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[DESCRIPTION] 

[Title] 

 METHOD OF MANUFACTURING SEMICONDUCTOR DEVICE, SUBSTRATE 

PROCESSING APPARATUS AND PROGRAM 

[Technical Field] 

[0001] 

 The present disclosure relates to a method of manufacturing a semiconductor device, a 

substrate processing apparatus and a program. 

[Related Art] 

[0002] 

 As a part of manufacturing processes of a semiconductor device, a process of modifying a 

film formed on a surface of a substrate by a plasma may be performed(for example, see Patent 

Document 1). 

[Related Art Document] 

[Patent document] 

[0003] 

 Patent Document 1: Japanese Patent Laid-Open No. 2017-183487. 

[Disclosure] 

[Technical Problem] 

[0004] 

 As a part of the manufacturing processes of the semiconductor device described above, for 

example, a substrate processing such as a doping process of injecting (doping) boron (B) serving as 

an impurity (dopant) into the surface of the substrate using a boron-containing gas may be performed. 

However, deposits may be generated when boron is injected. As a result, the deposits may attach to 

the surface of the substrate. 
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[0005] 

 Described herein is a technique capable of suppressing a generation of deposits when 

performing a doping process to a substrate using a plasma. 

[Technical Solution] 

[0006] 

 According to one aspect of the technique of the present disclosure, there is provided a 

method of manufacturing a semiconductor device, including: modifying a surface of a substrate into 

an impurity-containing layer by performing: (a) supplying an impurity-containing gas containing an 

impurity and a dilution gas into a process chamber in which the substrate is accommodated; (b) 

plasma-exciting the impurity-containing gas and the dilution gas; and (c) supplying an active species 

containing the impurity generated by plasma-exciting the impurity-containing gas and the dilution 

gas to the substrate, wherein a flow rate ratio of the impurity-containing gas to the dilution gas is 

controlled in (a) such that a partial pressure of the impurity-containing gas in the process chamber is 

set to a predetermined partial pressure less than a partial pressure at which the impurity-containing 

gas forms deposits containing a polymer in the process chamber. 

[Advantageous Effects] 

[0007] 

 According to the technique of the present disclosure, it is possible to suppress a generation 

of deposits when performing a doping process to a substrate using a plasma. 

[Brief Description of Drawings] 

[0008] 

 FIG. 1 is a diagram schematically illustrating a vertical cross-section of a process furnace 

202 of a substrate processing apparatus 100 preferably used in one or more embodiments described 

herein. 

 FIG. 2 is a diagram schematically illustrating a principle of generating a plasma in the 
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substrate processing apparatus 100 according to the embodiments described herein. 

 FIG. 3 is a block diagram schematically illustrating a configuration of a controller 221 and 

related components of the substrate processing apparatus 100 preferably used in the embodiments 

described herein. 

 FIG. 4 is a diagram schematically illustrating measurement results of a water repellency, a 

dose amount and a step coverage of each boron-containing layer formed under different conditions. 

 FIG. 5A is a diagram schematically illustrating a surface of a substrate when deposits are 

present on the surface of the substrate, and FIG. 5B is a diagram schematically illustrating the 

surface of the substrate when no deposits are present on the surface of the substrate. 

 FIG. 6A is a diagram schematically illustrating a boron (B) concentration in each 

boron-containing layer formed by supplying a high frequency power of 3,500 W, 2,000 W and 500 

W to the substrate, FIG. 6B is a diagram schematically illustrating the boron concentration in each 

boron-containing layer formed by setting a supply time of a boron-containing gas to the substrate to 

30 seconds and 60 seconds, and FIG. 6C is a diagram schematically illustrating the boron 

concentration in each boron-containing layer formed by setting a partial pressure of the 

boron-containing gas with respect to the substrate to 0.002 Pa, 0.01 Pa, 0.05 Pa and 0.1 Pa. 

 FIG. 7A is a diagram schematically illustrating the step coverage of each boron-containing 

layer formed by supplying the high frequency power of 3,500 W, 2,000 W and 500 W to the 

substrate, FIG. 7B is a diagram schematically illustrating the step coverage of each boron-containing 

layer formed by setting the supply time of the boron-containing gas to the substrate to 30 seconds 

and 60 seconds, and FIG. 7C is a diagram schematically illustrating the step coverage of each 

boron-containing layer formed by setting the partial pressure of the boron-containing gas with 

respect to the substrate to 0.002 Pa, 0.01 Pa, 0.05 Pa and 0.1 Pa. 

[Detailed Description] 

[0009] 
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 <Embodiments> 

 Hereinafter, one or more embodiments (also simply referred to as “embodiments”) according 

to the technique of the present disclosure will be described with reference to FIGS. 1 through 3. The 

drawings used in the following descriptions are all schematic. For example, a relationship between 

dimensions of each component and a ratio of each component shown in the drawing may not always 

match the actual ones. Further, even between the drawings, the relationship between the dimensions 

of each component and the ratio of each component may not always match. 

[0010] 

 (1) Substrate Processing Apparatus 

 As shown in FIG. 1, a substrate processing apparatus 100 includes a process furnace 202 in 

which a wafer 200 serving as a substrate is accommodated and the wafer 200 is processed by a 

plasma. The process furnace 202 includes a process vessel 203. A process chamber 201 is defined by 

the process vessel 203. The process vessel 203 includes a dome-shaped upper vessel 210 and a 

bowl-shaped lower vessel 211. By covering the lower vessel 211 with the upper vessel 210, the 

process chamber 201 is defined. 

[0011] 

 A gate valve 244 is provided on a lower side wall of the lower vessel 211. The gate valve 

244 is configured to open or close a substrate loading/unloading port 245. While the gate valve 244 

is open, the wafer 200 can be transferred (loaded) into the process chamber 201 through the substrate 

loading/unloading port 245 or can be transferred (unloaded) out of the process chamber 201 through 

the substrate loading/unloading port 245. While the gate valve 244 is closed, the gate valve 244 

maintains the process chamber 201 airtight. 

[0012] 

 As shown in FIG. 2, the process chamber 201 includes a plasma generation space 201a and a 

substrate processing space 201b that communicates with the plasma generation space 201a and in 
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which the wafer 200 is processed. A resonance coil 212 described later is provided around the 

plasma generation space 201a and around an outer periphery of the process vessel 203. The plasma 

generation space 201a refers to a space in which the plasma is generated, for example, a space above 

a lower end (indicated by a dot-and-dash line in FIG. 1) of the resonance coil 212 in the process 

chamber 201. The substrate processing space 201b refers to a space in which the wafer 200 is 

processed by the plasma, for example, a space below the lower end of the resonance coil 212 in the 

process chamber 201. 

[0013] 

 A susceptor 217 serving as a substrate support is provided at a center of a bottom portion of 

the process chamber 201. A substrate placing surface on which the wafer 200 is placed is provided 

on an upper surface of the susceptor 217. A heater 217b serving as a heating apparatus (heating 

structure) is integrally embedded in the susceptor 217. When electric power is supplied to the heater 

217b through a heater power regulator 276, the heater 217b is configured to heat the wafer 200 

placed on the substrate placing surface such that the wafer 200 is heated to a predetermined 

temperature ranging, for example, from 25 °C to 1,000 °C. 

[0014] 

 The susceptor 217 is electrically insulated from the lower vessel 211. An impedance 

adjustment electrode 217c is provided in the susceptor 217. The impedance adjustment electrode 

217c is grounded via a variable impedance regulator 275 serving as an impedance adjusting structure. 

By changing an impedance of the variable impedance regulator 275 within a predetermined range, it 

is possible to control a potential (bias voltage) of the wafer 200 via the impedance adjustment 

electrode 217c and the susceptor 217 when performing a plasma process. 

[0015] 

 A susceptor elevator 268 configured to elevate and lower the susceptor 217 is provided 

below the susceptor 217. Through-holes (for example, three through-holes) 217a are provided at the 
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susceptor 217, and support pins (for example, three support pins) 266 serving as a support capable of 

supporting the wafer 200 are provided at a bottom of the lower vessel 211 corresponding to the three 

through-holes 217a. When the susceptor 217 is lowered by the susceptor elevator 268, tips (front 

ends) of the three support pins 266 pass through the three through-holes 217a, respectively, and 

protrude from the substrate placing surface of the susceptor 217. Thereby, the three support pins 266 

are capable of supporting the wafer 200 from thereunder. 

