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DESCRIPTION 

TITLE 

MEMORY DEVICE 

FIELD 

Embodiments described herein relate generally to a 

memory device. 

BACKGROUND 

NAND flash memories having a three-dimensional 

structure have been developed. 
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SUMMARY 

TECHNICAL PROBLEM 

The yield of memory devices should be enhanced. 

SOLUTION TO PROBLEM 

According to one embodiment, a memory device includes 

a substrate; a structure including a plurality of 

20 conductive layers stacked on the substrate; and a pillar 

arranged inside the structure and including a semiconductor 

layer that extends in a direction perpendicular to a 

surface of the substrate. The semiconductor layer includes 

a first portion on a side of an upper portion of the 

25 structure, and a second portion between the first portion 

and the substrate. The first portion of the semiconductor 

layer has a thickness larger than a thickness of the second 
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WL0 to WL(m-1) do not need to be distinguished from each 

other, the word lines WL0 to WL(m-1) will be simply 

referred to as word lines WL. 

 In a string unit SU, the drain of the select 

transistor ST1 of each NAND string NS is coupled to a 5 

corresponding one of the bit lines BL0 to BL(n-1), where n 

is an integer larger than or equal to 2. In the following 

description, if the bit lines BL0 to BL(n-1) do not need to 

be distinguished from each other, the bit lines BL0 to 

BL(n-1) will be simply referred to as bit lines BL. A bit 10 

line BL is commonly coupled to a certain NAND string NS in 

each of the string units SU among the blocks BLK. 

 The sources of the select transistors ST2 are commonly 

coupled to a source line SL. For instance, the string units 

SU in a block BLK are commonly coupled to a source line SL. 15 

 A string unit SU is a set of NAND strings NS coupled 

to different bit lines BL and commonly to the same select 

gate lines SGD and SGS. A block BLK is a set of string 

units SU that share the word lines WL. A memory cell array 

10 is as set of blocks BLK that share bit lines BL. 20 

 Data write and read operations are implemented upon 

the memory cells MC coupled to one of the word lines WL in 

a selected one of the string units SU, in a batch. 

Hereinafter, a group of memory cells MC selected in a batch 

in data write and read operations will be referred to as a 25 

memory cell group. One-bit data items to be written into a 

memory cell group or to be read from a memory cell group 
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layer 84 has a horseshoe-shaped (or U-shaped/C-shaped) 

cross section. The lower portion of the air gap 90 has a 

circular or ellipsoidal cross section on the Y-Z plane (or 

X-Z plane). The upper portion of the air gap 90 has a 

triangular cross section on the Y-Z plane (or X-Z plane). 5 

The portion of the air gap 90 between its lower and upper 

portions (i.e., middle portion) has a quadrangular cross 

section on the Y-Z plane (X-Z plane). 

 According to the present embodiment, when the silicon 

layer 82 on the upper side of the memory pillar MP is 10 

amorphous, the flatness of the amorphous silicon layer 820 

can be improved. As a result, according to the present 

embodiment, defects that tend to be produced in the layer 

stack or NAND strings at the time of etching the core layer 

can be suppressed. 15 

 (b) Manufacturing method 

 The method for manufacturing the memory device 

according to the present embodiment will be explained with 

reference to FIGS. 7 to 16. 

 FIGS. 7 to 16 are cross-sectional views showing the 20 

steps of the method for manufacturing the memory device 

according to the present embodiment. 

 As illustrated in FIG. 7, an insulating layer 72 may 

be formed on the semiconductor layer 101 of the substrate 

100 by chemical vapor deposition (CVD). A sacrificial layer 25 

79 may be formed on this insulating layer 72 by CVD (or 

sputtering). Another 
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For instance, the etch rate of the silicon layer 820 having 

a relatively high boron (or carbon) concentration as a 

condition of etching polysilicon is lower than the etch 

rate of the polysilicon layers 822 and 824 having boron 

concentrations lower than that of the polysilicon layer 820. 5 

 For this reason, when the upper silicon layer contains 

boron and/or carbon, the thickness T1 of the upper silicon 

layer 820 becomes larger than the thickness T2 of the 

middle silicon layer 822A in the silicon layer 82 through 

the slimming process of the silicon layer 82. 10 

 When wet etching (isotropic etching) is adopted for 

slimming of the silicon layer 82, the polysilicon layer 824 

on the bottom side of the memory hole MH (lower side of the 

layer stack 50A) may be etched to a larger degree than the 

polysilicon layer 822 near the middle portion of the memory 15 

hole MH (near the middle portion of the layer stack 50A). 

