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DRY ETCHING METHOD 

BACKGROUND OF THE INVENTION 

0001. The present invention relates to a dry etching 
method, particularly to a dry etching method capable of selec 
tive side etching on a laminated film. 
0002. In recent years there is an increasing need for semi 
conductor devices employing new materials other than sili 
con (hereinafter, described as “Sil’) due to the acceleration of 
the speed offield effect transistors. One of such new materials 
is silicon-germanium (hereinafter, described as “SiGe). As 
semiconductor device structure employing Such SiGe there is 
known laminated structure with Silayers and SiGe layers as 
shown in FIG. 3A, which is expected to be applied for semi 
conductor devices in the 22 nm generation and thereafter. In 
this laminated structure with Silayers and SiGe layers it is 
required to isotropically etch each of the SiGe layers selec 
tively relative to each of the Silayers. 
0003. With regard to the selective etching of a SiGe layer 
relative to a Silayer, a method for etching a SiGe film to 
remove a SiGe film in a portion of a substrate not covered with 
a mask is disclosed in JP-A-2003-77888, where the SiGe film 
is dry-etched using a mixed gas composed of a reactive gas in 
which a hydrogenatom and fluorine atom are bonded to each 
other, argon gas and oxygen gas. In this etching SiGe is etched 
by chemical dry etching, thereby stopping etching at the 
underlying Si. 
0004. With regard to the selective isotropic etching of a 
SiGe layer relative to a Silayer, a microwave plasma-etching 
method for etching a hetero structure including a SiGe (sili 
con-germanium) layer and Si (silicon) layer formed on the 
SiGe (silicon-germanium) layer is disclosed in JP-A-2007 
214390, where the SiGe (silicon-germanium) layer is isotro 
pically etched selectively by using only fluoride gas as reac 
tive gas with its flow rate in a range of 10 to 800 sccm, under 
a treatment pressure of 266 Pa or below, with a microwave 
power of 150 to 400W, and at a treatment temperature of 5 to 
250 C. 

SUMMARY OF THE INVENTION 

0005. Even when the isotropic etching is tried on the lami 
nated structure with Silayers and SiGe layers shown in FIG. 
3A using either method of the prior arts, a selection ratio of 
SiGe etching relative to Si etching is not sufficient enough. 
Moreover these etching have two issues described below. 
0006. The first issue is that the thicknesses of each of Si 
layers and SiGe layers both are about 20 nm or less, and 
therefore, it becomes required to etch a narrower space 
between the upper and lower Silayers as etching of the SiGe 
layer proceeds in etching of this structure comparing with the 
conventional etching. 
0007. The second issue is that the above described narrow 
space requires to be formed by side etching, however, the side 
etching makes the ion incidence difficult. In ordinary etching 
in the vertical direction, a radio frequency bias is applied and 
enables the ion incidence to a surface to be etched even when 
the space is narrow, thereby being able to sputter re-deposited 
byproducts, if generated, to allow etching to proceed. For the 
side etching in the laminated structure with Silayers and SiGe 
layers shown in FIG. 3A, however, removal of the re-depos 
ited byproducts is more obstructive due to the difficult ion 
incidence comparing with the conventional structure. 
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0008. In order to solve these problems, the present inven 
tion provides a dry etching method for plasma-etching a 
sample having structure composed of Si layers and SiGe 
layers alternately and repeatedly laminated, in which each of 
the SiGe layers can be isotropically etched selectively relative 
to each of the Silayers. 
0009. In order to solve the problems described above, the 
present invention plasma-etches each of SiGe layers with 
pulse-modulated plasma using NF gas in a dry etching 
method for isotropically etching each of the SiGe layers 
selectively relative to each of Silayers in a laminated film 
composed of the Silayers and SiGe layers alternately and 
repeatedly laminated. 
0010 Also, the present invention plasma-etches each of 
SiGe layers with pulse-modulated plasma using fluorocarbon 
gas in a dry etching method for isotropically etching each of 
the SiGe layers selectively relative to each of Silayers in a 
laminated film composed of the Silayers and SiGe layers 
alternately and repeatedly laminated. 
0011 Further, the present invention forms a groove having 
a predetermined depth with continuous plasma and then 
plasma-etches each of SiGe layers with pulse-modulated 
plasma using NF gas or fluorocarbon gas in a dry etching 
method for isotropically etching each of the SiGe layers 
selectively relative to each of Silayers in a laminated film 
composed of the Silayers and SiGe layers alternately and 
repeatedly laminated. 
0012. The present invention is capable of isotropically 
etching each of SiGe layers selectively relative to each of Si 
layers in a dry etching method for plasma-etching a sample 
having structure composed of the Silayers and SiGe layers 
alternately and repeatedly laminated. 
0013. Other objects, features and advantages of the inven 
tion will become apparent from the following description of 
the embodiments of the invention taken in conjunction with 
the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0014 FIG. 1 is a schematic cross section of a plasma 
etching apparatus according to the present invention; 
0015 FIGS. 2A and 2B are drawings showing a pulse 
modulated microwave power; 
0016 FIGS. 3A to 3C are drawings showing results of 
plasma-etching according to the present invention; 
0017 FIGS. 4A to 4C are drawings illustrating effect of 
the present invention; 
0018 FIG. 5 is a drawing showing dependence of a duty 
ratio of pulse-modulation on a selection ratio of SiGe side 
etching relative to Si side etching; 
0019 FIGS. 6A to 6C are drawings showing results of 
plasma-etching according to the present invention in a third 
embodiment; and 
(0020 FIGS. 7A to 7C are tables showing etching condi 
tions in the first to third embodiments according to the present 
invention, respectively. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

