
Specification  PLASMA DOPING METHOD  <Background of the invention> 5
The present invention relates to a plasma doping  method, and in
particular, to a plasma doping method for  doping an impurity into a
surface of a solid sample such  as a semiconductor substrate. 10
<Description of the related art> As a technology for doping an
impurity into a surface  of a solid sample, a plasma doping (PD)
method for  ionizing the impurity and doping the ionized impurity
into  a solid at low energy is well known (for example, see USP  15
4912065). On the other hands, among the methods for doping an
impurity, an ion implantation method is most widely used  at present.
The plasma doping method is described in  "Column of Shallow Junction
Ion Doping of Figure 30 of 20 Front End Process in International
Technology Roadmap for  Semiconductors 2001 Edition (ITRS2001)" and
"International  Technology Roadmap for Semiconductors 2003 Edition
(ITRS2003)" as a next-generation technology for implanting  ion. The
plasma doping method is different from the ion 25 implantation
method. Moreover, ITRS is a document that is  1 widely referred to by
engineers in semiconductor  



industries. A technical difference between ion  implantation and
plasma doping will now be described in more detail. 5 In the ion
implantation method, an apparatus  comprising an ion source for
generating plasma from gas,  an analysis magnet for performing mass
separation in order  to select desired ions among ions extracted from
the ion  source, an electrode for accelerating the desired ions, 10
and a process chamber for implanting the accelerated  desired ions
into a silicon substrate, is used. In the ion  implantation, in order
to implant the impurity shallow, it  is preferable to set extraction
energy for extracting ions  from the ion source and acceleration
energy for 15 accelerating small. However, when the extraction energy
is  set small, the number of ions to be extracted is decreased.  In
addition, when the acceleration energy is set small,  while an ion
beam is transported from the ion source to a  wafer, a beam diameter
is widened due to a repulsive force 20 generated by charges between
the ions. As a result, the  ion beam may collide against the inner
wall of a beam line,  and a large number of ions may be lost. For
this reason,  throughput of an implantation processing will be
lowered.  For example, when B+ ions are implanted, if the 25
acceleration energy becomes 2 keV or less, the throughput  2 



starts to be lowered, if the acceleration energy becomes  0.5 keV or
less, the beam transportation itself become  difficult. Further, even
though the acceleration energy is  lowered to 0.5 keV, the B ions may
be implanted at a depth 5 of approximately 20 nm. That is, in case of
forming an  extension electrode having a thinner thickness than the
depth, productivity may be lowered drastically. In contrast, in the
plasma doping method, an  apparatus comprising a plasma generation
source for 10 inducing plasma into a cylindrical vacuum chamber in
which  a silicon substrate can be disposed, a bias electrode on
which the silicon substrate is disposed, and a bias power  supply for
adjusting a potential of the bias electrode, is  used. The apparatus
has the different configuration from 15 the apparatus used in the ion
implantation in point that  the analysis magnet and the acceleration
electrode are not  provided. The bias electrode serving as a plasma
source  and a wafer holder is provided in the vacuum chamber.  Then,
the ions are accelerated and introduced by a 20 potential to be
generated between the plasma and the wafer.  With this configuration,
since low-energy plasma can be  directly used, a large amount of
low-energy ions can be  irradiated onto the wafer, compared with the
ion implantation. That is, a dose rate is considerably high.  25 For
this reason, in the low-energy B-ion implantation, 



3 high throughput can be kept. By applying the plasma doping method,
the inventors  have developed a process technology for forming a
source- to-drain extension electrode having a very shallow 5
thickness and low resistance. The paper on this new  process
technology is adopted in VLSI Symposium that is  the highest
authority as one of International Conferences,  in June 2004. This
new process technology is known as a  process technology that has
particular effects ("Y. Sasaki, 10 et al., Symp. on VLSI Tech. p180
(2004)"). In this method, doping material gas which is  introduced
from a gas introduction port, such as B2H6, is  plasmized by a plasma
generation unit having a microwave  waveguide and an electric magnet.
Then, boron ions in 15 plasma are supplied to a surface of a sample
by a high- frequency power supply. With the reduction in size and
high integration of a  semiconductor device, characteristics in an
impurity doped  region are very important. Among these
characteristics, a 20 dose (impurity doping amount) determines low
resistance  that is one of important elements in determining element
characteristics. Accordingly, the control of the dose is  very
important. If the plasma doping method is used, it can be seen  



25 that the source-to-drain extension electrode having a very  4
shallow thickness and low resistance can be formed.  However, a dose
control method for controlling the element  characteristics has not
been developed yet. Up to now, a  method for changing the dose by way
of changing a plasma 5 doping time has been tested, but this method
does not  obtain sufficient control precision, and as a result, it
is unpractical. In this situation, as a method which is capable of
improving safety by diluting toxic B2H6 having a serious  10 risk to
the human body as large as possible, stably generating and keeping
plasma without degrading doping  efficiency, and easily performing
the control of the  dopant dose, the inventors has suggested the
following  method. In the method, B2H6 gas as a material containing
15 an impurity to be doped is diluted with He gas having  small
ionization energy, then He plasma is generated  earlier, and
subsequently B2H6 is discharged (JP2004- 179592) suggested that the
concentration of B2H6 gas is  preferably less than 0.05%. 20 When the
concentration is low, for example,  approximately 0.05%, although it
is reported that the dose  is easily controlled, changing the dose by
varying the  time while the gas concentration is kept constant is  



described. That is, when the B2H6 gas concentration is low, 25 the
change in the dose is small with respect to the  5 variation in time,
and thus the dose is easily controlled.  Here, there is a progress in
that the control precision of  the dose is increased. However, this
just improves the  known method for changing the dose by changing a
plasma 5 doping time. Herein, there is no study for the  relationship
between the change in the dose and the gas  concentration.
<Disclosure of the Invention> 10 <Problem that the Invention is to
solve> As described above, it is important to form the  impurity
doped region or control the dose. Of course, in- plane uniformity is
also very important to form an element.  In particular, while there
is a recent progress in a large  15 diameter of a wafer, it is very
difficult to obtain a uniform dose in the surface. The invention has
been finalized in consideration of  the above problems, and it is an
object of the invention  to provide a plasma doping method that can
control a dose 20 with high accuracy and can form a shallow impurity
doped  region. It is another object of the invention to provide a
plasma doping method that can realize high in-plane  