If this is the case, the thickness T3 of the polysilicon 

layer (lower silicon layer) 824 on the bottom side of the 

memory hole MH is smaller than the thickness T2 of the 

polysilicon layer (middle silicon layer) 822 near the 20 

middle portion of the memory hole MH. The lower polysilicon 

layer 824 has a curved surface. The exposed surface of the 

lower polysilicon layer 824 becomes U-shaped. 

 In the opening of the memory hole MH (two adjacent 

layer stacks), the distance D1 between the amorphous 25 

silicon layers 820 in the Y direction (or X direction) is 
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 As illustrated in FIG. 20, the etch rate of the 

silicon layer decreases as the impurity concentration of 

the silicon layer increases. 

 In the silicon layer 82 according to the present 

embodiment, the etch rate of the portion 820 having a 5 

higher impurity concentration is lower than the etch rate 

of the portion 822 having a lower impurity concentration. 

 For this reason, according to the present embodiment, 

a polysilicon layer 820 having a large thickness in 

comparison to the polysilicon layers 822 and 824 in the 10 

middle and lower portions of the layer stack is formed in 

the upper portion of the layer stack 50A. 

 If the silicon layer contains, for example, boron or 

carbon, the difference in etch rate of the silicon layer in 

accordance with the impurity concentration becomes 15 

pronounced. 

 Thus, the etch rates of the portions 820 and 822 of 

the polysilicon layer 82 can be controlled in accordance 

with the impurity concentration that varies in the 

polysilicon layer 82. 20 

 As a result, according to the present embodiment, the 

thickness T1 of the upper portion 820X of the polysilicon 

layer 82 can be determined to be larger than the 

thicknesses T2 and T3 of the middle portion 822 and lower 

portion 824 of the polysilicon layer 82. 25 

 As illustrated in FIGS. 17 to 19, in the flash memory 

according to the present embodiment, the silicon layer in 
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 The upper silicon layer 820X may contain at least one 

of boron and carbon. 

 The impurity concentration (e.g., boron concentration) 

of the upper silicon layer 820X is higher than the impurity 

concentration of the middle/lower silicon layers 822 and 5 

824. When the upper silicon layer 820X contains boron, the 

upper silicon layer 820X may also contain fluorine in 

addition to boron. 

 (b) Manufacturing method 

 The method for manufacturing the memory device 10 

according to the second embodiment will be explained with 

reference to FIGS. 22 and 23. 

 FIGS. 22 and 23 are schematic cross-sectional views 

showing the steps of the method for manufacturing the 

memory device (e.g., NAND flash memory) according to the 15 

present embodiment. 

 As illustrated in FIG. 22, a memory hole MH is formed 

in the layer stack 50A, in the same manner as in FIGS. 7 

and 8. 

 After the formation of the memory hole MH, a memory 20 

layer 80 is formed on the layer stack 50A in the same 

manner as in the step of FIG. 9. The memory layer 80 

includes a block insulating layer 801, a charge storage 

layer 802, and a tunnel insulating layer 803 in the same 

manner as in the first embodiment. 25 

 A silicon layer 82B is formed on the tunnel insulating 

layer 803 of the memory layer 80. The silicon layer 82B is 
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thereby formed along the inner wall of the memory hole MH 

in the layer stack 50A. The silicon layer 82B is a 

polysilicon layer. 