0021 Embodiments according to the present invention 
will be illustrated referring to FIGS. 1 to 7C. FIG. 1 is a 
schematic cross section showing one example of a plasma 
etching apparatus to practice the present invention, which is a 
microwave plasma-etching apparatus of Electron Cyclotron 
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Resonance (hereinafter, abbreviated as ECR) type which uses 
microwave and magnetic field for generating plasma. 
0022. This ECR type microwave plasma-etching appara 
tus includes a chamber 101 which can be evacuated, sample 
stage 103 on which wafer 102, i.e., a sample, is mounted, 
microwave-transmitting window 104 which is made of quarts 
and the like and arranged on a upper Surface of the chamber 
101, wave guide 105 and magnetron 106 which are arranged 
on the microwave-transmitting window 104, solenoid coil 
107 arranged around the chamber 101, power supply for 
electrostatic chuck 108 and radio frequency power supply 
109 which are connected to the sample stage 103. 
0023 The wafer 102 is carried in from a wafer carrying-in 
port 110 into the chamber 101 and then electrostatically 
attracted to the sample stage 103 by the power supply for 
electrostatic chuck 108. Etching gas is then introduced into 
the chamber 101. The inside of the chamber 101 is evacuated 
by a vacuum pump (not shown in figure) to be adjusted to a 
predetermined pressure, e.g., in the range of 0.1 Pa to 50 Pa. 
Microwave with a frequency of 2.45 GHZ is then oscillated 
from the magnetron 106 to be propagated through the wave 
guide 105 into the chamber 101. 
0024. Additionally, the microwave described above can be 
pulse-modulated with pulses generated by a pulse generator 
(not shown in figure). For example, the microwave peak 
power oscillated from the magnetron 106 is periodically var 
ied as shown in FIGS. 2A and 2B so that a field intensity of 
plasma is periodically varied. A plasma density is reduced at 
the periods when the microwave peak power is low as shown 
in FIG. 2A or at those when the microwave peak power is not 
applied as shown in FIG. 2B. 
0025. An interaction between the microwave and mag 
netic field generated by the solenoid coil 107 excites the 
etching gas to form plasma 111 in the space above the wafer 
102. On the other hand a radio frequency bias is applied to the 
sample stage 103 by the radio frequency power supply 109, 
whereby ions in the plasma 111 are accelerated vertically to 
the wafer 102 to be made incident thereto. The wafer 102 is 
anisotropically etched by the action of the radicals and ions 
from the plasma 111. 
0026. Each embodiment of the present invention using the 
above described ECR type microwave plasma-etching appa 
ratus will be illustrated below. 