uniformity of a dose and can control the dose with high  25 accuracy.
6 <Means for Solving the Problem> According to an aspect of the
invention, there is  provided a plasma doping method that supplies
gas plasma  containing impurity ions to a sample for a predetermined
5 time with a predetermined concentration so as to form an  impurity
doped region in a surface of the sample. The  plasma doping method
includes a step of setting a doping  time and a concentration of the
gas plasma containing the  impurity such that a dose is made uniform
with no time 10 dependency. The inventors have repeated various
experiments and  have found that, if a bias is applied by irradiating
B2H6/He plasma onto a silicon substrate, there is a time at  which a
dose of boron is made substantially uniform. 15 Further, it can be
seen that the saturation time is  comparatively long and ease to
stably use, compared with a  time at which repeatability of an
apparatus control can be  secured. That is, if plasma irradiation
starts, a dose is  initially increased, but a time at which the dose
is made  20 substantially uniform without depending on a time
variation is continued. In addition, if the time is  further
increased, the dose is decreased. The inventors  



have also found that the dose can be accurately controlled  through a
process window of the time at which the dose is 25 made substantially
uniform without depending on the time  7 variation. The invention has
been finalized focusing on  the results. According to another aspect
of the invention, there  is provided a plasma doping method that
supplies gas 5 plasma containing impurity ions onto a sample for a
predetermined time with a predetermined concentration so  as to form
an impurity doped region in a surface of the  sample. The plasma
doping method includes a step of  performing plasma doping within a
time range in which a 10 dose is made uniform with no time dependency
in a state  where a doping time and a concentration of the gas plasma
containing the impurity ions are set such that a dose is  made
uniform with no time dependency. According to this configuration, the
concentration of  15 the gas plasma containing the impurity ions is
set in the  time range in which the dose is made uniform with no time
dependency. Accordingly, the dose can be accurately controlled. That
is, even though the time is slightly  changed, since the dose is not
almost changed, the dose  20 can be stably controlled. In contrast,
in the known method that controls the dose according to the time,
even though  



the time is slightly changed, the dose is drastically  changed. As a
result of the repetitive experiment, when the  25 B2H6/He
concentration is changed with respect to a 8 predetermined bias, it
is possible to obtain a time range  where the dose is not almost
changed and is saturated. In  addition, the inventors have found
that, in the above time  range, there is a time range where in-plane
uniformity of 5 sheet resistance (Rs) after annealing, that is,
in-plane  uniformity of the dose is very satisfactory. The  invention
has been finalized on the basis of the result.  Accordingly, while
plasma doping can be put to practical  use, the problems relative to
the control of the dose and 10 in-plane uniformity can be solved by
one effort. In the plasma doping method according to another  aspect
of the invention, the doping time and the  concentration of the gas
plasma containing the impurity  may be set such that doping of the
impurity into the 15 surface of the substrate and sputtering of the
impurity  from the surface of the substrate are saturated. The
inventors have repeated various experiments and  have found that, if
a bias is applied by irradiating the  BZH6/He plasma onto the silicon
substrate, there is a time 20 at which doping of boron and sputtering
of boron from the  



surface of the substrate by irradiation ions, radicals,  gas in the
plasma are saturated (balanced). Further, it  can be seen that the
saturation time is comparatively long  and ease to stably use,
compared with a time at which 25 repeatability of an apparatus
control can be secured.  9 In the plasma doping method according to
another  aspect of the invention, the doping time may be set to an
extent that a dose in a portion where the dose in the  surface of the
substrate is small follows a dose of a 5 portion where the dose is
saturated. According to this configuration, the concentration of  the
plasma containing the impurity ions is set in the time  range in
which the dose is made uniform with no time  dependency. Further, the
doping time is set to an extent 10 that the dose in the portion where
the dose in the surface  of the substrate is small follows the dose
of the portion  where the dose is saturated. Accordingly, in order to
increase in-plane uniformity, the dose can be accurately  controlled.
Actually, the saturation time range is 15 measured at individual
points in the surface, and a doping  end point is set to the latest
time among start points of  the measured time range. Accordingly, the
dose in the  portion where the dose in the surface of the substrate
is  small follows the dose in the portion where the dose is 



20 saturated. Therefore, satisfactory in-plane uniformity  can be
obtained. In the plasma doping method according to another  aspect of
the invention, the level of the uniform dose  with no time dependency
may be changed as the 25 concentration of the gas plasma containing
the impurity  10 ions is changed. With this configuration, the
concentration of the gas  plasma is set such that doping of the
impurity ions into  the surface of the substrate and sputtering from
the 5 surface of the substrate are saturated. Accordingly, the  level
of the uniform dose can be changed. Therefore, it  is possible to
form an impurity region in which an  impurity concentration is stably
controlled with high  accuracy. 10 In the plasma doping method
according to another  aspect of the invention, the concentration of
the gas  plasma containing the impurity ions as a concentration and a
pressure of gas containing impurity atoms and source  power are
changed. 15 With this configuration, the concentration of the gas
plasma can be set in a desired range. In particular, when the
concentration of the gas  containing the impurity atoms is changed,
the  



concentration of the gas plasma containing the impurity 20 ions can
be simply and accurately changed. As a specific  unit, the gas
including the impurity atoms and a dilution  gas may be mixed to be
then used, and flow rates of the  gases may be changed by mass flow
controllers, such that  mixture ratios of the gases are changed.
Therefore, the 25 concentration of the gas plasma containing the
impurity  11 ions can be simply and accurately changed. In the plasma
doping method according to another  aspect of the invention, the
concentration of the gas  plasma, and the concentrations of ions,
radicals, and gas 5 of the gas plasma may be set such that doping of
the  impurity ions into the surface of the substrate and  sputtering
from the surface of the substrate are saturated  as time increases.
With this configuration, the concentration of the gas  10 plasma is
set such that doping of the impurity ions into  the surface of the
substrate and sputtering from the  surface of the substrate are
saturated. Accordingly, the  dose can be accurately controlled
without depending on the  time variation. Therefore, it is possible
to form an 15 impurity region in which the impurity concentration is
stably controlled with high accuracy. In the plasma doping method
according to another  



