic diagram shoWing a ?rst 
embodiment of a channel con?guration of a refrigerant chan 
nel structure in a sample stage according to the present inven 

tion; 
[0022] FIG. 3A is a graph shoWing a typical characteristic 
of a refrigerant in a refrigeration cycle employed in the 
present invention; 
[0023] FIG. 3B is an explanation diagram shoWing a typical 
characteristic of the evaporation temperature of the refriger 
ant; 
[0024] FIG. 4A is an explanation diagram shoWing a typi 
cal characteristic of a heat transfer coef?cient of the refriger 
ant; 
[0025] FIG. 4B is an explanation diagram shoWing a char 
acteristic of the heat transfer coef?cient of the refrigerant in 
the ?rst embodiment according to the present invention; 
[0026] FIG. 5 is a schematic diagram shoWing a second 
example of the channel con?guration in the sample stage 
according to the present invention; 
[0027] FIG. 6 is a schematic diagram shoWing a third 
example of the channel con?guration in the sample stage 
according to the present invention; 
[0028] FIG. 7 is a schematic diagram shoWing a fourth 
example of the channel con?guration in the sample stage 
according to the present invention; 
[0029] FIG. 8 is a schematic diagram shoWing a ?fth 
example of the channel con?guration in the sample stage 
according to the present invention; 
[0030] FIG. 9 is an explanation diagram shoWing another 
example of in-plane temperature control according to the 
present invention; 
[0031] FIG. 10 is a schematic diagram shoWing another 
embodiment of a plasma processing apparatus according to 
the present invention; 
[0032] FIG. 11 is a schematic diagram shoWing a sixth 
example of the channel con?guration in the sample stage 
according to the present invention; and 
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[0033] FIG. 12 is a schematic diagram showing a seventh 
example of the channel con?guration in the sample stage 
according to the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0034] Preferred embodiments of the present invention Will 
be described hereinbeloW. 

First Embodiment 

[0035] A ?rst embodiment of the present invention Will be 
described With reference to FIGS. 1 to 4. 
[0036] FIG. 1 is a schematic diagram shoWing the Whole 
system con?guration of a plasma processing apparatus that is 
an embodiment of the present invention. The plasma process 
ing apparatus includes a processing chamber 100 arranged in 
a vacuum vessel, and a sample stage 1 having an electrostatic 
absorption electrode is arranged inside the processing cham 
ber 100. The processing chamber 100 is connected to a 
vacuum evacuation apparatus 20 such as a vacuum pump for 
evacuating the inside of the processing chamber 100 for pres 
sure reduction. An electrode plate 15 is provided on an upper 
portion of the processing chamber 100, and an antenna poWer 
source 21 is connected to the electrode plate 15. A gas intro 
duction means such as a shoWer plate (not shoWn) for sup 
plying a process gas is provided on an upper portion of the 
processing chamber 100. 
[0037] The sample stage 1 includes a base material portion 
1A and a loWer electrode (electrostatic absorption electrode) 
1B. In the base material portion 1A, there are provided a 
refrigerant channel structure 2 in Which a refrigerant circu 
lates. The loWer electrode 1B is provided With a dielectric ?lm 
for electrostatic absorption, and an upper surface of the elec 
trode is con?gured as a sample placement surface on Which a 
substrate (Wafer) W to be processed is placed. He gas 12 for 
heat transfer is supplied from a heat transfer gas supply sys 
tem 11 to a micro clearance formed betWeen an upper surface 
of the sample placement surface of the sample stage 1 and a 
back surface of the Wafer. A bias poWer source 22 and a DC 
poWer source (not shoWn) for electrostatic absorption are 
connected to the sample stage 1. 
[0038] The refrigerant channel structure 2 provided in the 
base material portion 1A of the sample stage 1 is connected to 
a refrigerant supply port 3 and a refrigerant outlet port 4. The 
refrigerant channel structure 2 con?gure a refrigeration cycle, 
together With a compressor 7, a condenser 8, an expansion 
valve 9. 
[0039] The refrigerant channel structure 2 provided in the 
sample stage 1 con?gures an evaporator of a direct-expan 
sion-system refrigeration cycle. That is, latent heat (heat of 
evaporation) generated When the refrigerant evaporates in the 
refrigerant channel structure 2 of the sample stage 1 alloWs 
the sample stage 1 in contact With the refrigerant to be cooled. 
According to the present invention, usually, the refrigerant 
channel structure 2 achieves the function of an evaporator of 
a refrigeration cycle. HoWever, in a modi?ed embodiment of 
the present invention described later, a dry degree adjusting 
means (a ?rst refrigerant evaporator) 10 is installed betWeen 
the refrigerant channel structure 2 (a second refrigerant 
evaporator) 2 in the sample stage 1 and the expansion valve 9 
to adjust the dry degree of the refrigerant supplied to the 
refrigerant channel structure 2. As a refrigerant, for example, 
R410 (hydro?uorocarbon) is used. 
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[0040] The reference numeral 6 denotes temperature sen 
sors provided at plural locations While being closer to the 
sample placement surface. The reference numeral 101 
denotes a temperature control system, Which controls the 
compressor 7 and the expansion valve 9 in response to an 
output from the temperature sensor 6 and thus controls the 
temperature of the substrate (Wafer) W to be processed on the 
sample placement surface to reach a target value. The tem 
perature of the Wafer W is changed depending on a process 
condition such as plasma etching, that is, a heat input condi 
tion from plasma to the Wafer W. Therefore, the How volume 
of the refrigerant that ?oWs in the refrigerant channel struc 
ture 2, a refrigerant pressure (refrigerant evaporation tem 
perature) and the like are controlled based on a temperature 
detected by the temperature sensor 6, so that the temperature 
of the Wafer W is controlled to be kept at a target value. 