FIRST EMBODIMENT 

0027 First of all, the thin film structure of the wafer 102 to 
be plasma-etched by the method according to the present 
invention is shown in FIG. 3A. The wafer 102 has an oxide 
film 301 as a mask foretching, underlying laminated structure 
composed of Silayers 303 and SiGe layers 302 alternately 
laminated, and a groove with a predetermined depth which 
have been formed in advance. It is noted that the Silayers 303 
and SiGe layers 302 are layers composed of crystalline Si and 
crystalline SiGe formed through an epitaxial growth method, 
respectively. 
0028. The wafer 102 having the laminated structure shown 
in FIG. 3A was etched under etching conditions in the Com 
parative Example shown in FIG. 7A where 80 ml/min of 
nitrogen trifluoride (hereinafter, described as NF) gas and 20 
ml/min of nitrogen (hereinafter, described as N2) gas were 
used and a pressure of 0.5 Pa, microwave power of 400W, and 
radio frequency bias applied to the wafer 102 of 0W were set 
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in order to reduce impact on Si due to the ions and allow the 
ions to reach the side walls of the small grooves and holes 
without fail. 
0029. The NF gas supplies fluorine to etch the SiGelayers 
and the N gas forms a depositing component. The above 
described microwave power was a power of continuous out 
put. As a result of etching under the etching conditions of the 
Comparative Example described above, the SiGe layers 302 
were able to be side etched selectively relative to the Silayers 
303 in the laminated film with the Silayers 303 and SiGe 
layers 302 as shown in FIG. 3B. It is noted that side etching 
and isotropic etching are the same in this example. 
0030. Next, the wafer 102 having the laminated structure 
shown in FIG.3A was etched under the etching conditions of 
the present invention shown in FIG. 7A, and consequently, 
the SiGe layers 302 were successfully side etched selectively 
relative to the Silayers 303 as shown in FIG.3C. In addition 
the side etching rate for the SiGe layers 302 under the etching 
conditions of the present invention was approximately qua 
drupled of that under the etching conditions of the Compara 
tive Example described above. That is, the selection ratio of 
the SiGe layers relative to the Silayers was improved nearly 
fourfold under the etching conditions of the present invention. 
The etching conditions of the present invention were set by 
just modifying the microwave power of 400W in the etching 
conditions of the Comparative Example to that pulse-modu 
lated. It is noted that in the present invention the repeating 
frequency of the pulse-modulation and duty ratio were set at 
1000 Hz and 20%, respectively. A duty ratio refers to a ratio 
of an on-period to a cycle period of pulses. 
0031. The improvement in the selective side etching of the 
SiGe layers relative to the Silayers by the present invention is 
thought to be attributable to the discussion below. 
0032 FIGS. 4A to 4C are schematic enlarged cross sec 
tions of a part of a laminated film composed of alternately and 
repeatedly laminated Silayers 401 and SiGe layers 402. Ions 
403 from plasma are not made incident to the side walls of the 
Silayers 401 and SiGe layer 402 due to the vertical incidence 
thereof to the laminated film. In addition etching proceeds 
through a reaction of reactive radicals 404 of fluorine and the 
like with the more reactive SiGe. As shown in FIG. 4A an 
aspect ratio of etching is Small at an initial period and there 
fore byproducts 405 are exhausted from the groove without 
collision. 
0033. As etching proceeds and the surface to be etched of 
the SiGe layer 402 retreats, a density of the byproducts 405 is 
increased inside the groove as shown in FIG. 4B, thereby 
increasing the re-incident byproducts 405 to the SiGe layer 
402 due to collision. Thus the side etching of the SiGe layer 
402 is inhibited so that the selection ratio relative to the Si 
layers 401 is decreased. 
0034. On the other hand, there are caused periods when 
supply of the reactive radicals 404 pauses by periodically 
weakening the plasma intensity or pausing the plasma in the 
present invention. Stopping the Supply of the reactive radicals 
leads to suspension of the formation of the byproducts 405, 
whereby the byproducts 405 are sufficiently exhausted from 
the narrow groove as shown in FIG. 4C to be able to decrease 
the amount of the byproducts 405 re-deposited. Since the 
etching rate is not to be depressed at the next period of radical 
Supply, a higher etching rate is to be obtained than that in the 
case of continuous etching. This effect is larger than that in the 
conventional etching in Vertical direction where the ions are 
made incident. In addition, since it is possible to continuously 
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control the amount and quality of the deposition attached to 
the side walls of the laminated film composed of the Silayers 
and SiGe layers, SiGe can be etched while stopping etching Si 
by utilizing differential of physicochemical properties such 
as a vapor pressure between Si and SiGe. The depositing 
radicals are omitted in FIGS. 4A to 4C. 