aspect of the invention, the gas plasma containing the  impurity ions
may be mixture gas plasma of molecules (BnHm) 20 having boron atoms
and hydrogen atoms. The inventors have repeated various experiments
and  have found that, when a concentration of B.H. gas is being
small, there is a region where the dose is made  substantially
uniform without depending on the time 25 variation. Then, the
concentration of the BnHm gas is set  12 such that doping of boron
into the surface of the  substrate and sputtering from the surface of
the substrate  are saturated. Accordingly, the dose can be accurately
controlled without depending on the time variation. 5 Therefore, it
is possible to form the impurity region in  which the dose of the
impurity is stably controlled with  high accuracy. In the plasma
doping method according to another  aspect of the invention, the gas
plasma containing the  10 impurity ions may be mixture gas plasma of
B2H6 and He. The inventors have made various experiments and have
found that, in a case where the mixture gas plasma of B2H6  and He is
used, when the concentration of the B2H6 gas is  being small, there
is a region where the dose is made 15 substantially uniform without
depending on the time  variation. The invention has been finalized
focusing on  



the fact. Then, the concentration of the B2H6 gas is set  such that
doping of boron into the surface of the substrate and sputtering from
the surface of the substrate  20 are saturated. Accordingly, the dose
can be accurately  controlled without depending on the time
variation.  Therefore, it is possible to form the impurity region in
which the impurity concentration is stably controlled with  high
accuracy. 25 In the plasma doping method according to another  13
aspect of the invention, a concentration of B2H6 gas in the  mixture
gas plasma of B2H6 and He may be in a range of  0.01% to 1%. In case
of less than 0.01%, when the  concentration of BZH6 is changed, the
change in the dose of 5 boron to be saturated according to the time
variation is  excessively small. Accordingly, it is difficult to
control the dose of boron to be saturated according to the  time
variation by the change in the concentration of B2H6.  Further, in
case of more than 1.0%, when the concentration 10 of B2H6 is changed,
the change in the dose of boron to be  saturated according to the
time variation is excessively  large. Accordingly, in this case,
controllability is  degraded. For the same reason, the concentration
of B2H6  is more preferably in a range of 0.025% to 0.6%. 15 From the
experiment results, it has been found that,  



when the concentration of B2H6 of the mixture gas plasma of  B2H6 and
He is approximately 0.1%, there is a region where  the dose is made
substantially uniform without depending  on the time variation. 20 In
the plasma doping method according to another  aspect of the
invention, a bias voltage VDC may be 60 V or  less. From the
experiment results, it has been found that,  when the bias voltage
VDC is 60 V or less, there is a 25 region where the dose is made
substantially uniform  14 without depending on the time variation. In
the plasma doping method according to another  aspect of the
invention, source power may be approximately  1500 W. 5 From the
experiment results, it has been found that,  when source power is
approximately 1500 W, there is a  region where the dose is made
substantially uniform  without depending on the time variation. In
the plasma doping method according to another  10 aspect of the
invention, the gas plasma containing the  impurity ions may be
mixture gas plasma of BF3 and He. From the experiment results, like a
case where the  mixture gas plasma of B2H6 and He is used, in a case
where  the mixture gas plasma of BF3 and He is used, it has also 



15 been found that, when the concentration of BF3 gas is  being
small, there is a region where the dose is made  substantially
uniform without depending on the time  variation. Therefore, it is
possible to form the impurity  region in which the dose of the
impurity is stably 20 controlled with high accuracy. In the plasma
doping method according to another  aspect of the invention, the
sample may be a silicon  substrate. From various experiment results,
in a case where the  25 mixture gas plasma of B2H6 and He is used
upon doping into  15 the silicon substrate, it has been found that,
when the  concentration of BZH6 gas is being small, there is a region
where the dose is made substantially uniform without  depending on
the time variation. When the mixture gas 5 plasma of B.H. and He is
used, the same effects can be  obtained. As such, in the invention,
the doping time and the  concentration of the gas plasma containing
boron is set  such that doping of boron into the surface of the 10
substrate and sputtering from the surface of the substrate.  In the
plasma doping method according to another  aspect of the invention,
plasma doping may be performed in  the time region where the dose is
made uniform with no 



time dependency. Accordingly, it is possible to form the  15 impurity
region in which the dose of the impurity is  stably controlled with
high accuracy. With this configuration, the dose can be accurately
controlled through a process window of the time at which  the dose is
made uniform without depending on the time  20 variance. Preferably,
the activation step may include a step of  irradiating laser light.
Since laser light has a high energy density, high- efficient
activation can be performed. 25 The activation step may include a
step of irradiating  16 radiation light of a flash lamp. The flash
lamp is cheap, and thus low cost can be  realized. The activation
step may include a step of irradiating  5 radiation light of a
tungsten halogen lamp. All the heat treatments using the tungsten
halogen  lamp have been put to practical use, and thus the
activation can be performed with good reliability. In the plasma
doping method according to another  10 aspect of the invention, the
plasma doping may be  performed in a state where a temperature of an
inner wall  of a reaction chamber coming into contact with the plasma



is made substantially uniform. In the plasma doping method according
to another 15 aspect of the invention, plasma doping may be performed
in  a state where the inner wall of the reaction chamber  coming into
contact with the plasma is heated. In the plasma doping method
according to another  aspect of the invention, plasma doping may be
performed in  20 a state where the inner wall of the reaction chamber
coming into contact with the plasma is cooled. In the plasma doping
method according to another  aspect of the invention, the
concentration of the gas  containing the impurity atoms may be
lowered during a  25 treatment. 17 <Effects of the invention> As
described above, according to the plasma doping  method of the
invention, the impurity doping amount can be  accurately controlled.
Further, it is possible to form 5 the impurity region in which the
dose is stably controlled  with high accuracy. Further, it is
possible to form the impurity region  having excellent in-plane
uniformity. 10 <Brief description of the drawings> Fig. 1 is a
cross-sectional view of an impurity  doping apparatus that is used in
a first embodiment of the  