[0041] In the present invention, the refrigerant channel 
structure 2 con?guring an evaporator has at least three chan 
nel areas betWeen the refrigerant supply port 3 and the refrig 
erant outlet port 4, and are con?gured in such a manner that 
the cross section of the middle channel area among these 
channel areas is larger than those of the other channel areas. 
This con?guration Will be described With reference to FIG. 2. 
FIG. 2 shoWs a cross section taken along the line A-A in FIG. 
1 

[0042] In FIG. 2, the refrigerant channel structure 2 having 
three channel areas in a concentric circular shape is formed at 
a position With the same height as the base material portion 
1A. The refrigerant channel structure 2 includes a ?rst circu 
lar channel 2-1 located outer region that is connected to the 
refrigerant supply port 3 and is branched into the left and right 
directions, a second circular channel 2-2 located middle 
region that is branched into the left and right directions 
through a ?rst linkage channel 2B-1, and a third circular 
channel 2-3 located inner region that is branched into the left 
and right directions through a second linkage channel 2B-2. 
The third channel 2-3 is connected to the refrigerant outlet 
port 4. 
[0043] The refrigerant ?oWs inside the refrigerant channel 
structure 2 from the refrigerant supply port 3 in a liquid state, 
cools the sample stage 1 With evaporation latent heat, and 
?oWs out of the refrigerant outlet port 4 in a gaseous state. A 
heat transfer coef?cient 0t of a refrigerant is largely changed 
from the refrigerant supply port 3 toWards the refrigerant 
outlet port 4. Therefore, in order to make the heat transfer 
coef?cients of the refrigerant constant in the channel structure 
2, the cross sections of three regions of the channel structure 
2 are structured so as to be increased from the ?rst channel 2-1 
toWards the second channel 2-2. 