[0016] 

 A gas supply head 236 is provided above the process chamber 201, that is, on an upper 

portion of the upper vessel 210. The gas supply head 236 includes a cap-shaped lid 233, a gas inlet 

port 234, a buffer chamber 237, an opening 238, a shield plate 240 and a gas outlet port 239. The gas 

supply head 236 is configured to supply a gas such as a boron-containing gas, a hydrogen-containing 

gas and an oxygen-containing gas into the process chamber 201. The buffer chamber 237 functions 

as a dispersion space in which the gas introduced (supplied) through the gas inlet port 234 is 

dispersed. 

[0017] 

 A downstream end of a gas supply pipe 232a through which a gas containing boron (B) 

serving as an impurity (also referred to as the boron-containing gas) such as diborane (B2H6) gas is 

supplied, a downstream end of a gas supply pipe 232b through which the hydrogen-containing gas 

such as hydrogen (H2) gas is supplied and a downstream end of a gas supply pipe 232c through 

which the oxygen-containing gas such as oxygen (O2) gas is supplied are connected to join the gas 

inlet port 234 provided at a gas supply pipe 232. A boron-containing gas supply source 250a, a mass 

flow controller (MFC) 252a serving as a flow rate controller and a valve 253a serving as an 

opening/closing valve are sequentially provided at the gas supply pipe 232a in order from an 

upstream side to a downstream side of the gas supply pipe 232a along a gas flow direction. A 

hydrogen-containing gas supply source 250b, an MFC 252b and a valve 253b are sequentially 
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provided at the gas supply pipe 232b in order from an upstream side to a downstream side of the gas 

supply pipe 232b along the gas flow direction. An oxygen-containing gas supply source 250c, an 

MFC 252c and a valve 253c are sequentially provided at the gas supply pipe 232c in order from an 

upstream side to a downstream side of the gas supply pipe 232c along the gas flow direction. A valve 

243a is provided on a downstream side of a location where the gas supply pipe 232a, the gas supply 

pipe 232b and the gas supply pipe 232c join. It is possible to supply various gases such as the 

boron-containing gas, the hydrogen-containing gas and the oxygen-containing gas into the process 

vessel 203 via the gas supply pipes 232a, 232b and 232c by opening and closing the valves 253a, 

253b, 253c and 243a while adjusting flow rates of the respective gases by the MFCs 252a, 252b and 

252c. In addition to the various gases described above, the gas supply pipes 232a, 232b and 232c are 

configured to be capable of supplying nitrogen (N2) gas serving as an inert gas. 

[0018] 

 The boron-containing gas is used as an impurity-containing gas, and the 

hydrogen-containing gas is used as a dilution gas. A mixed gas containing the boron-containing gas 

and the hydrogen-containing gas is converted into a plasma state in a substrate processing described 

later, and is supplied to the wafer 200 on which a silicon (Si) film serving as a silicon-containing 

film is formed. Thereby, the silicon film formed on a surface of the wafer 200 is doped with boron 

serving as the impurity. As a result, the silicon film is modified into a boron-containing layer (or a 

boron-containing film) containing boron. The oxygen-containing gas is converted into a plasma state 

in the substrate processing described later, and is supplied to the wafer 200. Thereby, the 

boron-containing layer formed on the surface of the wafer 200 is modified (oxidized). The 

oxygen-containing gas acts as an oxidizing agent (or an oxidizing gas) in the substrate processing 

described later. The N2 gas is used in the substrate processing described later without being 

converted into a plasma state, and may act as a purge gas. 

[0019] 
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 A first supplier (which is a first supply system) is constituted mainly by the gas supply head 

236 (that is, the lid 233, the gas inlet port 234, the buffer chamber 237, the opening 238, the shield 

plate 240 and the gas outlet port 239), the gas supply pipe 232a, the MFC 252a and the valves 253a 

and 243a. The first supplier may also be referred to as a boron-containing gas supplier (which is a 

boron-containing gas supply system) or an impurity-containing gas supplier (which is an 

impurity-containing gas supply system). A second supplier (which is a second supply system) is 

constituted mainly by the gas supply head 236, the gas supply pipe 232b, the MFC 252b and the 

valves 253b and 243a. The second supplier may also be referred to as a hydrogen-containing gas 

supplier (which is a hydrogen-containing gas supply system) or a dilution gas supplier (which is a 

dilution gas supply system). A third supplier (which is a third supply system) is constituted mainly 

by the gas supply head 236, the gas supply pipe 232c, the MFC 252c and the valves 253c and 243a. 

The third supplier may also be referred to as an oxygen-containing gas supplier (which is an 

oxygen-containing gas supply system) or an oxidizing agent supplier (which is an oxidizing agent 

supply system). The second supplier may be included in the first supplier. That is, the 

impurity-containing gas supplier may further include the second supplier. 

[0020] 

 An exhaust port 235 is provided on a side wall of the lower vessel 211. An inner atmosphere 

of the process chamber 201 is exhausted through the exhaust port 235. An upstream end of an 

exhaust pipe 231 is connected to the exhaust port 235. An APC (Automatic Pressure Controller) 

valve 242 serving as a pressure regulator (pressure adjusting structure), a valve 243b and a vacuum 

pump 246 serving as a vacuum exhaust apparatus are sequentially provided in order from an 

upstream side to a downstream side of the exhaust pipe 231. An exhauster (which is an exhaust 

system) is constituted mainly by the exhaust port 235, the exhaust pipe 231, the APC valve 242 and 

the valve 243b. The exhauster may further include the vacuum pump 246. 

[0021] 
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 The resonance coil 212 of a helical shape is provided so as to surround the process vessel 

203 around an outer periphery of the process chamber 201, that is, around an outer portion of a side 

wall of the upper vessel 210. An RF (Radio Frequency) sensor 272, a high frequency power supply 

273 and a frequency matcher (also referred to as a “matcher” or a “frequency controller”) 274 are 

connected to the resonance coil 212. A shield plate 223 is provided around an outer periphery of the 

resonance coil 212. 

[0022] 

 The high frequency power supply 273 is configured to supply a high frequency power (RF 

power) to the resonance coil 212. The RF sensor 272 is provided at an output side of the high 

frequency power supply 273. The RF sensor 272 is configured to monitor information of the 

traveling wave or reflected wave of the supplied high frequency power. The frequency matcher 274 

is configured to adjust a frequency of the high frequency power output from the high frequency 

power supply 273 so as to minimize the reflected wave based on the information of the reflected 

wave monitored by the RF sensor 272. 

[0023] 

 Both ends (that is, a first end and a second end) of the resonance coil 212 are electrically 

grounded. The first end of the resonance coil 212 is grounded via a movable tap 213. The second end 

of the resonance coil 212 is grounded via a fixed ground 214. A movable tap 215 capable of 

appropriately setting a position of receiving the high frequency power from the high frequency 

power supply 273 is provided between the first end and the second end of the resonance coil 212. 

[0024] 

 The shield plate 223 is provided to shield the leakage of the electromagnetic wave to an 

outside of the resonance coil 212 and to form a capacitive component of the resonance coil 212 for 

constructing a resonance circuit. 

[0025] 
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 A plasma generator (which is a plasma generating structure) is constituted mainly by the 

resonance coil 212, the RF sensor 272 and the frequency matcher 274. The plasma generator may 

further include the high frequency power supply 273 or the shield plate 223. 

[0026] 

 Hereinafter, an operation of the plasma generator and the properties of the generated plasma 

will be supplementarily described with reference to FIG. 2. 

[0027] 

 The resonance coil 212 is configured to function as a high frequency inductively coupled 

plasma (ICP) electrode. For example, a winding diameter, a winding pitch and the number of 

winding turns of the resonance coil 212 are set such that the resonance coil 212 resonates in a 

full-wavelength mode to form a standing wave of a predetermined wavelength. An electrical length 

of the resonance coil 212 (that is, an electrode length between the grounds described above) is 

adjusted to an integral multiple of a wavelength of a predetermined frequency of the high frequency 

power supplied from the high frequency power supply 273. For example, an effective cross-section 

of the resonance coil 212 is set to a value ranging from 50 mm2 to 300 mm2, and a diameter of the 

resonance coil 212 is set to a value ranging from 200 mm to 500 mm. The resonance coil 212 is 

wound, for example, twice to 60 times. The level of the high frequency power supplied to the 

resonance coil 212 is set to a value ranging from 0.5 KW to 5 KW, preferably, from 1.0 KW to 4.0 

KW, and the frequency of the high frequency power is set to a value ranging from 800 kHz to 50 

MHz. The magnetic field generated by the resonance coil 212 is set to a value ranging from 0.01 

Gauss to 10 Gauss. According to the present embodiments, as a preferred example, the frequency of 

the high frequency power is set to 27.12 MHz, and the electrical length of the resonance coil 212 is 

set equal to the wavelength of the high frequency power (about 11 meters). 