invention; Fig. 2 is a cross-sectional view of an impurity 15 doping
apparatus that is used in a second embodiment of  the invention; Fig.
3 is a diagram showing the relationship between  a dose and a time in
a method according to Example 1 of  the invention; 20 Fig. 4 is a
diagram showing the relationship between  a dose and a gas
concentration in the method according to  Example 1 of the invention;
Fig. 5 is a diagram showing an Rs distribution of a  sample obtained
in the method according to Example 1 of  25 the invention; 18 Fig. 6
is a diagram showing an Rs distribution of a  sample obtained in the
method according to Example 1 of  the invention; Fig. 7 is a diagram
showing the relationship between  5 a dose and a time in a method
according to Example 2 of  the invention; Fig. 8 is a diagram showing
in-plane uniformity of a  dose in the method according to Example 2
of the  invention; 10 Fig. 9 is a diagram showing a sheet resistance
distribution on a Y axis in the method according to  



Example 2 of the invention; and Fig. 10 is a diagram showing a
distribution of a  sheet resistance standard value of a Y axis in the
method  15 according to Example 2 of the invention; <Reference
Numerals> 1 high-frequency power supply  2 matching box 20 3 coil 4
mass flow controller S mass flow controller it  6 turbo molecular
pump 7 pressure regulating valve  25 8 dry pump 19 9 coolant supply
unit  10 VDC monitor 11 matching box 12 high-frequency power supply 5
13 sample (substrate to be processed)  14 lower electrode 15 reaction
chamber 21 high-frequency power supply  23 coil 10 24 mass flow
controller  25 mass flow controller  



33 sample 34 sample table 35 reaction chamber  15 <Best Mode for
Carrying Out the Invention>  Hereinafter, embodiments of the
invention will be  described with reference to the drawings. (First
Embodiment) 20 Hereinafter, a first embodiment of the invention will
be described in detail with reference to the drawings. An apparatus
shown in Fig. 1 is referred to as a  plasma doping apparatus A (PD
apparatus A). In this embodiment, upon doping of an impurity, a 25
concentration of gas plasma containing impurity ions to be  20 doped
is set such that doping of the impurity ions and  sputtering of a
surface of a silicon substrate (silicon  wafer) are saturated.
According to this, a dose can be  accurately controlled without
depending on a time 5 variation. Therefore, it is possible to form an
impurity  region in which an impurity concentration is stably
controlled with high accuracy. Further, it is possible to  form an
impurity region having excellent in-plane  uniformity. 10 Here, the
concentration of the gas plasma is set such  



that doping of the impurity ions and sputtering of the  surface of
the substrate are saturated. According to this,  the dose can be
accurately controlled without depending on  the time variation.
Therefore, it is possible to form an 15 impurity region in which a
dose of the impurity is stably  controlled with high accuracy. This
may be expressed as follows. Plasma doping is  performed in a time
range where the dose is made uniform,  irrespective of the time
variation, when doping of the 20 impurity ions and sputtering of the
surface of the  substrate are saturated. In order to obtain in-plane
uniformity, a time range  to be saturated is measured at individual
points in the  surface, and a doping end point is set to the latest
time 25 among start points of the measured time range. Accordingly,
21 a dose in a portion where the dose in the surface of the
substrate is small follows a dose in a portion where the  dose is
saturated, thereby obtaining in-plane uniformity. Fig. 1 is a
cross-sectional view of an impurity  5 doping apparatus used in a
first embodiment of the  invention. The impurity doping apparatus,
that is, a process  chamber includes a reaction chamber 15, a turbo
molecular  pump 6 serving as an exhaust device for exhausting the 



10 reaction chamber 15, a pressure regulating valve 7 serving  as a
pressure control device that controls a pressure in  the reaction
chamber 15, a coil and antenna 3 serving as a  plasma source provided
in the vicinity of a dielectric  window facing a lower electrode 14,
a high-frequency power 15 supply 12 for supplying high-frequency
power of 13.56 MHz  to the coil or antenna 3, and a high-frequency
power  supply 1 serving as a voltage source supplied a voltage to
the lower electrode 14. A substrate to be processed  (substrate) 13
is placed on the lower electrode 14 serving 20 as a sample table, and
plasma irradiation is performed  onto the substrate 13. Here, a high
frequency is supplied from the coil and  antenna 3 through the
high-frequency power supply 1 for  generating plasma and the matching
box 2 for adjusting the 25 discharge. Required gas is supplied
through the mass flow  22 controllers (MFC) 4 and S. A degree of
vacuum in the  reaction chamber 15 is controlled by the mass flow
controllers 4 and 5, the turbo molecular pump 6, the  pressure
regulating valve 7, and the dry pump 8. Power is 5 supplied to the
reaction chamber 15 from the high- frequency power supply 12 through
the matching box 11.  The substrate 13 to be processed that is
provided in the  reaction chamber 15 is placed on the sample table
14, and  



then the power is supplied. 10 Next, a plasma doping process will be
described. A predetermined gas is introduced from the gas supply
device into the reaction chamber 15 of the process chamber  through
the mass flow controllers 4 and 5, while gas  exhaust is performed by
the turbo molecular pump 6 as an 15 exhaust device. Further, the
reaction chamber 15 is kept  at a predetermined pressure by the
pressure regulating  valve 7 as a pressure control device. Then,
high-frequency  power of 13.56 MHz is supplied from the
high-frequency  power supply 1 to the coil 3 as a plasma source, such
that 20 inductively coupled plasma is generated in the reaction
chamber 15. In this state, high-frequency power is  supplied by the
high-frequency power supply 12, and then  the potential of the lower
electrode 14 can be controlled  such that the silicon substrate (the
substrate to be 25 processed) 13 as a sample has a negative potential
with  23 respect to plasma. Although an inductively coupled plasma is
generated  using the coil in this embodiment, an antenna may be used
instead of the coil. Alternatively, helicon plasma, 5 surface wave
plasma, electronic cyclotron resonance plasma,  or the like may be
generated. After the silicon substrate 13 is placed on the  