[0044] Thus, the How rate of the refrigerant is loWered at a 
dry degree area Where the heat transfer coef?cient of the 
refrigerant increases, so that the heat transfer coef?cient of 
the refrigerant is prevented from increasing. Further, the cross 
sections of the plural regions of the refrigerant channel struc 
ture 2 are structured so as to be reduced from the second 
channel 2-2 toWards the third channel 2-3, and accordingly 
the heat transfer coef?cient of the refrigerant is prevented 
from decreasing. 
[0045] Here, there Will be described a relation betWeen the 
cross sections of the plural regions of the refrigerant channel 
structure that is a feature of the present invention, and a 
refrigerant dry degree Qi) and a heat transfer coe?icients, by 
using FIGS. 3A, 3B, 4A, and 4B. 
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[0046] FIG. 3A is a graph showing a typical characteristic 
of a refrigerant in the refrigeration cycle employed in the ?rst 
embodiment. The ?rst embodiment is con?gured in such a 
manner that latent heat (heat of evaporation) generated When 
the refrigerant evaporates in the refrigerant channel structure 
2 inside the sample stage 1 alloWs the sample stage 1 in 
contact With the refrigerant to be cooled. Inside the refrigerant 
channel structure 2 in Which the heat exchange (evaporation) 
of the refrigerant occurs, the refrigerant is in a gas-liquid 
tWo-phase state (the dry degree XIO to 1), and the evaporation 
temperature (hereinbeloW, referred to as temperature) TE of 
the refrigerant is constant in a theoretical sense as long as the 
pressure P of the refrigerant is constant under the state. On the 
other hand, the temperature TE of the refrigerant basically 
becomes higher as the pressure P of the refrigerant is 
increased, as shoWn in FIG. 3B. 
[0047] In the present invention, in addition to an ordinary 
temperature adjusting mechanism in Which the pressure P of 
the refrigerant and the rotational speed of the compressor 7 
are controlled to adjust the How volume Q of the refrigerant, 
the dry degree X of the refrigerant betWeen the refrigerant 
supply port 3 and the refrigerant outlet port 4 of the refrigerant 
channel structure 2 is controlled so as to control the sample 
placement surface of the sample stage at a predetermined 
temperature. 
[0048] FIG. 4A shoWs a characteristic of the refrigerant 
heat transfer coe?icient in the direct-expansion-system 
refrigeration cycle. In the direct-expansion-system refrigera 
tion cycle, cooling is performed using latent heat generated 
When the refrigerant evaporates into a gaseous state from a 
liquid state, and the evaporation temperature of the refrigerant 
can be controlled by pressure. 
[0049] As described in FIG. 3B, even When a ratio of liquid 
to gas (dry degree X) of the refrigerant is changed, the evapo 
ration temperature TE remains unchanged as long as the 
pressure P is constant. 

[0050] HoWever, When the evaporation of the refrigerant 
makes progress and thus the dry degree X is changed, the heat 
transfer coef?cients is accordingly changed as shoWn in FIG. 
4A. The graph of “channel cross sections are constant” rep 
resented by the dotted line in FIG. 4A shoWs a relation 
betWeen the dry degree X and the heat transfer coef?cients in 
a conventional, typical channel con?guration, that is, in the 
case Where the channel cross sections are constant betWeen 

the refrigerant supply port 3 and the refrigerant outlet port 4 of 
the refrigerant channel structure 2. In the direct-expansion 
system refrigeration cycle, the heat transfer mode of the 
refrigerant is changed from forced-convection evaporation to 
dry out in a process of the phase change from a liquid state to 
a gaseous state. The forced-convection evaporation starts 
from an initial stage of refrigerant evaporation, and then the 
heat transfer coef?cients increases along With the increase of 
the dry degree X. When the dry degree X of the refrigerant 
becomes constant, the dry out (disappearance of liquid ?lms) 
occurs to loWer the heat transfer coef?cients. As described 
above, the heat transfer coef?cients of the refrigerant is 
largely changed depending on the dry degree X of the refrig 
erant in the direct-expansion-system refrigeration cycle. 
Therefore, in the case Where the direct-expansion-system 
refrigeration cycle is employed as a cooling mechanism for 
Wafers, the control of in-plane temperature distribution of the 
Wafer to be processed is a technical challenge. 
[0051] For example, in the case Where the How volume of 
the refrigerant is set at 7.5 m3 / s by using R410 as a refrigerant 
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and 1A inches tubes (inner diameter: 4.8 mm and no irregu 
larities of inner Walls) as a refrigerant channel structure, the 
maximum value of the heat transfer coe?icient reaches 
approximately 4200W/m2K (at a dry degree of approxi 
mately 0.5), and is loWered doWn to approximately 500W/ 
m2K (at a dry degree of approximately 0.99) immediately 
before completion of the evaporation. As described above, 
since the heat transfer coef?cients of the refrigerant in a liquid 
phase is changed to about 9 times that in a gaseous phase in 
the direct-expansion-system refrigeration cycle, it is impos 
sible to uniformly control the in-plane temperature of the 
Wafer unless the fact is considered. 

