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NON-VOLATILE MEMORY DEVICE AND MEMORY SYSTEM INCLUDING THE 

SAME AND PROGRAM METHOD THEREOF 

 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001]  This patent application claims the benefit of priority to Korean Patent 

Application No. 10-2017-0080521, filed on June 26, 2017 with the Korean Intellectual 

Property Office, and to U.S. Patent Application No. 15/911,208, filed on March 5, 2018 with 

the United States Patent and Trademark Office, the disclosure of which documents is 

incorporated by reference herein in its entirety.  

 

TECHNICAL FIELD 

[0002]  Embodiments of the inventive concept disclosed herein relate to a 

semiconductor memory device, and more particularly, relate to a non-volatile memory device 

that uses an address scramble scheme based on the size of a channel hole of a stacked 

memory cell of a cell string. 

 

BACKGROUND 

[0003]  Semiconductor memory devices are classified into volatile semiconductor 

memory devices and non-volatile semiconductor memory devices. Volatile semiconductor 

memory devices are fast in read and write speeds but lose data stored therein when power is 

not supplied thereto. In contrast, non-volatile semiconductor memory devices retain data 

stored therein even when power is not supplied thereto. For this reason, non-volatile 

semiconductor memory devices are used to store information that has to be retained 

regardless of whether power is supplied thereto. 

[0004]  A flash memory device may be an example of the non-volatile semiconductor 
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memory device. The flash memory device is being used as voice and image data storage 

media of information devices such as a computer, a cellular phone, a smartphone, a personal 

digital assistant (PDA), a handheld personal computer (PC), a game console, a facsimile unit, 

a scanner, and a printer. Recently, a semiconductor memory device with three-dimensionally 

stacked memory cells is being developed to improve the degree of integration of the 

semiconductor memory. 

[0005]  A three-dimensional semiconductor memory device may include a cell string 

that is implemented by stacking memory cells in a direction perpendicular to a substrate to 

improve the degree of integration. However, there is a need to maintain the reliability of the 

three-dimensional semiconductor memory device together with improving the degree of 

integration. 

 

SUMMARY 

 

[0006]  In one aspect, the present invention provides a method of programming a 

three-dimensional (3D) nonvolatile memory device including a cell string, the cell string 

including a pillar structure comprising a ground selection transistor, a plurality of memory 

cells, and a string selection transistor stacked vertically over a substrate, wherein the memory 

cells comprise a first cell group and a second cell group stacked on the first cell group, and 

wherein a horizontal width of at least a portion of the pillar structure decreases in a depth 

direction towards the substrate.  The method comprises: initializing a channel of a memory 

cell of the first cell group of the cell string through the ground selection transistor of the pillar 

structure; and the applying a program voltage to the memory cell of the pillar structure of the 

cell string. 

[0007]  In some embodiments, the method further comprises sequentially executing 
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said initializing and said applying for each of remaining memory cells of the first cell group 

of the cell string which are to be programmed among the memory cells of the first cell group 

of the cell string. 

[0008]  In some embodiments, a horizontal width of the pillar structure decreases in 

the depth direction from the string selection transistor to the ground selection transistor, and 

the memory cells of the cell string are sequentially programmed in order from an uppermost 

memory cell furthest from the substrate to a lowermost memory cell closest to the substrate 

by sequentially executing said initializing and said applying for each of the memory cells of 

the cell string. 

[0009]  In some embodiments, the horizontal width of the pillar structure for the first 

cell group of the cell string decreases in the depth direction towards the substrate and the 

horizontal width of the pillar structure for the second cell group of the cell string increases in 

the depth direction towards the substrate, and the method further includes: sequentially 

programming the memory cells of the second cell group in order from a lowermost memory 

cell of the second cell group closest to the substrate to an uppermost memory cell of the 

second cell group furthest from the substrate; and then sequentially programming the memory 

cells of the first cell group in order from an uppermost memory cell of the first cell group 

furthest from the substrate to a lowermost of the first cell group closest to the substrate.  

[0010]  In some embodiments, a first program operation for sequentially programming 

the memory cells of the second cell group is different from a second program operation for 

sequentially programming the memory cells of the first cell group. 