[0028] 

 The frequency matcher 274 is configured to receive a voltage signal related to the power of 
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the reflected wave from the RF sensor 272, and to perform a corrective control operation such as 

increasing or decreasing the frequency (oscillation frequency) of the high frequency power output by 

the high frequency power supply 273 such that power of the reflected wave is minimized. The 

frequency matcher 274 may include a frequency control circuit (not shown) configured to perform 

the corrective control operation of the oscillation frequency. The frequency control circuit oscillates 

at an unloaded resonance frequency of the resonance coil 212 before the plasma is turned on, and 

oscillates a preset frequency (that is, a frequency increased or decreased from the unloaded 

resonance frequency) after the plasma is turned on so that the power of the reflected wave is 

minimized. The frequency control circuit feeds back a control signal including the frequency 

obtained by performing the corrective control operation to the high frequency power supply 273. The 

high frequency power supply 273 corrects the frequency of the high frequency power based on the 

control signal. The frequency of the high frequency power is optimized to a resonance frequency at 

which the power of the reflected wave in the transmission line becomes zero. 

[0029] 

 With the configuration of the plasma generator described above, an induction plasma of a 

good quality with almost no capacitive coupling with a component such as an inner wall of the 

process chamber 201 and the susceptor 217 is excited in the plasma generation space 201a. That is, a 

donut-shaped plasma with extremely low electric potential when viewed from above is generated in 

the plasma generation space 201a. According to the preferred example of the present embodiments in 

which the electrical length of the resonance coil 212 is set equal to the wavelength of the high 

frequency power, the donut-shaped plasma is generated in the vicinity of a height corresponding to 

an electric midpoint of the resonance coil 212. 

[0030] 

 As shown in FIG. 3, a controller 221 serving as a control apparatus is constituted by a 

computer including a CPU (Central Processing Unit) 221a, a RAM (Random Access Memory) 221b, 
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a memory 221c and an I/O port 221d. The RAM 221b, the memory 221c and the I/O port 221d may 

exchange data with the CPU 221a through an internal bus 221e. For example, an input/output device 

225 such as a touch panel, a mouse, a keyboard and an operation terminal (not shown) may be 

connected to the controller 221. A display (not shown) serving as a display structure may be 

connected to the controller 221. 

[0031] 

 The memory 221c may be embodied by a component such as a flash memory, an HDD 

(Hard Disk Drive) and a CD-ROM. For example, a control program configured to control the 

operation of the substrate processing apparatus 100 and a process recipe in which information such 

as the sequences and the conditions of the substrate processing described later is stored may be 

readably stored in the memory 221c. The process recipe is obtained by combining steps of the 

substrate processing described later such that the controller 221 can execute the steps to acquire a 

predetermine result, and functions as a program. The RAM 221b functions as a memory area (work 

area) where a program or data read by the CPU 221a is temporarily stored. 

[0032] 

 The I/O port 221d is electrically connected to the above-described components such as the 

MFCs 252a, 252b and 252c, the valves 253a, 253b, 253c, 243a and 243b, the gate valve 244, the 

APC valve 242, the vacuum pump 246, the heater 217b, the RF sensor 272, the high frequency 

power supply 273, the frequency matcher 274, the susceptor elevator 268 and the variable impedance 

regulator 275. 

[0033] 

 The CPU 221a is configured to read and execute the control program stored in the memory 

221c, and to read the process recipe stored in the memory 221c in accordance with an instruction 

such as an operation command inputted via the input/output device 225. The CPU 221a is configured 

to be capable of controlling the operation of the substrate processing apparatus 100 according to the 
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process recipe. For example, as shown in FIG. 1, the CPU 221a may be configured to perform the 

operation, according to the read process recipe, such as an operation of adjusting an opening degree 

of the APC valve 242, an opening and closing operation of the valve 243b and a start and stop of the 

vacuum pump 246 via the I/O port 221d and a signal line “A”, an elevating and lowering operation 

of the susceptor elevator 268 via the I/O port 221d and a signal line “B”, a power supply amount 

adjusting operation (temperature adjusting operation) to the heater 217b by the heater power 

regulator 276 based on a temperature detected by a temperature sensor (not shown) and an 

impedance adjusting operation by the variable impedance regulator 275 via the I/O port 221d and a 

signal line “C”, an opening and closing operation of the gate valve 244 via the I/O port 221d and a 

signal line “D”, a controlling operation of the RF sensor 272, the frequency matcher 274 and the high 

frequency power supply 273 via the I/O port 221d and a signal line “E”, and gas flow rate adjusting 

operations of the MFCs 252a, 252b and 252c and opening and closing operations of the valves 253a, 

253b, 253c and 243a via the I/O port 221d and a signal line “F”. 

[0034] 

 (2) Substrate Processing 

 An exemplary sequence of the substrate processing of forming the boron-containing layer by 

doping boron serving as the impurity on the surface of the wafer 200 and forming an oxide layer 

serving as a cap layer on a surface of the boron-containing layer after boron is doped, which is a part 

of manufacturing processes of a semiconductor device, will be described. The substrate processing is 

performed using the substrate processing apparatus 100 described above. In the following description, 

the operations of the components constituting the substrate processing apparatus 100 are controlled 

by the controller 221. 

[0035] 

 The sequence of the substrate processing according to the present embodiments includes 

modifying a surface of a substrate into an impurity-containing layer by performing: (a) supplying a 
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boron-containing gas serving as an impurity-containing gas and a hydrogen-containing gas serving as 

a dilution gas into the process chamber 201 in which the substrate is accommodated; (b) 

plasma-exciting the boron-containing gas and the hydrogen-containing gas; and (c) supplying an 

active species containing boron generated by plasma-exciting the boron-containing gas and the 

hydrogen-containing gas to the substrate, wherein a flow rate ratio of the boron-containing gas to the 

hydrogen-containing gas is controlled in (a) such that a partial pressure of the boron-containing gas 

in the process chamber 201 is set to a predetermined partial pressure less than a partial pressure at 

which the boron-containing gas forms deposits containing a polymer in the process chamber 201. 

[0036] 

 In the sequence of the substrate processing according to the present embodiments, a surface 

of the boron-containing layer is modified into an oxide layer after the boron-containing layer is 

formed on the surface of the substrate, by performing: (d) supplying an oxygen-containing gas into 

the process chamber 201 in which the substrate is accommodated; (e) plasma-exciting the 

oxygen-containing gas; and (f) supplying an active species containing oxygen generated by 

plasma-exciting the oxygen-containing gas to the surface of the substrate. 

[0037] 

 In the present specification, the term “wafer” may refer to “a wafer itself”, or may refer to “a 

wafer and a stacked structure (aggregated structure) of a predetermined layer (or layers) or a film (or 

films) formed on a surface of a wafer”. In the present specification, the term “a surface of a wafer” 

may refer to “a surface of a wafer itself”, or may refer to “a surface of a predetermined layer or a 

film formed on a wafer”. Thus, in the present specification, “forming a predetermined layer (or film) 

on a wafer” may refer to “forming a predetermined layer (or film) on a surface of a wafer itself”, or 

may refer to “forming a predetermined layer (or film) on a surface of another layer or another film 

formed on a wafer”. In the present specification, the terms “substrate” and “wafer” may be used as 

substantially the same meaning. That is, the term “substrate” may be substituted by “wafer” and vice 
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versa. 

[0038] 

 <Wafer Loading Step> 

 With the susceptor 217 lowered to a predetermined transfer position, the gate valve 244 is 

opened, and the wafer 200 to be processed is transferred (loaded) into the process vessel 203 by a 

transfer robot (not shown). The wafer 200 loaded into the process vessel 203 is placed and supported 

on the three support pins 266 protruding from the substrate placing surface of the susceptor 217 in a 

horizontal orientation. After the wafer 200 is loaded into the process vessel 203 completely, an arm 

of the transfer robot is retracted from the process vessel 203, and the gate valve 244 is closed. 