0035. That is, in the case of continuous output of the 
microwave, with progress of etching the SiGe surface to be 
etched gradually moves deep in the space between the upper 
and lower Silayers so as to reduce the conductance, and 
therefore, the density of the byproducts of the SiGe etching 
near the Surface is heightened so as to increase the amount of 
the byproducts re-deposited on the surface to be etched, 
thereby decreasing the SiGe etching rate. On the other hand in 
the case of pulse discharge, it is considered that pauses of the 
radical generation at the microwave-off periods stop etching 
and the byproducts are exhausted outward from the groove at 
such periods, whereby the SiGe etching rate is accelerated 
comparing with continuous discharge, resulting in the 
improved selectivity. 
0036 Additionally, as a function for the effect of the 
present invention the discussion described below may be 
considered. Namely, it is particularly effective to increase a 
ratio of radicals to ions for performing selective side etching. 
At the off-periods in pulse discharge the ratio of radicals to 
ions is increased since attenuation of ions is larger than that of 
radicals at such periods. Therefore it may be considered that 
more selective etching was able to be performed in pulse 
discharge having the off-periods than in continuous dis 
charge. Furthermore from the above discussion, it is consid 
ered to be also suggested that control of the duty ratio which 
controls the off-periods could control the selection ratio of 
SiGe relative to Si. 
0037. Then, dependence of the duty ratio of pulse-modu 
lation on the selection ratio of SiGe side etching relative to Si 
side etching will be illustrated. As shown in FIG. 5 the selec 
tion ratio was increased as the duty ratio of pulse-modulation 
was decreased, and particularly, the selection ratio was sig 
nificantly increased when pulse duty ratio is 50% or less. This 
characteristic of the duty ratio with respect to the selection 
ratio may be understood as follows. 
0038. At first when the duty ratio of pulse-modulation is 
decreased in the range from 100% to 50%, a long on-period 
results in formation of the deposition on the SiGe surface 
before Switching to an off-period and a certain amount of the 
deposition remains after the elapse of the short off-period. 
Therefore decrease of the duty ratio of pulse-modulation is 
less effective for the progress of SiGe etching. 
0039. On the other hand, when the duty ratio of pulse 
modulation is decreased in the range from 50% to 20%, an 
off-period starts due to the shortened on-period before the 
byproducts attain the level capable of forming the re-deposi 
tion and disturbing etching. Therefore decrease of the 
byproduct level at the off-periods is so effective for the 
progress of SiGe etching that the selection ratio is drastically 
increased. When the duty ratio of pulse-modulation is 
decreased to less than 20%, however, the decreased radical 
formation at the on-periods rather than the improved inhibi 
tion of etching by the byproducts described above is consid 
ered to be rate-limiting, thereby practically saturating the 
selection ratio. 
0040 Alternatively, since the ratio of the radicals to the 
ions is mostly increased with increased off-periods in pulse 
discharge as described above, it may be considered that the 
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decreased duty ratio of pulse-modulation resulted in the 
increased selection ratio of SiGe relative to Si, and particu 
larly with the duty ratio of pulse-modulation of 50% or less, 
the increased ratio of the radicals to ions exhibited a signifi 
cant effect. 
0041. That is, the pulsed discharge can lead to controlling 
time of etching with radicals and an amount of re-deposition 
of byproducts in a narrow space Such as a groove, as well as 
increasing a ratio of radicals to ions, whereby a selection ratio 
of SiGe side etching relative to Si can be enhanced. The 
selection ratio also can be further enhanced with the reduced 
duty ratio of pulse-modulation. In the present invention the 
selection ratio of SiGe side etching relative to Si can be 
significantly enhanced particularly with the reduced duty 
ratio of pulse-modulation of 50% or less. 
0042 Although N gas was used as an additional gas in 
this embodiment, any of O gas, CO gas, and CO gas may be 
used in place of N gas. 
0043. An embodiment in which the wafer 102 having the 
laminated structure shown in FIG. 3A is etched in two steps 
will then be illustrated. 

SECONDEMBODIMENT 

0044) When etching is performed under the etching con 
ditions in the first embodiment, an amount of side etching of 
SiGe shows a tendency to be increased over etching time and 
at an initial period of etching byproducts are easily evacuated 
from the inside of the groove due to a small aspect ratio. 
Therefore a higher selection ratio can be obtained by chang 
ing the etching conditions depending on the amount of side 
etching of SiGe. 
0045 Thus, etching was performed under etching condi 
tions of using CF gas and a duty ratio of microwave pulse 
modulation of 50% in step 1 and using CF, gas mixed with O. 
gas for inhibiting shaving of corner parts of the groove and a 
duty ratio of microwave pulse-modulation of 20% in step 2 as 
shown in FIG. 7B. As a result, the selection ratio and the 
shaving of corner parts of the groove were able to be 
improved better than the case under the etching conditions in 
the first embodiment. In addition, the etching conditions may 
be changed such that steps in this embodiment are increased 
not limiting to two steps or the duty ratio of pulse-modulation 
is continuously decreased from 50% to 20% within the treat 
ing period. 
0046 Although illustration has been made with an 
example using CF, gas in the this embodiment, the present 
invention is not limited to this example and fluorocarbon gas 
Such as CHF gas, CHF gas, or CHF gas may be used. 
Further, although O gas was used as an additional gas in the 
this embodiment, any of Nagas, CO gas, and CO gas may be 
used in place of O gas. 
0047. Examples in which a wafer having structure with a 
pre-formed groove as shown in FIG.3A was etched have been 
illustrated in the first and second embodiments but an 
embodiment in which formation of a groove and selective 
side etching of SiGe layers relative to Silayers are consis 
tently performed will then be illustrated below. 