[0052] As described above, in the invention, the channel 
cross sections betWeen the refrigerant supply port 3 and the 
refrigerant outlet port 4 of the refrigerant channel structure 2 
provided in the base material portion 1A are changed in such 
a manner that the cross section of the middle channel area is 
changed to be larger than those of the other preceding and 
succeeding channel areas in accordance With the changes of 
the heat transfer coef?cients accompanied by the phase 
change of the refrigerant. 
[0053] As described above, the present invention is charac 
terized in that the channel cross sections are changed in accor 
dance With the dry degree of the refrigerant betWeen the 
refrigerant supply port 3 and the refrigerant outlet port 4 of the 
refrigerant channel structure 2 based on a characteristic that 
gives a relation betWeen the dry degree and the heat transfer 
coef?cients of the refrigerant, so that the heat transfer coef 
?cients of the refrigerant in the sample stage 1 becomes a 
desired one in the in-plane corresponding to the sample place 
ment surface. Speci?cally, the heat transfer coef?cients of the 
refrigerant is loWered by increasing the channel cross section 
and by decreasing the How rate of the refrigerant at a point 
(dry degree X:approximately 0.5) Where the heat transfer 
coef?cients of the refrigerant becomes large in a typical char 
acteristic in Which the channel cross sections are constant as 
shoWn in FIG. 4A. On the contrary, the heat transfer coef? 
cients of the refrigerant is increased by decreasing the chan 
nel cross sections and by increasing the How rate of the 
refrigerant at a point (dry degree X:approximately 0) Where 
the dry degree is loW or at a point (dry degree 
X:approximately 1) Where the dry degree is high. In such a 
manner, a characteristic of the heat transfer coe?icient (X in 
the Whole in-plane corresponding to the sample placement 
surface of the sample stage 1, that is, betWeen the refrigerant 
supply port 3 and the refrigerant outlet port 4 of the refrigerant 
channel structure 2 can be made ?at. 

[0054] With such a perspective, the heat transfer coef? 
cients of the refrigerant can be constant as shoWn by the solid 
line in FIG. 4B irrespective of the value of the dry degree X of 
the refrigerant in an ideal condition (namely, the channel 
cross sections are optimiZed) in Which the channel cross 
sections of the refrigerant channel structure are changed in a 
continuous manner so that one of the channel cross sections of 
the refrigerant channel structure 2 becomes maximum at a 
point Where the heat transfer coef?cients of the refrigerant 
becomes maximum. 

[0055] In consideration of easy Workability of channel 
grooves, even in the case Where the channel cross sections of 
the refrigerant channel structure 2 are changed stepWise in 
such a manner that the cross section of the middle channel 
area among the channel areas betWeen the refrigerant supply 
port 3 and the refrigerant outlet port 4 of the refrigerant 
channel structure 2 becomes larger than those of the other 
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channel areas, a characteristic of the heat transfer coe?icient 
of the refrigerant in the channels can be made nearly ?at 
irrespective of the value of the dry degree of the refrigerant. 
[0056] For example, as shoWn in the embodiment of FIG. 2, 
in the case Where the cross sections of the refrigerant channel 
structure are changed in three steps, the heat transfer coef? 
cients of the refrigerant is changed in accordance With the 
value of the dry degree X of the refrigerant as shoWn by the 
dotted line in FIG. 4B. However, the amount of changes is 
one-half or less compared to the case in Which the channel 
cross sections are constant. 