Thereafter, the susceptor 217 is elevated to a predetermined process position such that the wafer 200 

to be processed is transferred from the three support pins 266 onto the susceptor 217. 

[0039] 

 According to the present embodiments, a structure (also referred to as a “high aspect ratio 

structure”) whose aspect ratio is 20 or more is formed on the surface of the wafer 200 to be 

processed. The silicon film serving as the silicon-containing film to be modified is formed in 

advance on the surface of the wafer 200 including an inner surface of the high aspect ratio structure. 

In the present embodiments, for example, the high aspect ratio structure may include a groove 

structure such as a trench and a cylindrical structure such as a pillar hole. In the following, the 

surface of the wafer 200 may include a surface of the high aspect ratio structure formed on the wafer 

200 such as an inner surface and a bottom surface of the high aspect ratio structure. 

[0040] 

 <Pressure and Temperature Adjusting Step> 

 Subsequently, an inner atmosphere of the process vessel 203 is vacuum-exhausted by the 

vacuum pump 246 such that an inner pressure of the process vessel 203 reaches and is maintained at 

a desired process pressure. The inner pressure of the process vessel 203 is measured by a pressure 
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sensor (not shown), and the APC valve 242 is feedback-controlled based on the measured pressure 

information. In addition, the wafer 200 is heated by the heater 217b such that a temperature of the 

wafer 200 reaches and is maintained at a desired process temperature. When the inner pressure of the 

process vessel 203 reaches and is stabilized at the desired process pressure and the temperature of the 

wafer 200 reaches and is stabilized at the desired process temperature, a doping process described 

later is performed. 

[0041] 

 <Doping Process (Doping Step)> 

 In the doping process, the B2H6 gas serving as the boron-containing gas and the H2 gas 

serving as the hydrogen-containing gas are supplied into the process vessel 203 to plasma-excite the 

B2H6 gas and the H2 gas. Thereby, the active species containing boron and the active species 

containing hydrogen are generated. Specifically, the valves 253a and 253b are opened to mix and to 

supply the boron-containing gas and the hydrogen-containing gas into the process chamber 201 via 

the gas inlet port 234, the buffer chamber 237 and the gas outlet port 239 while flow rates of the 

boron-containing gas and the hydrogen-containing gas are adjusted by the MFCs 252a and 252b, 

respectively. When supplying a mixed gas of the boron-containing gas and the hydrogen-containing 

gas, the high frequency power is applied to the resonance coil 212 from the high frequency power 

supply 273. As a result, the donut-shaped induction plasma when viewed from above is excited at the 

height corresponding to the electric midpoint of the resonance coil 212 in the plasma generation 

space 201a. 

[0042] 

 The boron-containing gas in the mixed gas is activated (excited) by plasma-exciting the 

induction plasma and dissociates. Thereby, the active species containing boron is generated in the 

process vessel 203. The active species containing boron may include at least one among an excited 

boron atom (B*), an ionized boron atom and a boron radical. Similarly, the hydrogen-containing gas 
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in the mixed gas is activated by plasma-exciting the induction plasma and dissociates. Thereby, the 

active species containing hydrogen is generated in the process vessel 203. The active species 

containing hydrogen may include at least one among an excited hydrogen atom (H*), an ionized 

hydrogen atom and a hydrogen radical. 

[0043] 

 Then, the active species containing boron generated as described above is supplied to the 

wafer 200 together with the active species containing hydrogen. As a result, the silicon film formed 

on the surface of the wafer 200 is modified. Thereby, the boron-containing layer is formed on the 

surface of the wafer 200 by injecting boron serving as the impurity into the silicon film to be 

modified. 

[0044] 

 That is, by plasma-exciting the boron-containing gas serving as the impurity-containing gas 

and the hydrogen-containing gas supplied into the process chamber 201 and by supplying the active 

species containing boron serving as the impurity generated by plasma-exciting the boron-containing 

gas to the surface of the wafer 200, the boron-containing layer serving as an impurity-containing 

layer is formed on the surface of the wafer 200. 

[0045] 

 For example, process conditions of the doping step are as follows: 

 A supply flow rate of the B2H6 gas: from 1 sccm 100 sccm, preferably from 2 sccm to 10 

sccm; 

 A supply flow rate of the H2 gas: from 100 sccm to 3,000 sccm, preferably from 1,000 sccm 

to 2,000 sccm; 

 A supply time (time duration) of supplying the B2H6 gas and the H2 gas: from 1 seconds to 

300 seconds, preferably from 10 seconds to 60 seconds; 

 The high frequency power: from 100 W to 5,000 W, preferably from 500 W to 3,500 W; 
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 A process temperature: from the room temperature to 900 °C, preferably from 500 °C to 

700 °C; 

 A process pressure: from 5 Pa to 150 Pa, preferably from 30 Pa to 150 Pa; and 

 A distance from the plasma generation space 201a to the surface of the wafer 200: from 10 

mm to 150 mm, preferably from 30 mm to 100 mm. 

 In the present embodiments, the B2H6 gas diluted to 2 % with the H2 gas is supplied as the 

boron-containing gas supplied through the boron-containing gas supplier. That is, the supply flow 

rate of the B2H6 gas of the process conditions described above indicates the supply flow rate of the 

boron-containing gas diluted to 2 % with the H2 gas. 

[0046] 

 In particular, by setting the process pressure to 30 Pa or more, it is possible to suppress an 

occurrence of the sputtering on an inner wall of the process vessel 203 under the present process 

conditions. The distance from the plasma generation space 201a to the surface of the wafer 200 

described above refers to a distance from a lower end position of the resonance coil 212 to the 

surface of the wafer 200. In the present specification, a notation of a numerical range such as “from 1 

sccm 100 sccm” means a range equal to or higher than 1 sccm and equal to or less than 100 sccm. 

The same also applies to other numerical ranges described herein. 

[0047] 

 In the doping process, a partial pressure of the boron-containing gas with respect to a total 

pressure of the mixed gas (that is, the boron-containing gas and the hydrogen-containing gas) in the 

process chamber 201 is set (or adjusted) to a predetermined partial pressure less than a partial 

pressure at which the boron-containing gas may form deposits containing a polymer (multimer) in 

the process chamber 201. That is, the predetermined partial pressure is set to be within a range in 

which the deposits containing boron serving as the impurity does not occur). For example, the partial 

pressure of the boron-containing gas may be adjusted to the predetermined partial pressure equal to 
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or less than 0.01 Pa, preferably equal to or less than 0.002 Pa. Specifically, by individually 

controlling the MFC 252a in the boron-containing gas supplier (impurity-containing gas supplier) 

and the MFC 252b in the hydrogen-containing gas supplier (dilution gas supplier), it is possible to 

adjust the partial pressure of the boron-containing gas with respect to the total pressure of the mixed 

gas in the process chamber 201 to the predetermined partial pressure. By setting the partial pressure 

of the boron-containing gas to the total pressure of the mixed gas in the process chamber 201 to 0.01 

Pa or less in the doping process as described above, it is possible to suppress the generation of the 

deposits containing boron, and by setting the partial pressure of the boron-containing gas to the total 

pressure of the mixed gas in the process chamber 201 to 0.002 Pa or less in the doping process as 

described above, it is possible to further suppress the generation of the deposits containing boron. 

When the partial pressure of the boron-containing gas is greater than 0.01 Pa, a surface roughness 

may be significantly increased by the deposits containing boron attached to the surface of the wafer 

200. As a result, the device characteristics may deteriorate. In addition, the deposits containing boron 

attached to the surface of the wafer 200 may adversely affect other process of the substrate 

processing performed after the doping process (for example, a film-forming process). Such adverse 

effects include, for example, deterioration in a uniformity of substrate processing. 

[0048] 

 The partial pressure of the boron-containing gas may also be adjusted by controlling the 

exhauster and adjusting the total pressure of the mixed gas in the process chamber 201. However, 

when the total pressure of the mixed gas in the process chamber 201 is reduced (for example, less 

than 30 Pa) in order to reduce the partial pressure of the boron-containing gas, the sputtering on the 

inner wall of the process vessel 203 is likely to occur. Therefore, it is preferable to adjust the partial 

pressure of the boron-containing gas by controlling a supply flow rate ratio with the 

hydrogen-containing gas serving as the dilution gas. 