sample table 14 as the lower electrode, while the reaction  chamber
15 is exhausted, helium gas is supplied into the 10 reaction chamber
15 by the mass flow controller 4 and  diborane (B2H6) gas as doping
material gas is supplied into  the reaction chamber 15 by the mass
flow controller 5. At  this time, the pressure regulating valve 7 is
controlled  such that the pressure of the reaction chamber 15 is kept
15 at 0.9 Pa. Next, high-frequency power 1500 W is supplied  to the
coil 3 as a plasma source so as to generate plasma  in the reaction
chamber 15. Further, high-frequency power  200 W is supplied to the
lower electrode 14 such that  boron is implanted in the vicinity of
the surface of the 20 silicon substrate 13. Here, plasma exposed to
the silicon  substrate 13 is mixture gas plasma of B2H6 and He
(B2H6/He  plasma). Moreover, the mixture ratio of B2H6 and He can be
changed by changing a ratio of flow rates of He gas and  B2H6 gas
flowing in the mass flow controllers 4 and S. 25 If a bias is applied
by irradiating the mixture gas  24 plasma of B2H and He (BZH6/He
plasma) onto the silicon  substrate, there is a time when doping and
sputtering of  boron are saturated (balanced). Further, in this
embodiment, it can be seen that the saturation time is 5
comparatively long and ease to stably use. That is, if  plasma
irradiation starts, a dose is initially increased,  



but a time at which the dose is made substantially uniform  without
depending on a time variation is continued. In  addition, if the time
is further increased, the dose is 10 decreased. Accordingly, the dose
can be accurately  controlled through a process window of the time
when the  dose is made substantially uniform without depending on
the time variation. Further, in-plane uniformity can be  obtained by
previously measuring, in the surface of the 15 silicon substrate, the
time when the dose is made uniform  and setting the doping time
according to the latest start  time. (Second Embodiment) 20
Hereinafter, a second embodiment of the invention  will be described
with reference to Fig. 2. An apparatus shown in Fig. 2 is referred to
as a  plasma doping apparatus B (PD apparatus B). Fig. 2 is a
schematic plan view of an impurity doping  25 apparatus used in the
second embodiment of the invention.  25 In Fig. 2, the impurity
doping apparatus uses a helicon  plasma device, and thus, in this
device, B2H6/He gas and He  gas are supplied through mass flow
controllers 24 and 25. Here, the impurity is also doped into a
silicon 5 substrate (sample) 33 placed on a sample table 34 in a
reaction chamber 35. High frequency is supplied to a coil  



23 by a high-frequency power supply 21, and then the  B2H6/He gas and
He gas to be supplied through the mass flow  controllers 24 and 25
are plasmized. 10 In this apparatus, the mass flow controllers 24 and
25 are controlled with high accuracy, and the mixture  ratio of
B2H6/He is controlled. Accordingly, the  concentration of the gas
plasma can be controlled such  that the dose is mad uniform with no
time dependency. 15 <Example 1> Plasma doping is performed on a 200
mm substrate  using the PD apparatus B described in the second
embodiment with reference to Fig. 2 while the dose of  boron and the
plasma doping time are changed. 20 Fig. 3 shows the measurement
result of the  relationship between the dose of boron and the plasma
doping time at this time. The vertical axis represents  the dose and
the horizontal axis represents the plasma  doping time. 25 If a bias
is applied by irradiating the mixture gas  26 plasma of B2H6 and He
(B2H6/He plasma) onto the silicon  substrate, there is a time when
doping and sputtering of  boron are saturated (balanced). Further, in
this  embodiment, it can be seen that the saturation time is 5
comparatively long and ease to stably use. That is, if  



plasma irradiation starts, a dose is initially increased,  but a time
at which the dose is made substantially uniform  without depending on
a time variation is continued. In  addition, if the time is further
increased, the dose is 10 decreased. Accordingly, the dose can be
accurately  controlled through a process window of the time when the
dose is made substantially uniform without depending on  the time
variation. Further, in-plane uniformity can be  obtained. 15 With
this phenomenon, for example, it is verified  that the dose of boron
can be set to 2.62E15 CM -2 at  accuracy within la = 1%. If plasma
doping is performed  with the B2H6/He gas concentrations 0.2%/99.8%
at VDC 60 V,  source power 1500 W, and a pressure 0.9 Pa, a change in
20 the dose from 45 seconds to 60 seconds is negligibly  0.01E15 cm2
since the dose at 45 seconds is 2.62E15 CM -2  and the dose at 60
seconds is 2.63E15 cm-2 . as indicated by  a curve b of Fig. 3. At
this time, the dose is increased  in a small increment per unit time.
The rate is very slow, 25 that is, (2.63E15 - 2.62E15)/(60 - 45) =
6.7Ell cm  27 2/seconds. That is, the dose is stable with respect to
the time variation. A difference (3a) between the maximum and the
minimum of the tolerable dose such that the condition la =  