[0057] As described above, by employing the con?guration 
in Which one of the cross sections of the refrigerant channel 
structure provided in the base material portion 1A becomes 
larger in mid-course than those around the refrigerant supply 
port 3 and the refrigerant outlet port 4, the heat transfer 
coe?icient of the refrigerant can be made uniform in the 
refrigerant channel structure 2. 
[0058] Speci?cally, by employing the channel structure in 
Which at least three or more channel areas are provided in the 
channel structure 2 and the cross section of the middle chan 
nel area among the channel areas is larger than those of the 
other channel areas, the heat transfer coe?icient of the refrig 
erant is made substantially constant in the refrigerant channel 
structure 2 irrespective of the value of the dry degree of the 
refrigerant. 
[0059] It should be noted that even in the gas-liquid tWo 
phase How of the direct-expansion-system refrigeration 
cycle, When the How volume of the refrigerant is increased, 
the heat transfer coel?cients is improved along With the 
increase of the How rate, as similar to an ordinary liquid. 
[0060] In the case Where the cross sections A (A1, A2, A3) 
of the refrigerant channel structure 2 are changed in three 
steps as shoWn in the embodiment of FIG. 2, the cross section 
A3 of the third channeléthe cross section A1 of the ?rst 
channel<the cross section A2 of the second channel is advan 
tageous. It should be noted that tWo linkage channels 2B 
(2B-1, 2B-2) for connecting betWeen the respective channels 
are necessary in the refrigerant channel structure 2. It is 
advantageous that as arrangement positions of the linkage 
channels 2B, the linkage channels 2B are arranged at opposed 
positions across the center of the loWer electrode 1B in con 
sideration of even in?ux of the refrigerant inside the refrig 
erant channel structure 2. Further, it is desirable that the cross 
section of the linkage channel 2B-1 is the same as, or larger 
than the cross section A2 of the ?rst channel 2-1. Further 
more, it is desirable that the cross section of the linkage 
channel 2B-2 is the same as, or larger than the cross section 
A3 of the third channel 2-3. 
[0061] Next, there Will be given a brief explanation of pro 
cedures in the case of performing an etching process for the 
Wafer W With the apparatus in FIG. 1. First, the Wafer W is 
carried in the processing chamber 100 by a Wafer transferring 
apparatus from a cassette (not shoWn), placed on the sample 
placement surface of the sample stage 1, and ?xed by elec 
trostatic absorption. Then, a process gas necessary for etching 
the Wafer W is supplied via a gas line (not shoWn), and the 
processing chamber 100 is adjusted to a predetermined pro 
cessing pressure by the vacuum evacuation apparatus 20. 
Next, plasma is generated by poWer source supply from the 
antenna poWer source 21 and the bias poWer source 22 and by 
the act of a magnetic ?eld forming means (not shoWn), and an 
etching process using the plasma is started. A Wafer tempera 
ture during the process is feedback-controlled by the tem 
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perature control system 101 While monitoring temperature 
information from the temperature sensors 6, and the compres 
sor 7 and the expansion valve 9 are adjusted so as to adjust the 
How volume and evaporation temperature of the refrigerant. 
At this time, since the refrigerant channel structure 2 in the 
sample stage 1 has a structure in Which the channel cross 
sections are changed in accordance With the changes of the 
heat transfer coe?icient of the refrigerant as shoWn in FIG. 2, 
the in-plane distribution of cooling capability caused by the 
phase change of the refrigerant is reduced and the in-plane 
temperature of the sample placement surface of the sample 
stage 1 can be uniformly controlled at high speed. 

Second Embodiment 

[0062] It should be noted that in the case Where the tem 
perature distribution of the sample stage 1 is uniformly con 
trolled With more accuracy, it is advantageous that the refrig 
erant channel structure 2 is diversi?ed. As a second 
embodiment of the present invention, an example in Which 
the refrigerant channel structure is diversi?ed (changed in 
?ve steps) is shoWn in FIG. 5. The refrigerant channel struc 
ture 2 includes ?ve channel portions; a ?rst channel 2-1 that is 
connected to the refrigerant supply port 3 and is branched into 
the left and right directions, a second channel 2-2 that is 
branched into the left and right directions through a ?rst 
linkage channel 2B-1, a third channel 2-3 that is branched into 
the left and right directions through a second linkage channel 
2B-2, a fourth channel 2-4 that is branched into the left and 
right directions through a third linkage channel 2B-3, and a 
?fth channel 2-5 that is branched into the left and right direc 
tions through a fourth linkage channel 2B-4, and the ?fth 
channel 2-5 is connected to the refrigerant outlet port 4. 
[0063] In this case, too, by employing the structure in Which 
one of the cross sections of the refrigerant channel structure 2 
becomes maximum at a point (assumed as third linkage chan 
nel 2B-3 in this case) Where the heat transfer coe?icient 0t of 
the refrigerant becomes maximum, a characteristic similar to 
the ?at (optimized) characteristic shoWn by the solid line in 
FIG. 4B can be obtained. Accordingly, the in-plane tempera 
ture of the Wafer on the sample stage 1 can be easily con 
trolled. 