[0049] 

19



20 

 The deposits containing boron serving as the impurity may contain at least a polymer 

(multimer) of the boron-containing gas serving as the impurity-containing gas. In particular, the 

B2H6 gas serving as the boron-containing gas tends to form a polymer (multimer) such as decaborane 

(B10H14). As the partial pressure (concentration) of the boron-containing gas becomes higher, the 

polymer is likely to be generated. When the polymer is generated, the polymer is deposited on a 

surface of a film such as the silicon film to form the deposits. In addition to the polymer, boron 

serving as the impurity may remain on the surface of the film without being doped in the film to 

thereby form the deposits. By setting the partial pressure of the boron-containing gas to the total 

pressure of the impurity-containing gas to 0.01 Pa or less in the doping process as described above, 

the polymer containing boron is less likely to be generated, and by setting the partial pressure of the 

boron-containing gas to the total pressure of the impurity-containing gas to 0.002 Pa or less in the 

doping process as described above, the polymer containing boron is less likely to be generated as 

compared with a case when the partial pressure is 0.01 Pa or less and greater than 0.002 Pa. 

Therefore, it is possible to suppress the generation of the deposits containing boron. However, when 

the partial pressure of the boron-containing gas is less than 0.0001 Pa, boron is hardly doped into the 

surface of the film. By setting the partial pressure of the boron-containing gas to 0.0001 Pa or more, 

it is possible to perform the doping process of doping boron into the surface of the film at a practical 

speed. 

[0050] 

 After a predetermined time has elapsed and a predetermined amount of boron is injected into 

the wafer 200 completely, the supply of the power from the high frequency power supply 273 is 

stopped and the valves 253a and 253b are closed to stop the supply of the boron-containing gas and 

the supply of the hydrogen-containing gas into the process chamber 201. 

[0051] 

 The active species containing boron generated by plasma-exciting the boron-containing gas 
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is isotropic. Therefore, the active species containing boron is uniformly supplied to the surface of the 

wafer 200. Thereby, the boron-containing layer serving as the impurity-containing layer is 

conformally formed with respect to the wafer 200, in particular, with respect to the inner surface of 

the high aspect ratio structure whose aspect ratio is 20 or more. A step coverage of the 

boron-containing layer formed in the doping process is equal to or greater than 70 %, preferably 

equal to or greater than 80 %. 

[0052] 

 According to the present embodiments, in the doping process, by adjusting at least one 

among: (i) a magnitude of the high frequency power for plasma-exciting the impurity-containing gas 

(boron-containing gas) and the dilution gas (hydrogen-containing gas); (ii) the supply time of the 

impurity-containing gas and the dilution gas; and (iii) the partial pressure of the impurity-containing 

gas, it is possible to control (or adjust) the step coverage of the boron-containing layer formed on the 

surface of the wafer 200 to be equal to or higher than a predetermined value. 

[0053] 

 Specifically, in the doping process, by reducing the magnitude of the high frequency power 

for plasma-exciting the boron-containing gas and the hydrogen-containing gas, it is possible to adjust 

the step coverage of the boron-containing layer to be increased, and by setting the magnitude of the 

high frequency power to a predetermined power level or less, it is possible to adjust the step 

coverage of the boron-containing layer to a predetermined level or more. 

[0054] 

 In addition, in the doping process, by lengthening the supply time of the boron-containing 

gas and the hydrogen-containing gas, it is possible to adjust the step coverage of the 

boron-containing layer to be increased, and by setting the supply time of the boron-containing gas 

and the hydrogen-containing gas to a predetermined amount of time or more, it is possible to adjust 

the step coverage of the boron-containing layer to a predetermined value or more. 
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[0055] 

 <Oxidation Process (Oxidation Step)> 

 Subsequently, the O2 gas serving as the oxygen-containing gas is supplied into the process 

vessel 203 to plasma-excite the O2 gas. Thereby, the active species containing oxygen is generated. 

Specifically, the valve 253c is opened to supply the O2 gas into the process chamber 201 via the gas 

inlet port 234, the buffer chamber 237 and the gas outlet port 239 while a flow rate of the O2 gas is 

adjusted by the MFC 252c. When supplying the O2 gas, the high frequency power is applied to the 

resonance coil 212 from the high frequency power supply 273. As a result, the donut-shaped 

induction plasma when viewed from above is excited at the height corresponding to the electric 

midpoint of the resonance coil 212 in the plasma generation space 201a. 

[0056] 

 The O2 gas in the mixed gas is activated (excited) by plasma-exciting the induction plasma 

and dissociates. Thereby, the active species containing oxygen is generated in the process vessel 203. 

The active species containing oxygen may include at least one among an excited oxygen atom (O*), 

an ionized oxygen atom and an oxygen radical. 

[0057] 

 Then, the active species containing oxygen generated as described above is supplied to the 

wafer 200. As a result, the oxide layer is formed by oxidizing the surface of the boron-containing 

layer formed on the surface of the wafer 200 by the doping process described above. 

[0058] 

 That is, by plasma-exciting the O2 gas serving as the oxygen-containing gas supplied into the 

process chamber 201 after the boron-containing layer serving as the impurity-containing layer is 

formed on the surface of the wafer 200 and by supplying the active species containing oxygen 

generated by plasma-exciting the oxygen-containing gas to the surface of the wafer 200, the oxide 

layer serving as the cap layer is formed on the surface of the boron-containing layer serving as the 
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impurity-containing layer. Thereby, it is possible to suppress the desorption of boron serving as the 

impurity from the boron-containing layer serving as the impurity-containing layer. As a result, it is 

possible to maintain a high level of the concentration of boron (hereinafter, also referred to as a 

“boron concentration”) in the boron-containing layer. 

[0059] 

 For example, process conditions of the oxidation step are as follows: 

 A supply flow rate of the O2 gas: from 100 sccm to 2,000 sccm; 

 A supply time (time duration) of the O2 gas: from 10 seconds to 60 seconds, preferably from 

10 seconds to 30 seconds; 

 The high frequency power: from 100 W to 5,000 W, preferably from 500 W to 3,500 W; 

 A process temperature: from the room temperature to 900 °C, preferably from 500 °C to 

700 °C; 

 A process pressure: from 5 Pa to 100 Pa, more preferably from 30 Pa to 100 Pa; and 

 A distance from the plasma generation space 201a to the surface of the wafer 200: from 10 

mm to 150 mm, preferably from 30 mm to 100 mm. 

[0060] 

 By performing the oxidation process, the oxide layer is conformally formed with respect to 

the wafer 200, in particular, with respect to the inner surface of the high aspect ratio structure whose 

aspect ratio is 20 or more. A step coverage of the oxide layer formed in the oxidation process is equal 

to or greater than 70 %, preferably equal to or greater than 80 %. In particular, according the present 

embodiments, it is possible to suppress the attachment of the deposits containing boron to the inner 

surface of the high aspect ratio structure in the doping process. Therefore, it is possible to prevent the 

step coverage of the oxide layer (or the uniformity) from deteriorating due to the deposits containing 

boron attached to the surface of the wafer 200. 

[0061] 
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 According to the oxidation process, by supplying the active species containing oxygen to the 

surface of the wafer 200, it is possible to further remove the deposits attached to the surface of the 

wafer 200. That is, even when a small amount of the deposits are attached to the surface of the wafer 

200, it is possible to further remove the deposits by performing this oxidation process. However, 

when the deposits are removed by the oxidation process, the oxidation process is performed until the 

deposits are completely removed. Therefore, the process time of performing the oxidation process 

may be lengthened as compared with a case where no deposits are attached. As a result, the oxide 

layer formed by the oxidation process may become thicker than a desired thickness. In addition, a 

part of boron serving as the impurity may be desorbed from the boron-containing layer by the 

oxidation process. As a result, the boron concentration may decrease. Therefore, even when the 

oxidation process is performed, it is preferable to perform the doping process so as to suppress the 

attachment of the deposits to the surface of the wafer 200 as in the present embodiments. 