 According to the present embodiment, after the 

formation of the polysilicon layer 82B, ion injection is 5 

conducted upon the polysilicon layer 82B, without 

undergoing amorphization. The ion species for the ion 

injection may contain boron and/or carbon. The dose amount 

of ion species containing boron or carbon is set between 

10
14
cm

-2
 and 10

15
cm

-2
. 10 

 In this manner, impurities are added to the portion 

820X of the polysilicon layer 82B on the upper portion of 

the layer stack 50A. 

 In accordance with the ion species for the ion 

injection, the impurity concentration of the portion 820X 15 

on the upper portion of the layer stack 50A is higher than 

the impurity concentration of the portion 822B of the 

polysilicon layer on the middle portion and bottom portion 

of the layer stack 50A. 

 BF2 may be adopted for ion injection into the 20 

polysilicon layer 82. If this is the case, the portion 820X 

of the polysilicon layer 82 may contain fluorine in 

addition to boron. The fluorine concentration in the 

portion 820X is lower than the boron concentration in the 

portion 820X. 25 

 In the description below, of the polysilicon layer 82B 

that overlays the layer stack 50A, the portion 820X 
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configured to have a relatively high impurity concentration 

due to the ion injection will be referred to as a high 

impurity concentration polysilicon layer 820X. Of the 

polysilicon layer 82B, a portion 822B other than the high 

impurity concentration polysilicon layer 820X (e.g., 5 

polysilicon layer on the middle portion and bottom portion 

of the layer stack 50A) will be referred to as a low 

impurity concentration polysilicon layer 822B. 

 After the ion injection into the silicon layer, 

etching is performed upon the polysilicon layer 82B for 10 

slimming of the polysilicon layer 82B, as illustrated in 

FIG. 23. 

 As described above, according to the present 

embodiment, the difference in the impurity concentrations 

(boron or carbon concentrations) in the silicon layer 82B 15 

creates a difference in etch rates of the portions 820X, 

822 and 824 of the silicon layer 82. 

 The etch rate of the high impurity concentration 

polysilicon layer 820X is lower than the etch rate of the 

low impurity concentration polysilicon layers 822 and 824. 20 

 For this reason, the polysilicon layer 82B is 

deposited on the layer stack 50A (in the memory hole MH) 

with the thickness T1 of the high impurity concentration 

polysilicon layer 820X being larger than the thicknesses T2 

and T3 of the low impurity concentration polysilicon layers 25 

822 and 824. 

 As a result, the dimension D1 of the space in the 
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upper portion of the memory hole MH in the direction 

parallel to the surface of the substrate 100 is smaller 

than the dimension D2 of the space in the bottom portion of 

the memory hole MH in a direction parallel to the surface 

of the substrate 100. 5 

 In the same manner as in the first embodiment, when 

the slimming of the polysilicon layer 82 is executed by wet 

etching (isotropic etching), the thickness T3 of the 

portion 824 of the polysilicon layer 82 in the bottom 

portion of the memory hole MH may become smaller than the 10 

thickness T2 of the portion 822 of the polysilicon layer 82 

around the middle portion of the memory hole MH. 

 Thereafter, in the same manner as in FIGS. 12 to 16, a 

core layer 84 is formed on the silicon layer 82. An air gap 

90 may be formed in the memory pillar MP to be surrounded 15 

by the core layer 84. The top end of the air gap 90 is 

positioned toward the bottom portion of the memory pillar 

MP with respect to the lower portion of the high impurity 

concentration silicon layer 820X. 

 The etch-back processing (etching) is performed upon 20 

the core layer (silicon oxide layer) 84. Here, the upper 

portion of the layer stack 50A is covered by the 

polysilicon layer (high impurity concentration polysilicon 

layer) 820X having a relatively large thickness. In 

addition, the high impurity concentration polysilicon layer 25 

820X has a relatively flat surface. Thus, under the 

conditions of etching the core layer 84, defects can be 
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prevented from being produced in the upper portion of the 

layer stack 50A. 