5 1% is established when 2.62E15 cm-2 is sought is 2.52  2.68E15 cm
2, that is, approximately 1.5E154 CM-2 . During  the doping time
between 45 seconds to 60 seconds, the dose  is changed only at a slow
rate of 6.7E11 CM-2/ sec.  Accordingly, it is expected that the dose
control of la = 10 1% aimed at 2.62E15 CM -2 can be performed. This
is because  the control of the doping time to be determined by the
apparatus is in an order of 100 milliseconds and the  doping time is
shifted by 1 second at most. Here, the dose is estimated from sheet
resistance  15 after annealing is performed at 1100C and for 3
minutes,  and a difference between sheet resistances of samples
during the doping time between 45 seconds to 60 seconds is
negligibly 107.4 to 107.0 ohm/sq and 0.4 ohm/sq. The small  change in
the dose for a long time of 15 seconds is a 20 remarkable discovery.
Though described above, in view of  the apparatus control, a time
shift when plasma doping is  repeatedly performed for 50 seconds is
hundreds  microseconds at most. Accordingly, since it is sufficient
to pay attention to a shift of approximately 50 seconds  25 0.5
seconds, a dose control method is very stable and has  28 high
controllability. From Fig. 3, it can be seen that, when the B2H6/He
gas  concentration is 0.025%/99.975%, there is a time range in  



which doping and sputtering of boron are balanced in the 5 vicinity
of 60 seconds. When the B2H6/He gas concentration  is 0.1%/99.9%, the
time range exists in the vicinity of 60  seconds. When the B2H6/He
gas concentration is 0.2%/99.8%,  the time range exists in the
vicinity of 45 to 60 seconds.  When the BZH6/He gas concentration is
0.5%/99.5%, the time 10 range exists in the vicinity of 60 to 70
seconds. In  addition, when the B2H6/He gas concentration is
0.6%/99.5%,  the time range exists in the vicinity of 60 to 100
seconds.  In these vicinities, in view of the apparatus control, a
time-variant change in the dose is very small, and the 15 dose can be
controlled with high accuracy. This can be  explained by the same
logic as a case where the BZH6/He gas  concentration is 0.2%/99.8%.
Fig. 4 shows, with respect to the time variation from  the experiment
result of Fig. 3, the arrangement result of  20 the relationship
between the dose B and the B2H6/He gas concentration when the time
variation is saturated. The  vertical axis represents the saturated
dose and the  horizontal axis represents the B2H6/He gas
concentration.  As a result, the BZH6/He gas concentration and the 25
saturated dose have a one-to-one relationship. From the  29 above
description, the following can be verified. First,  when the B2H6/He
gas concentration is changed, the level of  



the dose in which the change in the dose with respect to  the time
variation is made substantially uniform can be 5 changed. Further,
the B2H6 gas concentration is adjusted  such that the level of the
dose in which the change in the  dose with respect to the time
variation is made  substantially uniform becomes a desired dose. In
addition,  the plasma doping time is adjusted to the time region 10
where the change in the dose with respect to the time  variation is
made substantially uniform, and thus the dose  can be accurately
controlled to a desired value. In contrast, only by adjusting the
B2H6 gas  concentration, stability against the time shift is lacking.
15 Further, in a region other than the time region where the change
in the dose with the time variation is made  substantially uniform,
only by adjusting the plasma doping  time, stability against the time
shift is lacking. In  addition, the time region where the change in
the dose 20 against the time variation is made substantially uniform
varies by the B2H6 gas concentration. Accordingly, it is  necessary
to adjust the time region according to each B2H6  gas concentration.
When this adjustment is performed,  while the dose can be accurately
adjusted at a certain B2H6 25 gas concentration, stability against
the time shift may be  30 lacking at a different B2H6 gas
concentration. 



Figs. 5 and 6 show the results of annealing on the  substrate at
1075C and for 20 seconds after plasma doping  prepared using the dose
control method. Sheet resistance 5 is measured at 81 places in the
surface excluding an end 5  mm of the 200 mm substrate. This has a
feature in that the  plasma doping time at which the dose is made
uniform with  respect to the time variation and the B2H6/He gas
concentration are used. Here, a simple description will be  10 given
with reference to Figs. 3 and 4. If the B2H6/He gas  concentration is
appropriately set with respect to a predetermined bias, as shown in
Fig. 3, it is possible to  form a time range where the B dose is not
almost changed  and saturated with respect to the change in the
plasma 15 doping time. The B dose to be saturated can be changed
when the B2H6/He gas concentration is changed, as shown in  Fig. 4.
That is, the dose can be controlled. Here, the  plasma doping
conditions used in Figs. 5 and 6 are the  plasma doping conditions
indicated by arrows a and b in 20 Figs. 3 and B. Symbol a represents
Fig. 5 and symbol b  represents Fig. 6. Fig. 5 shows Rs uniformity
when the B dose is  adjusted to 1.63E15 cm 2 by setting the BZH6/He
gas  concentration 0.1%/99.9% and the plasma doping time 60 25
seconds using the dose control method. The average of Rs  31 



is 194.0 ohm/sq, and uniformity is 2.25% at la. In case  of a sample
that is prepared at a time at which the dose  is not saturated,
uniformity is approximately 5% to 10% at  la, and thus a uniform
layer is not formed. This is one 5 of effects according to the
selection of the saturation  time of the dose. Fig. 6 is a diagram
showing the measurement results  of the relationship between the gas
concentration and the  time when the B dose is adjusted to 2.62E15
cm-2 by setting 10 the B2H6/He gas concentration 0.2%/99.8% and the
plasma  doping time 45 seconds using the dose control method. The
average of Rs is 147.9 ohm/sq, and uniformity is 2.42% at  la. As
such, in case of the dose different from Fig. 5,  good uniformity of
2.5% or less can be reproduced. 15 In general, as for uniformity, as
the value of la is  smaller, a degree of technical difficulty in
improving  uniformity is rapidly increased. That is, of a degree of
difficulty in improving uniformity from 10% to 5% and a  degree of
difficulty in improving uniformity from 5% to 20 2.5%, the latter
case is still more difficult. As for  uniformity of 5% or more when
the invention is not applied,  with the application of the invention,
uniformity of 2.5%  or less is easily obtained. This represents
validity of  the invention. 25 <Example 2> 