[0062] 

 <After-purge Step and Returning to Atmospheric Pressure Step> 

 After the oxidation process described above is completed, the supply of the O2 gas into the 

process vessel 203 is stopped. The supply of the high frequency power to the resonance coil 212 is 

also stopped. In addition, the N2 gas serving as the purge gas is supplied into the process vessel 203, 

and is exhausted through the exhaust pipe 231. Thereby, the inner atmosphere of the process vessel 

203 is purged to remove a residual gas in the process vessel 203 and reaction by-products from the 

process vessel 203. Thereafter, the inner atmosphere of the process vessel 203 is replaced with the N2 

gas, and the inner pressure of the process vessel 203 is returned to the normal pressure (atmospheric 

pressure). 

[0063] 

 <Wafer Unloading Step> 

 Subsequently, the susceptor 217 is lowered to the predetermined transfer position until the 
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wafer 200 is transferred to the support pins 266 from the susceptor 217. Thereafter, the gate valve 

244 is opened, and the wafer 200 is unloaded out of the process vessel 203 by using the transfer 

robot (not shown). Thereby, the substrate processing according to the present embodiments is 

completed. 

[0064] 

 (3) Effects according to Present Embodiments 

 According to the present embodiments described above, it is possible to provide one or more 

of the following effects. 

[0065] 

 (a) By performing the doping process described above, it is possible to suppress the 

generation of the deposits containing the impurity such as boron and the attachment of the deposits 

on the wafer. Therefore, it is possible to omit a step of removing the deposits or to shorten a process 

time for removing the deposits. As a result, it is possible to improve the throughput. Further, even 

when an O2 plasma process (that is, the oxidation process) is performed after the doping process, it is 

possible to omit the step of removing the deposits or to shorten the process time for removing the 

deposits. As a result, it is possible to shorten the process time of the O2 plasma process, and it is also 

possible to suppress an increase in the thickness of the oxide layer. In addition, it is also possible to 

maintain a high level of impurity concentration in the impurity-containing layer. 

[0066] 

 (b) By suppressing the attachment of the deposits in the process vessel 203, it is possible to 

reduce a maintenance frequency of the process vessel 203 or a component in the process vessel 203. 

[0067] 

 (c) By adjusting, in the doping process described above, at least one among the magnitude of 

the high frequency power, the supply time of the impurity-containing gas and the partial pressure of 

the impurity-containing gas, it is possible to control the step coverage of the impurity-containing 
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layer on the high aspect ratio structure to be equal to or higher than a predetermined value. 

[0068] 

 (d) By performing the oxidation process after the doping process described above, it is 

possible to improve the step coverage of the cap layer (oxide layer) formed on the 

impurity-containing layer. That is, by suppressing the formation of the deposits in the doping process, 

it is possible to suppress a decrease in the step coverage and an increase in the cap layer due to the 

deposits in the oxidation process after the doping process. Further, by suppressing the increase in the 

cap layer, as a result, it is possible to maintain a high level of the impurity concentration in the 

impurity-containing layer. 

[0069] 

 (e) By performing the oxidation process after the doping process described above, it is 

possible to remove a small amount of the deposits deposited in the doping process even when the 

small amount of the deposits are attached to the surface of the wafer 200. 

[0070] 

 (f) The same effects described above may be obtained similarly when a gas capable of 

forming deposits containing a polymer in the process chamber is used as the impurity-containing gas 

instead of the boron-containing gas or when a gas other than the O2 gas is used as the 

oxygen-containing gas. 

[0071] 

 <Other Embodiments> 

 While the technique of the present disclosure is described in detail by way of the 

embodiments described above, the technique of the present disclosure is not limited thereto. The 

technique of the present disclosure may be modified in various ways without departing from the 

scope thereof. 

[0072] 
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 While the embodiments described above are described by way of an example in which the 

B2H6 gas is used as the boron-containing gas in the doping process, the technique of the present 

disclosure is not limited thereto. For example, instead of the B2H6 gas, a gas including at least one 

among boron trichloride (BCl3) gas and boron trifluoride (BF3) gas may be used as the 

impurity-containing gas. Even in such a case, it is possible to similarly obtain the same effects of the 

sequence of the substrate processing according to the embodiments described above. 

[0073] 

 While the embodiments described above are described by way of an example in which boron 

is doped as the impurity, the technique of the present disclosure is not limited thereto. For example, 

instead of boron, at least one among arsenic (As), phosphorus (P) and gallium (Ga) may be used as 

the impurity. Even in such a case, it is possible to similarly obtain the same effects of the sequence of 

the substrate processing according to the embodiments described above. 

[0074] 

 While the embodiments described above are described by way of an example in which the 

hydrogen-containing gas is used as the dilution gas, the technique of the present disclosure is not 

limited thereto. For example, instead of the hydrogen-containing gas, a rare gas such as helium (He) 

gas, argon (Ar) gas, neon (Ne) gas, krypton (Kr) gas and xenon (Xe) gas may be used as the dilution 

gas. Even in such a case, it is possible to similarly obtain the same effects of the sequence of the 

substrate processing according to the embodiments described above. 

[0075] 

 While the embodiments described above are described by way of an example in which the 

O2 gas is used as the oxygen-containing gas in the oxidation process, the technique of the present 

disclosure is not limited thereto. For example, instead of the O2 gas, a gas such as ozone (O3) gas, 

water vapor (H2O gas) and nitric oxide (NO) gas may be used as the oxygen-containing gas. Even in 

such a case, it is possible to similarly obtain the same effects of the sequence of the substrate 
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processing according to the embodiments described above. 

[0076] 

 While the embodiments described above are described by way of an example in which the 

wafer provided with the silicon film serving as a modification target on the surface thereof is used, 

the technique of the present disclosure is not limited thereto. For example, instead of the silicon film, 

other silicon-containing film such as silicon oxide (SiO) film, silicon nitride (SiN) film and silicon 

oxynitride (SiON) film, a silicon-containing base of a silicon substrate, or a film containing an 

element other than silicon (for example, a film containing a metal element) may be used as the 

modification target. For example, an amorphous silicon film, a single crystal silicon film or a 

polycrystalline silicon film may be used as the silicon film serving as the modification target. For 

example, a stacked structure of a plurality of films (layers) such as the silicon film and the silicon 

oxide film formed on an upper surface of the silicon film may be used as the modification target. 

Even in such a case, it is possible to similarly obtain the same effects of the sequence of the substrate 

processing according to the embodiments described above. 

[0077] 

 <Examples of Present Embodiments> 

 Samples (that is, a sample #1 through a sample #7) which are wafers with a silicon film on 

surfaces thereof are prepared. The doping process is performed to the sample #1 through the sample 

#7 under the conditions shown in FIG. 4. Then, a water repellency of a surface of each sample (wafer) 

after the doping process and a distribution of a dose amount of boron in a depth direction of each 

sample after the doping process are evaluated. A silicon oxide layer serving as a natural oxide film is 

formed on the surface of each sample. 

[0078] 

 With respect to the sample #1, the doping process described above is performed by setting 

the process temperature to 700 °C, the high frequency power to 3,500 W, the process pressure (total 
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pressure) to 100 Pa, the partial pressure of the B2H6 gas serving as the boron-containing gas to 0.002 

Pa, and the supply time of B2H6 gas and H2 gas to 30 seconds. In addition, by setting the supply flow 

rate of the B2H6 gas (2% B2H6 gas) diluted to 2% with the H2 gas to 2 sccm and the supply flow rate 

of the H2 gas to 1,998 sccm so as to set the flow rate ratio of the B2H6 gas to the H2 gas supplied into 

the process chamber to 1: 50,000, the partial pressure of the boron-containing gas is set to 0.002 Pa. 

[0079] 

 With respect to the sample #2, the doping process described above is performed by setting 

the high frequency power to 2,000 W. The other process conditions of the sample #2 are the same as 

the process conditions of the sample #1. 

[0080] 

 With respect to the sample #3, the doping process described above is performed by setting 

the high frequency power to 500 W. The other process conditions of the sample #3 are the same as 

the process conditions of the sample #1. 

[0081] 

 With respect to the sample #4, the doping process described above is performed by setting 

the supply time of B2H6 gas and H2 gas to 60 seconds. The other process conditions of the sample #4 

are the same as the process conditions of the sample #1. 

[0082] 

 With respect to the sample #5, the doping process described above is performed by setting 

the partial pressure of the boron-containing gas to 0.01 Pa. That is, by setting the supply flow rate of 

the 2% B2H6 gas to 10 sccm and the supply flow rate of the H2 gas to 1,990 sccm, the flow rate ratio 

of the B2H6 gas to the H2 gas supplied into the process chamber is set to 1: 10,000. Thereby, the 

partial pressure of the boron-containing gas is set to 0.01 Pa. The other process conditions of the 

sample #5 are the same as the process conditions of the sample #1. 