Third Embodiment 

[0064] In the examples shoWn in FIGS. 2 and 5, the place 
ment positions of the refrigerant supply port 3 and the refrig 
erant outlet port 4 may be opposite. HoWever, in this case, to 
take FIG. 2 as an example, the relation betWeen the cross 
sections A (A1, A2, A3) of the ?rst channel 2-1 and that of the 
third channel 2-3 needs to be opposite, and the relation 
betWeen the cross section of the linkage channel 2B-1 and that 
of the linkage channel 2B-2 needs to be also opposite. 

Fourth Embodiment 

[0065] There Will be shoWn in FIG. 6 an example of another 
refrigerant channel structure 2 Whose cross sections is 
changed in multiple steps through the refrigerant channel 
structure. The refrigerant channel structure 2 is structured in 
such a manner that the cross sections are enlarged/reduced in 
the respective channels (2-1, 2-2, 2-3) in multiple steps. Spe 
ci?cally, the cross section is changed in tWo steps of 2-1-1 and 
2-1-2 in the channel (2-1), 2-2-1 and 2-2-2 in the channel 
(2-2), and 2-3-1 and 2-3-2 in the channel (2-3). Alternatively, 
the cross sections of the refrigerant channel structure may be 
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con?gured to be continuously changed in the respective chan 
nels. Thereby, the changes of the heat transfer coef?cients of 
the refrigerant in each channel can be controlled, and a char 
acteristic similar to the ?at (optimized) characteristic shoWn 
by the solid line in FIG. 4B can be obtained, thus reducing a 
temperature difference of the Wafer in the circumferential 
direction. 

Fifth Embodiment 

[0066] As another embodiment of the present invention, 
there Will be shoWn an example in FIG. 7 in Which the cross 
sections of the refrigerant channel structure 2 are enlarged/ 
reduced by the number of channels. With substantially the 
same cross sectionA of each channel, tWo channels 2-1 that 
are branched through the refrigerant supply port 3 are 
increased to four channels 2-2 through the linkage channels 
2B-1 and 2B-2 at the dry degree area Where the heat transfer 
coef?cients of the refrigerant becomes maximum. As a result, 
the cross sections of the refrigerant channel structure are 
increased, these four channels are converged to tWo channels 
2-3 through the linkage channels 2B-3, and then the tWo 
refrigerant channels are connected to the refrigerant outlet 
port 4. Accordingly, the heat transfer coef?cients of the refrig 
erant at the dry degree area Where the heat transfer coef? 
cients of the refrigerant becomes maximum is prevented from 
increasing and the heat transfer coe?icient of the refrigerant is 
made substantially constant in the refrigerant channel struc 
ture 2, so that the in-plane temperature of the Wafer on the 
sample stage 1 can be uniformly controlled. 

Sixth Embodiment 

[0067] There Will be shoWn another embodiment in FIG. 8 
in Which the heat transfer coe?icient in the channels is con 
trolled by the shapes of inner Walls of the refrigerant channel 
structure 2. The provision of an irregularity shape in the inner 
Walls of the refrigerant channel structure 2 improves the agi 
tation (convection) of the refrigerant and a heat transfer area, 
and thus the heat transfer coef?cients is increased. In vieW of 
this, the irregularities of the inner Walls in the refrigerant 
channel structure 2 are loWered (may not be provided) at the 
dry degree area (2-2 in FIG. 8) Where the heat transfer coef 
?cient of the refrigerant is high so as to prevent the heat 
transfer coef?cient from increasing, and the irregularities are 
heightened at the dry degree area (2-1 and 2-3 in FIG. 8) 
Where the heat transfer coe?icient of the refrigerant is loW so 
as to increase the heat transfer coefficient. As a result, the heat 
transfer coef?cients can be kept constant in the refrigerant 
channel structure 2. It should be noted that if the ratio of the 
heights of the irregularities to the Width (diameter) of the 
refrigerant channel is 2% or more, the improvement of the 
heat transfer coe?icient can be realiZed. Excessively-high 
irregularities involve a problem of pressure loss, so that it is 
desirable that the ratio of the heights of the irregularities to the 
Width (diameter) of the refrigerant channel is 2 to 10%. Fur 
ther, if the irregularities are obliquely provided With respect to 
the refrigerant traveling direction, the heat transfer coe?icient 
can be improved While suppressing the pressure loss. 