32 Next, as Example 2 of the invention, plasma doping is  performed
on a 300 mm substrate using the PD apparatus A  shown in Fig. 1 while
the dose of boron and the plasma  doping time are changed. 5 Fig. 7
shows the measurement results of the plasma  doping time, and the
dose of boron and in-plane uniformity.  It can be seen that the dose
of boron starts to be  saturated with respect to the time variation
at  approximately 30 seconds. Further, the dose of boron and 10
in-plane uniformity exhibit good values when 30 seconds  lapse, that
is, when the plasma doping time reaches 60  seconds. Fig. 8 shows an
in-plane distribution of sheet  resistance after boron is doped into
the 300 mm substrate  15 shown in Fig. 7 by plasma doping and then
annealing is performed at 1075C and for 20 seconds. Sheet resistance
is measured at 121 places in the surface excluding an end  3 mm of
the 300 mm substrate. Fig. 9 shows the  distribution of sheet
resistance on the vertical axis 20 passing through the center of the
substrate among the in- plane distributions in Fig. 8. Further, Fig.
10  corresponds to Fig. 9 and is a table showing normalized  values
of sheet resistance obtained by dividing sheet  resistance by an
average value in each surface of the 



25 substrate. 33 As such, the dose is not changed according to the
change in the plasma doping time, and after a while, in- plane
uniformity is also improved. This may be because  the dose is not
changed with respect to the change in the 5 plasma doping time, and
after a while, a dose in a portion  where the dose in the surface of
the substrate is small  follows a dose in a portion where the dose is
saturated. Meanwhile, if a time immediately after the dose is  not
change with respect to the change in the plasma doping  10 time is
set to the plasma doping time, the dose in the portion where the dose
in the surface of the substrate is  small does not follow the dose in
a portion where the dose  is saturated. In this case, in-plane
uniformity is not  sufficient. 15 That is, even though the dose
control is sufficient,  in order to secure in-plane uniformity, it is
necessary to  more optimally set the plasma doping time. Next, a
mechanism of the invention will be described  with reference to Figs.
9 and 10. In Figs. 9 and 10, 20 sheet resistances after 7 seconds (7
sec), 30 seconds (30  sec), and 60 seconds (60 sec) are shown. In a
portion (a  portion from 150 mm to 0 mm on a horizontal axis of Figs.
9 and 10) where a large amount of boron is initially doped,  



the dose is comparatively rapidly saturated as time lapses.  25 To
the contrary, in a portion (a portion from 75 mm to 150  34 mm on a
horizontal axis of Figs. 9 and 10) where boron is  not doped so much
at the beginning of plasma doping, it  takes comparatively much time
until the dose is saturated. However, if the does starts to be
saturated and time  5 lapses, in the portion where a large amount of
boron is  initially doped, the dose is saturated and boron is not
doped any more. Meanwhile, in the portion where boron is  not
initially doped so much, the dose reaches the saturation. Accordingly
the difference becomes smaller.  10 For this reason, in Figs. 9 and
10, when doping is  performed for 60 seconds, a variation width of
sheet  resistance on the vertical axis is small. Accordingly, in-
plane uniformity of sheet resistance can be improved. The  method
according to the invention is a unit effective to 15 secure in-plane
uniformity upon plasma doping.  Simultaneously, as described above,
the dose can be  controlled. Moreover, under the annealing condition
at 1075C and  for 20 seconds used in Examples 1 and 2, the
distribution  20 of sheet resistance may be regarded as the
distribution of the dose. This is because the dose and sheet
resistance  has a one-to-one relationship. Under the annealing  



condition at high temperature and for a comparatively long  time, it
can be estimated that the impurity is almost 25 electrically
activated. This is considered as a reason  35 for the one-to-one
relationship. Next, an activation step will be described. This is
common to, not depend on, the PD apparatus. Upon  annealing, the
silicon substrate supplied with the 5 impurity ions is placed on the
sample table of an  annealing device. Then, laser light that is
emitted from  an infrared laser and reflected by a mirror is
irradiated  onto the surface of the silicon substrate, such that the
surface of the silicon substrate is heated and activated. 10
Moreover, in the activation step, as an activation  processing
chamber, a flash lamp processing chamber may be  used. The flash
chamber processing chamber includes a  chamber, a sample table, a
window, and a flash lamp. The  silicon substrate supplied with the
impurity ions is 15 placed on the sample table, and reflected light
from the  flash lamp is irradiated onto the surface of the silicon
substrate, such that the surface of the silicon substrate  is heated
and activated. Moreover, in the above embodiment, in the activation
20 step, the flash lamp processing chamber is used as the  activation
processing chamber. However, a tungsten  



halogen lamp that is used in a semiconductor factory for  mass
production at present may be used. In the above-described embodiments
of the invention,  25 among the application scopes of the invention,
only some  36 of various variations of the configuration, shape, and
arrangement of the processing chamber are illustrated. Of  course,
various variations, which still fall within the  scope of the
invention, other than illustrations can be 5 considered. Further,
although a case where the sample is a  semiconductor substrate formed
of a silicon substrate has  been described, the invention can be
applied when various  different samples are processed. For example,
the 10 invention can be effectively applied to a stained silicon
substrate and an SOI substrate. This is because the  substrates are
the same as the silicon substrate in view  of only the surface shape
as viewed from the plasma. In  addition, the invention can be
effectively applied to a 15 Fin FET. In case of Fin FET, in general,
the structure is  in an order of 1 m or less. A sheath width of the
plasma  is in an order of 1 mm or more. Accordingly, when only  the
surface shape as viewed from the plasma is considered,  the structure
of Fin FET is negligibly small. This is the 20 same as the silicon
substrate. 