[0083] 
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 With respect to the sample #6, the doping process described above is performed by setting 

the partial pressure of the boron-containing gas to 0.05 Pa. That is, by setting the supply flow rate of 

the 2% B2H6 gas to 50 sccm and the supply flow rate of the H2 gas to 1,950 sccm, the flow rate ratio 

of the B2H6 gas to the H2 gas supplied into the process chamber is set to 1: 2,000. Thereby, the 

partial pressure of the boron-containing gas is set to 0.05 Pa. The other process conditions of the 

sample #6 are the same as the process conditions of the sample #1. 

[0084] 

 With respect to the sample #7, the doping process described above is performed by setting 

the partial pressure of the boron-containing gas to 0.1 Pa. That is, by setting the supply flow rate of 

the 2% B2H6 gas to 100 sccm and the supply flow rate of the H2 gas to 1,900 sccm, the flow rate ratio 

of the B2H6 gas to the H2 gas supplied into the process chamber is set to 1: 1,000. Thereby, the 

partial pressure of the boron-containing gas is set to 0.1 Pa. The other process conditions of the 

sample #7 are the same as the process conditions of the sample #1. 

[0085] 

 Then, the sample #1 through the sample #7 after performing the doping process are washed 

using a 1% aqueous solution of hydrogen fluoride (HF) for 30 seconds. Then, states of the surfaces 

of the sample #1 through the sample #7 are compared. When the state of the surface indicates 

hydrophilicity as shown in FIG. 5A, the water repellency is set to “NO” in FIG. 4, and when the state 

of the surface indicates the water repellency as shown in FIG. 5B, the water repellency is set to “YES” 

in FIG. 4. When no deposits are present on the surface, the water repellency is exhibited even after 

the natural oxide film is removed by the HF, and when the deposits are present on the surface, the 

hydrophilicity is exhibited without exhibiting the water repellency even after the natural oxide film is 

removed by the HF. 

[0086] 

 As shown in FIG. 4, with respect to the sample #1 through the sample #4 in which the partial 
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pressure of the boron-containing gas is set to 0.002 Pa and the sample #5 in which the partial 

pressure of the boron-containing gas is set to 0.01 Pa, the water repellency appears. Thus, it is 

confirmed that the attachment of the deposits to the surface of each of the sample #1 through the 

sample #5 is sufficiently suppressed. With respect to the sample #6 in which the partial pressure of 

the boron-containing gas is set to 0.05 Pa and the sample #7 in which the partial pressure of the 

boron-containing gas is set to 0.1 Pa, the water repellency does not appear. Thus, it is confirmed that 

the deposits are present on the surface of each of the sample #6 and the sample #7. 

[0087] 

 That is, it is confirmed that it is possible to suppress the generation of the deposits and to 

suppress the attachment of the deposits to the wafer by setting the partial pressure of the 

boron-containing gas in the doping process to 0.01 Pa or less, preferably 0.002 Pa or less. 

[0088] 

 Subsequently, using the secondary ion mass spectrometry (SIMS), a distribution of the 

concentration (in unit of atoms / cm3) of boron contained in the boron-containing layer formed on 

each of the sample #1 through the sample #7 in the depth direction is analyzed. 

[0089] 

 FIG. 6A schematically illustrates the SIMS analysis results of boron contained in the 

boron-containing layer formed on each of the sample #1 through the sample #3 in the depth direction 

from the surface of each of the sample #1 through the sample #3. 

[0090] 

 As shown in FIG. 6A, at a depth of 5 nm, a dose amount of the boron-containing layer of the 

sample #1 formed by supplying the high frequency power of 3,500 W thereto is increased as 

compared with the dose amount of the boron-containing layer of the sample #2 formed by supplying 

the high frequency power of 2,000 W thereto, and the dose amount of the boron-containing layer of 

the sample #2 formed by supplying the high frequency power of 2,000 W thereto is increased as 
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compared with the dose amount of the boron-containing layer of the sample #3 formed by supplying 

the high frequency power of 500 W thereto. That is, it is confirmed that the dose amount depends on 

the magnitude of the high frequency power, and that the dose amount is controlled by the magnitude 

of the high frequency power. 

[0091] 

 FIG. 6B schematically illustrates the SIMS analysis results of boron contained in the 

boron-containing layer formed on each of the sample #1 and the sample #4 in the depth direction 

from the surface of each of the sample #1 and the sample #4. 

[0092] 

 As shown in FIG. 6B, at the depth of 5 nm, a dose amount of the boron-containing layer of 

the sample #4 formed by supplying the mixed gas of the boron-containing gas and the 

hydrogen-containing gas thereto for 60 seconds is increased as compared with the dose amount of 

the boron-containing layer of the sample #1 formed by supplying the mixed gas of the 

boron-containing gas and the hydrogen-containing gas thereto for 30 seconds. That is, it is confirmed 

that the dose amount depends on the supply time of the mixed gas of the boron-containing gas and 

the hydrogen-containing gas, and that the dose amount is controlled by the supply time of the mixed 

gas of the boron-containing gas and the hydrogen-containing gas. 

[0093] 

 FIG. 6C schematically illustrates the SIMS analysis results of boron contained in the 

boron-containing layer formed on each of the sample #1, the sample #5 through the sample #7 in the 

depth direction from the surface of each of the sample #1, the sample #5 through the sample #7. 

[0094] 

 As shown in FIG. 6C, at the depth of 5 nm, the dose amount of the boron-containing layer of 

the sample #1 formed by setting the partial pressure of the boron-containing gas supplied thereto to 

0.002 Pa is increased as compared with a dose amount of the boron-containing layer of the sample #5 

32



33 

formed by setting the partial pressure of the boron-containing gas supplied thereto to 0.01 Pa. A dose 

amount of the boron-containing layer of the sample #6 formed by setting the partial pressure of the 

boron-containing gas supplied thereto to 0.05 Pa is increased as compared with the dose amount of 

the boron-containing layer of the sample #1 formed by setting the partial pressure of the 

boron-containing gas supplied thereto to 0.002 Pa, and a dose amount of the boron-containing layer 

of the sample #7 formed by setting the partial pressure of the boron-containing gas supplied thereto 

to 0.1 Pa is increased as compared with the dose amount of the boron-containing layer of the sample 

#6 formed by setting the partial pressure of the boron-containing gas supplied thereto to 0.05 Pa. 

That is, it is confirmed that the dose amount depends on the partial pressure of the boron-containing 

gas, and that the dose amount is controlled by the partial pressure of the boron-containing gas. 

[0095] 

 Subsequently, samples (that is, a sample #1’ through a sample #7’) (which are wafers 

provided with a groove-shaped structure of a depth of about 3.5 nm and with a silicon film on 

surfaces thereof) are prepared. The doping process is performed to the sample #1’ through the 

sample #7’ under the conditions shown in FIG. 4 in the same manner as the sample #1 through the 

sample #7 described above. Then, the step coverage (thickness uniformity of the layer) of the 

boron-containing layer on an inner surface of the groove-shaped structure is evaluated. 

[0096] 

 The step coverage is calculated as “100 × Cbtm / Ctop” when the boron concentration (in 

unit of atoms / cm3) near 0.25 nm and the boron concentration near 3.5 nm in the depth direction 

from the surface of each sample (wafer) are defined as “Ctop” and “Cbtm”, respectively. 

[0097] 

 FIG. 7A schematically illustrates the SIMS analysis results of boron contained in the 

boron-containing layer formed on each of the sample #1’ through the sample #3’ in the depth 

direction from the surface of each of the sample #1’ through the sample #3’. 
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[0098] 

 A step coverage of the boron-containing layer of the sample #1’ formed by supplying the 

high frequency power of 3,500 W thereto is 26 %. A step coverage of the boron-containing layer of 

the sample #2’ formed by supplying the high frequency power of 2,000 W thereto is 73 %. A step 

coverage of the boron-containing layer of the sample #3’ formed by supplying the high frequency 

power of 500 W thereto is 81 %. That is, it is confirmed that the step coverage is improved by 

reducing the magnitude of the high frequency power in the doping process. That is, it is confirmed 

that the step coverage depends on the magnitude of the high frequency power, and that the step 

coverage is controlled by the magnitude of the high frequency power. 