 In the aforementioned manner, a cap layer (amorphous 

silicon layer) 86 is formed in the upper portion of the 

core layer 84. After the replacement of the sacrificial 5 

layers 79 with the conductive layers 70, contacts are 

suitably formed. 

 With the above manufacturing method, the NAND flash 

memory according to the present embodiment is completed. 

 (c) Summary 10 

 As described above, in the NAND flash memory 1 

according to the present embodiment, the impurity 

concentration of the polysilicon layer 820X in the upper 

portion of the memory pillar MP of the NAND string NS is 

higher than the impurity concentrations of the polysilicon 15 

layers 822 and 824 in the lower portion of the memory 

pillar MP. 

 As a result, according to the present embodiment, 

after the process of etching the polysilicon layer, a 

polysilicon layer 820X having a relatively large thickness 20 

remains on the layer stack 50A. 

 In this manner, the NAND flash memory and 

manufacturing method thereof according to the present 

embodiment can suppress defects in the layer stack 50A at 

the time of etching the core layer. 25 

 Thus, the memory device and manufacturing method 

thereof according to the second embodiment can improve the 
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the memory hole MH (inner wall of the memory hole MH), as 

illustrated in FIG. 31. 

 Thus, the thickness of the silicon layer that is 

formed on the memory layer 80 in the upper portion of the 

memory hole MH is larger than the thickness of the silicon 5 

layer that is formed on the memory layer 80 in the middle 

portion and bottom portion of the memory hole MH, by a 

thickness T1a of the high impurity concentration silicon 

layer 810Z (corresponding to the upper portion silicon 

layer 81 of FIG. 26). 10 

 After the formation of the silicon layer 82, the 

silicon layer 82 is etched for slimming. The etch rate of 

the silicon layer 82 may be approximately equal on the 

upper portion side and on the middle/bottom portion side of 

the memory hole MH. As a result, the thickness T1b of the 15 

upper portion of the silicon layer 82 (corresponding to the 

upper silicon layer 820Y) after the slimming is 

approximately equal to the thickness T2 of the middle 

portion of the silicon layer 82 (corresponding to the 

middle silicon layer 822) after the slimming. This means 20 

that the thickness T1 is larger approximately by the 

thickness T1a than the thickness T2. In other words, the 

dimension D1 of the space in the upper portion of the 

memory hole MH in the direction parallel to the surface of 

the substrate 100 is smaller than the dimension D2 of the 25 

space in the middle portion of the memory hole MH in the 

direction parallel to the surface of the substrate 100. 
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 In the aforementioned manner, a cap layer (amorphous 

silicon layer) 86 is formed on the upper portion of the 

core layer 84. After the replacement of the sacrificial 

layers 79 with the conductive layers 70, contacts are 

suitably formed. 5 

 With the above manufacturing method, the NAND flash 

memory according to the present embodiment is completed. 

 (c) Summary 

 As described above, in the NAND flash memory 1 

according to the present embodiment, the impurity 10 

concentration of the upper silicon layer 810Z of the 

silicon layer 81Z formed at the step of manufacturing a 

memory pillar MP is higher than the impurity concentration 

of the middle portion and bottom portion of the silicon 

layer 812Z. 15 

 As a result, according to the present embodiment, the 

polysilicon layers 810Z and 820Y having a relatively large 

thickness remain on the layer stack 50A after the process 

of etching the polysilicon layer. 

 In this manner, the NAND flash memory and 20 

manufacturing method thereof according to the present 

embodiment can suppress defects in the layer stack 50A at 

the time of etching the core layer. 

 Thus, the memory device and manufacturing method 

thereof according to the third embodiment can improve the 25 

yield of the memory device. 

 (5) Fourth Embodiment 
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second cycle, as illustrated in FIG. 39. This forms the 

surface of the portions 820E1 and 820E2 of the upper 

silicon layer 820 into a reformed silicon layer 820PB. 