Seventh Embodiment 

[0068] In the calculation example of the present invention 
shoWn above, the heat transfer coe?icient 0t of the refrigerant 
becomes maximum at a dry degree of approximately 0.5. 
HoWever, in the actual condition, the dry degree X at Which 
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the heat transfer coef?cient becomes maximum is changed 
depending on the type of the refrigerant to be used, the inner 
Wall shapes of the refrigerant channel structure, or the How 
volume of the refrigerant. 
[0069] For example, if the occurrence of the dry out can be 
prevented by optimiZing the irregularities in the refrigerant 
channel structure, it is conceivable that the heat transfer coef 
?cient becomes maximum Within a range of 0.5 to 0.9 of the 
dry degree. In that case, the position Where the channel cross 
section A of the refrigerant in FIGS. 2 to 6 of the present 
invention is enlarged to the maximum degree is adjusted to 
the dry degree area Where the maximum heat transfer coef? 
cients of the refrigerant occurs. It is conceivable that Where 
the heat transfer coe?icient of the refrigerant becomes maxi 
mum is Within a range of 0.5 to 0.9 of the dry degree as 
described above. Therefore, the position Where the channel 
cross section of the refrigerant is enlarged to the maximum 
degree is present at a position (a position in the latter part) of 
one-half or more of the total channel length. 

Eighth Embodiment 

[0070] As another embodiment of the present invention, 
there Will be shoWn an example in FIG. 9 in Which the in 
plane temperature of the Wafer is controlled by utiliZing the 
changes of the heat transfer coef?cient in the direct-expan 
sion- system refrigeration cycle. In a typical direct-expansion 
system refrigeration cycle, a refrigerant amount Q corre 
sponding to a heat input to the Wafer is supplied to the 
refrigerant channel structure in the sample stage. Thereby, the 
refrigerant is completely evaporated in the sample stage from 
a liquid phase to a gaseous phase (the dry degree X:0—>1) as 
in the area (1) in FIG. 9. 

[0071] On the contrary, if the refrigerant is excessively 
supplied With respect to a heat input to the Wafer, the refrig 
erant is evacuated from the sample stage Without being com 
pletely evaporated, and thus the distribution of the heat trans 
fer coef?cient in the refrigerant channel structure is 
represented as the area (2). In the area (2), the refrigerant is 
evacuated from the sample stage at a dry degree of approxi 
mately 0.5. Accordingly, the distribution of the heat transfer 
coe?icient in the refrigerant channel structure changed from 
the area (1) to the area (2), and the heat transfer coef?cients of 
the refrigerant in the latter part of the refrigerant channel 
structure is increased. The use of the function enables the 
control of in-plane temperature distribution of the Wafer. 
[0072] If the dry degree X of the refrigerant can be 
increased (increased to X:approximately 0.5 in the area (3)) 
in advance before supplying to the sample stage as in the area 
(3) in FIG. 9, the heat transfer coef?cients of the refrigerant in 
the former part of the refrigerant channel structure 2 is 
increased, Which also enables the control of in-plane tempera 
ture distribution of the Wafer. In the case Where the distribu 
tion control of the area (2) is performed, it is only necessary to 
control the rotational speed of the compressor in the direct 
expansion-system refrigeration cycle. 
[0073] Further, in the case of the distribution control of the 
area (3), a refrigerant vaporiZation means (a ?rst refrigerant 
evaporator) 10 such as a heater is installed in the refrigeration 
cycle in front of the refrigerant channel structure (a second 
refrigerant evaporator) 2 in the sample stage so as to control 
the dry degree X. It is advantageous that the Whole increase of 
the heat transfer coe?icient of the refrigerant caused by 
increasing the How volume of the refrigerant is handled by 