[0099] 

 FIG. 7B schematically illustrates the SIMS analysis results of boron contained in the 

boron-containing layer formed on each of the sample #1’ and the sample #4’ in the depth direction 

from the surface of each of the sample #1’ and the sample #4’. 

[0100] 

 A step coverage of the boron-containing layer of the sample #1’ formed by supplying the 

mixed gas of the boron-containing gas and the hydrogen-containing gas thereto for 30 seconds is 

26 %. A step coverage of the boron-containing layer of the sample #4’ formed by supplying the 

mixed gas of the boron-containing gas and the hydrogen-containing gas thereto for 60 seconds is 

53 %. That is, it is confirmed that the step coverage is improved by lengthening the supply time of 

the mixed gas of the boron-containing gas and the hydrogen-containing gas in the doping process. 

That is, it is confirmed that the step coverage depends on the supply time of the mixed gas of the 

boron-containing gas and the hydrogen-containing gas, and that the step coverage is controlled by 

the supply time of the mixed gas of the boron-containing gas and the hydrogen-containing gas. 

[0101] 

 FIG. 7C schematically illustrates the SIMS analysis results of boron contained in the 

34
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boron-containing layer formed on each of the sample #1’, the sample #5’ through the sample #7’ in 

the depth direction from the surface of each of the sample #1’, the sample #5’ through the sample 

#7’. 

[0102] 

 A step coverage of the boron-containing layer of the sample #1’ formed by setting the partial 

pressure of the boron-containing gas supplied thereto to 0.002 Pa is 26 %. A step coverage of the 

boron-containing layer of the sample #5’ formed by setting the partial pressure of the 

boron-containing gas supplied thereto to 0.01 Pa is 49 %. A step coverage of the boron-containing 

layer of the sample #6’ formed by setting the partial pressure of the boron-containing gas supplied 

thereto to 0.05 Pa is 87 %. A step coverage of the boron-containing layer of the sample #7’ formed 

by setting the partial pressure of the boron-containing gas supplied thereto to 0.1 Pa is 63 %. That is, 

it is confirmed that the step coverage depends on the partial pressure of the boron-containing gas, 

and that the step coverage is controlled by the partial pressure of the boron-containing gas. 

[0103] 

 That is, it is confirmed that both of the dose amount and the step coverage of the 

boron-containing layer with boron injected as the impurity depend on the magnitude of the high 

frequency power, the supply time of the mixed gas of the boron-containing gas and the 

hydrogen-containing gas and the partial pressure of the boron-containing gas in the doping process, 

and that both of the dose amount and the step coverage of the boron-containing layer with boron 

injected as the impurity are controlled by the magnitude of the high frequency power, the supply 

time of the mixed gas of the boron-containing gas and the hydrogen-containing gas and the partial 

pressure of the boron-containing gas in the doping process. 

[Description of Reference Numerals] 

[0104] 

 200 wafer (substrate)   203 process vessel  
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[CLAIMS] 

[Claim 1] 

A method of manufacturing a semiconductor device, comprising: 

modifying a surface of a substrate comprising a high aspect ratio structure 5 

whose aspect ratio is 20 or more to form an impurity-containing layer conformally at an 

inner surface of the high aspect ratio structure by performing: 

(a) supplying an impurity-containing gas containing an impurity

and a dilution gas into a process chamber in which the substrate is 

accommodated; 10 

(b) plasma-exciting the impurity-containing gas and the dilution

gas; and 

(c) supplying an active species containing the impurity generated

by plasma-exciting the impurity-containing gas and the dilution gas to 

the substrate, 15 

wherein a flow rate ratio of the impurity-containing gas to the dilution gas is 

controlled in (a) such that a partial pressure of the impurity-containing gas in the 

process chamber is set to a predetermined partial pressure less than a partial pressure at 

which the impurity-containing gas forms deposits containing a polymer in the process 

chamber. 20 

[Claim 2] 

The method of claim 1, wherein the predetermined partial pressure is equal to 

or less than 0.01 Pa. 

25 

[Claim 3] 

The method of claim 1, wherein the predetermined partial pressure is equal to 

or less than 0.002 Pa. 

[Claim 4] 30 
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The method of claim 1, wherein the dilution gas comprises at least one selected 

from the group of a hydrogen-containing gas and a rare gas. 

[Claim 5] 

The method of claim 1, wherein the impurity comprises at least one selected 5 

from the group of boron, arsenic, phosphorus and gallium. 

[Claim 6] 

The method of claim 1, wherein the impurity-containing gas comprises at least 

one selected from the group of diborane gas, boron trichloride gas and boron trifluoride 10 

gas. 

[Claim 7] 

The method of claim 1, wherein the surface of the substrate comprises at least 

one selected from the group of a silicon-containing film and a silicon-containing base of 15 

the substrate. 

[Claim 8] 

The method of claim 7, wherein the surface of the substrate comprises at least 

one selected from the group of a silicon oxide film, a silicon nitride film and a silicon 20 

oxynitride film. 

[Claim 9] 

The method of claim 1, wherein a step coverage of the impurity-containing 

layer formed on the surface of the substrate is controlled by adjusting a magnitude of a 25 

high frequency power supplied to plasma-excite the impurity-containing gas and the 

dilution gas in (b). 

[Claim 10] 
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The method of claim 9, wherein the step coverage of the impurity-containing 

layer is adjusted to be increased by reducing the magnitude of the high frequency power 

in (b). 

[Claim 11] 5 

The method of claim 1, further comprising 

modifying a surface of the impurity-containing layer into an oxide layer after 

the impurity-containing layer is formed on the surface of the substrate, by performing:  

(d) plasma-exciting an oxygen-containing gas; and

(e) supplying an active species containing oxygen generated by10 

plasma-exciting the oxygen-containing gas to the surface of the 

substrate. 

[Claim 12] 

The method of claim 11, wherein the oxide layer is conformally formed with 15 

respect to the inner surface of the high aspect ratio structure.  

[Claim 13] 

The method of claim 12, wherein a step coverage of the oxide layer formed on 

the inner surface of the high aspect ratio structure is equal to or greater than 70 %. 20 

[Claim 14] 

A substrate processing apparatus comprising: 

a process chamber in which a substrate is accommodated; 

a gas supplier configured to supply an impurity-containing gas containing an 25 

impurity and a dilution gas to the process chamber; 

an exhauster configured to exhaust the process chamber; 

a plasma generator configured to plasma-excite the impurity-containing gas and 

the dilution gas supplied to the process chamber; and 

a controller configured to be capable of controlling the gas supplier, the 30 

exhauster and the plasma generator to perform: 
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modifying a surface of the substrate comprising a high aspect ratio 

structure whose aspect ratio is 20 or more to form an impurity-containing layer 

conformally at an inner surface of the high aspect ratio structure by performing: 

(a) supplying the impurity-containing gas and the dilution

gas into the process chamber; 5 

(b) plasma-exciting the impurity-containing gas and the

dilution gas; and 

(c) supplying an active species containing the impurity

generated by plasma-exciting the impurity-containing gas and 

the dilution gas to the substrate, 10 

wherein the controller is further configured to be capable of controlling a flow 

rate ratio of the impurity-containing gas to the dilution gas in (a) such that a partial 

pressure of the impurity-containing gas in the process chamber is set to a predetermined 

partial pressure less than a partial pressure at which the impurity-containing gas forms 

deposits containing a polymer in the process chamber. 15 

[Claim 15] 

A program that causes, by a computer, a substrate processing apparatus to 

perform: 

modifying a surface of a substrate comprising a high aspect ratio structure 20 

whose aspect ratio is 20 or more to form an impurity-containing layer conformally at an 

inner surface of the high aspect ratio structure by performing: 

(a) supplying an impurity-containing gas containing an impurity

and a dilution gas into a process chamber in which the substrate is 

accommodated; 25 

(b) plasma-exciting the impurity-containing gas and the dilution

gas; and 

(c) supplying an active species containing the impurity generated

by plasma-exciting the impurity-containing gas and the dilution gas to 

the substrate, 30 
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wherein a flow rate ratio of the impurity-containing gas to the dilution gas is 

controlled in (a) such that a partial pressure of the impurity-containing gas in the 

process chamber is set to a predetermined partial pressure less than a partial pressure at 

which the impurity-containing gas forms deposits containing a polymer in the process 

chamber. 5 

MCSLLP