 After the reform processing of the second cycle, the 

etch-back processing of the third cycle is executed upon 5 

the core layer 84E again by CDE to form the core layer 84, 

as illustrated in FIG. 40. In the etch-back processing of 

the third cycle, the core layer 84E may be etched toward 

the bottom of the upper portion of the memory pillar MP. As 

a result, of the inner side surface of the upper silicon 10 

layer 820, the portion (at least below the portion 820E2) 

820E3 having a depth L2 from the top end of the memory 

pillar MP is further exposed. 

 After the etch-back processing of the third cycle, the 

cap layer (amorphous silicon layer) 86A is formed above the 15 

core layer 84, as illustrated in FIG. 41. 

 After the cap layer 86A is formed, portions of the 

memory layer 80, silicon layer 82, reformed silicon layer 

820PB, and cap layer 86 that are formed on the top surface 

of the layer stack 50A are removed, as illustrated in 20 

FIG. 42. The plan view of the top end of the memory pillar 

MP after the removal of the layers 80, 82, 820PB and 86A 

from the top surface of the layer stack 50A is illustrated 

in FIG. 43. As illustrated in FIG. 43, the reformed silicon 

layer 820P is formed into a cylindrical or annular shape 25 

between the inner surface of the upper silicon layer 820 

and the outer surface of the cap layer 86. 
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CLAIMS 

 

 1. A memory device comprising: 

 a substrate; 

 a structure including a plurality of conductive layers 5 

stacked above the substrate; and 

 a pillar arranged inside the structure and including a 

semiconductor layer that extends in a direction 

perpendicular to a surface of the substrate, 

 wherein the semiconductor layer includes a first 10 

portion at a side of an upper portion of the structure 

above the plurality of conductive layers, and a second 

portion between the first portion and the substrate,  

 the first portion of the semiconductor layer has a 

thickness larger than a thickness of the second portion of 15 

the semiconductor layer, and 

 a first inner wall of the first portion of the 

semiconductor layer protrudes inside more than a second 

inner wall of the second portion of the semiconductor layer. 

 20 

 2. The memory device according to claim 1, wherein 

 the semiconductor layer includes a third portion 

between the second portion of the semiconductor layer and 

the substrate,  
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 the third portion of the semiconductor layer has a 

thickness smaller than a thickness of the second portion of 

the semiconductor layer, and  

 the second inner wall of the second portion of the 

semiconductor layer protrudes inside more than a third 5 

inner wall of the third portion of the semiconductor layer. 

 

 3. The memory device according to claim 1, wherein 

 the first portion of the semiconductor layer has an 

impurity concentration higher than an impurity 10 

concentration of the second portion of the semiconductor 

layer. 

 

 4. The memory device according to claim 1, wherein 

 the first portion of the semiconductor layer is an 15 

amorphous layer or a microcrystalline layer, and the second 

portion of the semiconductor layer is a polycrystalline 

layer. 

 

 5. The memory device according to claim 2, wherein 20 

 the first portion of the semiconductor layer includes 

at least one selected from boron (B), carbon (C), germanium 

(Ge), argon (Ar), xenon (Xe), fluorine (F), and BF2. 
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 6. The memory device according to claim 2, wherein 

 the first portion of the semiconductor layer has a 

grain size smaller than a grain size of the second portion 

of the semiconductor layer. 

 5 

 7. The memory device according to claim 1, wherein 

 the first portion of the semiconductor layer and the 

second portion of the semiconductor layer are 

polycrystalline layers. 

 10 

 8. The memory device according to claim 7, wherein 

 the first portion of the semiconductor layer includes 

at least one selected from boron (B), phosphorus (P), argon 

(Ar), and BF2. 

 15 

 9. The memory device according to claim 7, wherein 

 the first portion of the semiconductor layer has a 

grain size larger than a grain size of the second portion. 

 

 10. The memory device according to claim 1, wherein 20 

 the pillar includes a core layer and an air gap, 

 the air gap is arranged inside the core layer, and 

 a top end of the air gap with respect to the direction 

perpendicular to the surface of the substrate is positioned 
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on a side of the substrate with respect to the first 

portion of the semiconductor layer. 

 