Further, although a case where the impurity is boron  has been
described, when the sample is the semiconductor  substrate formed of
silicon, in particular, when the  impurity is arsine, phosphorous,
boron, aluminum, or 25 antimony, the invention can be effectively
applied. This  37 is because a shallow junction can be formed in a
transistor portion. Further, the invention can be effectively applied
when the concentration of gas containing an impurity is  5 low. In
particular, the invention can be effectively applied to a plasma
doping method in which the dose needs  to be controlled with high
accuracy. Further, a case where, in the plasma doping step, the  gas
supplied to the reaction chamber is gas containing a  10 doping
material has been described. However, the invention can be applied to
a case where the gas to be  supplied to the reaction chamber does not
include the  doping material, and the doping material is generated
from  a solid impurity. That is, the invention can be 15 effectively
applied to a case where a solid containing  impurity atoms is placed
in the reaction chamber, plasma,  such as He or the like, is excited,
and the impurity atoms  are plasmized and doped by plasma doping.
Further, when the plasma doping is performed, it is  



20 preferable that the treatment be performed in a state  where a
temperature of an inner wall of the reaction  chamber coming into
contact with the plasma is kept  substantially constant. This is
because, if the  temperature of the inner wall of the reaction
chamber is 25 changed during the treatment, an attachment possibility
of  38 the impurity ions at the temperature of the inner wall is
changed, and the number of impurity ions to be emitted  from a thin
film containing the impurity ions stuck to the  inner wall into the
plasma is changed, which cause the 5 change in the dose per unit
time. As a method of keeping  the temperature of the inner wall of
the reaction chamber,  a method of heating the inner wall by a heater
or a method  of cooling the inner wall through the circulation of a
refrigerant can be appropriately selected. 10 Further, when the
concentration of gas containing the  impurity in the reaction chamber
is adjusted, a method  that adjusts the gas supply amount so as to
directly  adjusts the concentration itself, a method that lowers the
temperature of the inner wall of the reaction chamber and 15 educes a
predetermined impurity so as to lower the  concentration of the
impurity, a method that lowers the  temperature of the inner wall of
the reaction chamber and  suppresses the eduction of a predetermined
impurity so as  



to keep the concentration of the impurity, or a method 20 that
adjusts the temperature of the inner wall of the  reaction chamber so
as to adjust the dose can be used.  Further, with a feedback
function, the concentration  control can be performed while the
temperature control of  the inner wall of the reaction chamber. 25
Further, when plasma doping is performed, the  39 concentration of
gas containing the impurity ions may be  lowered during the
treatment. An appropriate method for  this case will be described.
First, in a state where the concentration of gas 5 containing the
impurity atoms is high, plasma doping is  performed. At this time,
the dose per unit time at the  beginning of the treatment is set
high. Next, in a state where the concentration of gas  containing the
impurity atoms is low, plasma doping is  10 performed. Then, the
plasma doping treatment is stopped in a time range in which the dose
is mad uniform with no  time dependency. In such a manner, compared
with a case  where the treatment is performed in a state where the
concentration of gas containing the impurity ions from the 15
beginning, the total processing time can be reduced. In this case, a
method that lowers the concentration  of gas by raising the
temperature of the inner wall of the  



reaction chamber, increasing the concentration of gas  including the
impurity to the maximum, then lowering the 20 temperature of the
inner wall of the reaction chamber, and  subsequently promoting the
eduction of the impurity to the  inner wall may be effectively used.
<Industrial Applicability> According to the plasma doping method, it
is possible  25 to realize a plasma doping method that can control an
40 impurity doping amount precisely and economically and can  form a
shallow impurity diffusion region. In addition,  the plasma doping
method of the invention can be applied  to the use, such as an
impurity doping process of a 5 semiconductor or manufacturing of a
thin film transistor  used in liquid crystal or the like. 41 CLAIMS:
1. A plasma doping method for irradiating plasma of gas containing an
impurity onto a substrate so as to form an impurity doped region in a
surface of the  substrate, comprising the steps of: determining a
plasma doping time range in which a dose of the impurity to be doped
into  a first substrate is made substantially uniform irrespective of
variation in plasma doping  time; and after the step of determining
the plasma doping time range, plasma-doping the impurity  into a
second substrate using a predetermined plasma doping time within the
plasma doping  



time range. 2. The plasma doping method according to claim 1, further
comprising a step  of: before the step of plasma-doping, determining
a concentration of the gas containing the  impurity used in the step
of plasma-doping, by calculating relationships between a
concentration  of the gas containing the impurity and the uniform
dose which is made substantially uniform,  irrespective of variation
in plasma doping time, with respect to a plurality of concentrations.
3. The plasma doping method according to claim 1, wherein the  step
of determining the plasma doping time range comprises a step of
respectively calculating  plasma doping time ranges, in which the
dose of the impurity to be doped into the first substrate  is made
substantially uniform irrespective of variation in plasma doping
time, at a plurality of  portions in the surface of the first
substrate; and -42 the predetermined plasma doping time is determined
based on a latest plasma doping  time range among the respective
plasma doping time ranges. 4. The plasma doping method according to
claim 1, wherein a  diameter of the first substrate and second
substrate is 200 mm or more; and the predetermined plasma doping time
is determined such that uniformity represented by  1 u of the dose of
the impurity in the surface of the first substrate and second
substrate becomes  2.5% or less. 5. The plasma doping method
according to claim 4, wherein the  diameter of the first substrate
and second substrate is 300 mm or more. 6. The plasma doping method
according to claim 1, wherein the  plasma of the gas containing the
impurity is a mixture gas plasma of molecules (BnHm) having  boron
atoms and hydrogen atoms. 



7. The plasma doping method according to claim 1, wherein the  plasma
of the gas containing the impurity is a mixture gas plasma of BZH6
and helium. 8. The plasma doping method according to claim 7, wherein
a  B2H6 gas concentration in the mixture gas plasma of BZH6 and
helium is in a range of 0.01%  (inclusive) to 1% (inclusive). 9. The
plasma doping method according to claim 7, wherein a  B2H6 gas
concentration in the mixture gas plasma of B2H6 and helium is in a
range of 0.025%  (inclusive) to 0.6%(inclusive). 10. The plasma
doping method according to claim 1, wherein the plasma of  the gas
containing the impurity is mixture gas plasma of BF3 and helium. -43
11. The plasma doping method according to claim 1, wherein the  first
substrate and second substrate is a silicon substrate. 12. The plasma
doping method according to claim 1, wherein the step of
plasma-doping includes: a first doping step of plasma doping by
setting the gas containing the impurity to a first  concentration;
and after the first doping step, a second doping step of plasma
doping by setting the gas  containing the impurity to a second
concentration, the second concentration being smaller than  the first
concentration. -44 