THIRD EMBODIMENT 

0048 FIG. 6A is a cross section of structure of a wafer to 
be etched in the this embodiment and the structure of the 
wafer shown in FIG. 6A is that composed of an oxide film301 
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as a mask for a groove pattern and underlying Silayers 303 
and SiGe layers 302 alternately laminated. 
0049. At first a naturally oxidized film on the surface of the 
Silayer 303 in a part not covered with the oxide film 301 as 
the mask was removed under conditions of step 1 shown in 
FIG. 7C and then a groove with a predetermined depth was 
formed under conditions of step 2 shown in FIG.7C as shown 
in FIG. 6B. Subsequently deposition, such as Br, accumulated 
on the side walls of the groove during formation of the groove 
was removed under conditions of step 3 shown in FIG.7C and 
then the SiGe layers 302 were selectively side-etched relative 
to the Silayers 303 under conditions of step 4 using pulse 
discharge shown in FIG. 7C to successfully obtain a desired 
etched shape as shown in FIG. 6C. 
0050. It is noted that the step 3 described above is not 
necessarily an essential step since it is a step for removal of 
the deposition such as Br. When the step 3 is not performed, 
the etching conditions in the first embodiment may be 
employed for step 4. 
0051. In this way, it is possible to consistently perform 
forming a groove and selective side etching of SiGe relative to 
Si on the structure composed of the Silayers 303 and SiGe 
layers 302 alternately laminated as shown in FIG. 6A by 
etching employing continuous discharge and pulse discharge 
in combination shown in FIG. 7C. 
0052 Although selective side etching of SiGe relative to 
Sihas been illustrated with examples usingNF gas in the first 
embodiment and CF4 gas in the second embodiment as stated 
above, the present invention is not limited to these embodi 
ments and fluorocarbon gas such as CHF gas, CHF gas, or 
CHF gas may be used. 
0053. Further, although illustration has been made with a 
case using an ECR type microwave plasma-etching apparatus 
in the first to third embodiments described above, the present 
invention can also be applied to an etching apparatus with 
other type of plasma generation Such as a capacitively 
coupled type plasma-etching apparatus or inductively 
coupled type plasma-etching apparatus. In this case, the same 
effect as those of the aforesaid embodiments can be also 
obtained. 
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0054. It should be further understood by those skilled in 
the art that although the foregoing description has been made 
on embodiments of the invention, the invention is not limited 
thereto and various changes and modifications may be made 
without departing from the spirit of the invention and the 
Scope of the appended claims. 

1. A dry etching method for isotropically etching each of 
SiGe layers selectively relative to each of Silayers in a lami 
nated film composed of the Silayers and SiGe layers alter 
nately and repeatedly laminated, the method comprising the 
step of plasma-etching each of the SiGe layers with pulse 
modulated plasma using NF gas. 

2. The dry etching method according to claim 1 further 
comprising the step of mixing the NF gas with any one of O. 
gas, N2 gas, CO2 gas, and CO gas. 

3. A dry etching method for isotropically etching each of 
SiGe layers selectively relative to each of Silayers in a lami 
nated film composed of the Silayers and SiGe layers alter 
nately and repeatedly laminated, the method comprising the 
step of plasma-etching each of the SiGe layers with pulse 
modulated plasma using fluorocarbon gas. 

4. The dry etching method according to claim3 wherein the 
fluorocarbon gas is any one of CF4 gas, CHF gas, CHF gas, 
and CHF gas. 

5. The dry etching method according to claim 4 further 
comprising the step of mixing the fluorocarbon gas with any 
one of O gas, Ngas, CO gas, and CO gas. 

6. The dry etching method according to claim 1 wherein a 
duty ratio of pulse-modulation is 50% or less. 

7. A dry etching method for isotropically etching each of 
SiGe layers selectively relative to each of Silayers in a lami 
nated film composed of the Silayers and SiGe layers alter 
nately and repeatedly laminated, the method comprising the 
step of forming a groove having a predetermined depth on the 
laminated film with continuous plasma and then plasma 
etching each of SiGe layers with pulse-modulated plasma 
using NF3 gas or fluorocarbon gas. 
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