[0011]  In some embodiments, a first program operation for sequentially programming 

the memory cells of the second cell group is different from a second program operation and a 

third program operation for sequentially programming the memory cells of the first cell group. 

[0012]  In some embodiments, the horizontal width of the pillar structure for the first 
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cell group decreases in the depth direction towards the substrate and the horizontal width of 

the pillar structure for the second cell group increases in the depth direction towards the 

substrate, and the method further includes: sequentially programming the memory cells of the 

first cell group in order from an uppermost memory cell of the first cell group furthest from 

the substrate to a lowermost of the first cell group closest to the substrate; and then 

sequentially programming the memory cells of the second cell group in order from a 

lowermost memory cell of the second cell group closest to the substrate to an uppermost 

memory cell of the second cell group furthest from the substrate. 

[0013]  In some embodiments, a first program operation for sequentially programming 

the memory cells of the second cell group is different from a second program operation for 

sequentially programming the memory cells of the first cell group. 

[0014]  In some embodiments, a first program operation for sequentially programming 

the memory cells of the second cell group is different from a second program operation and a 

third program operation for sequentially programming the memory cells of the first cell group. 

[0015]  In some embodiments, a horizontal width of an uppermost memory cell of the 

first cell group is greater than a horizontal width of an adjacent lowermost memory cell of the 

second cell group, and the method further includes: sequentially programming the memory 

cells of the first cell group in order from the uppermost memory cell of the first cell group 

furthest from the substrate to a lowermost of the first cell group closest to the substrate; and 

then sequentially programming the memory cells of the second cell group in order from the 

lowermost memory cell of the second cell group closest to the substrate to an uppermost 

memory cell of the second cell group furthest from the substrate. 

[0016]  In some embodiments, a first program operation for sequentially programming 

the memory cells of the second cell group is different from a second program operation for 

sequentially programming the memory cells of the first cell group. 
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[0017]  In some embodiments, a first program operation for sequentially programming 

the memory cells of the second cell group is different from a second program operation and a 

third program operation for sequentially programming the memory cells of the first cell group. 

[0018]  In some embodiments, a horizontal width of an uppermost memory cell of the 

first cell group is greater than a horizontal width of an adjacent lowermost memory cell of the 

second cell group, and the method further includes sequentially programming the memory 

cells of the cell string in order from an uppermost memory cell of the second cell group 

furthest from the substrate to a lowermost memory cell of the first cell group closest to the 

substrate by sequentially executing said initializing and said applying for each of the memory 

cells of the cell string. 

[0019]  In some embodiments, a memory cell having a smallest horizontal width 

among the memory cells of the first cell group is programmed with fewer bits than a memory 

cell having a largest horizontal width of the memory cells of the first cell group.  

[0020]  In some embodiments, a memory cell having a smallest horizontal width 

among the memory cells of the second cell group is programmed with fewer bits than a 

memory cell having a largest horizontal width of the memory cells of the second cell group. 

[0021]  In some embodiments, the method further includes incremental step pulse 

programming (ISPP) comprising a plurality of program loops, and a second program 

operation for programming the memory cell during a first portion of the program loops is 

different from a fourth program operation for programming the memory cell during a second 

portion of the program loops, wherein a voltage applied to a common source line of the cell 

string is different between the second and fourth program operations. 

[0022]  In another aspect, the present invention provides a three dimensional non-

volatile memory device.  The memory device comprises: a memory cell array including a cell 

string, the cell string including a pillar structure comprising a ground selection transistor, a 
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plurality of memory cells, and a string selection transistor stacked vertically over a substrate, 

wherein the memory cells comprise a first cell group and a second cell group stacked on the 

first cell group, and wherein a horizontal width of at least a portion of the pillar structure 

decreases in a depth direction towards the substrate; an address decoder configured to a 

supply string selection line voltage to the string selection transistor, word line voltages to 

word lines connected to the memory cells, a ground selection line voltages to the ground 

selection transistor, and a common source line voltage to a common source line of the 

memory cell array; a page buffer circuit configured to output bit data from selected ones of 

the memory cells of the memory cell array;  control logic; and a voltage generator configured 

to supply voltages to the address decoder in response to the control logic.  The memory 

device is configured to initialize a channel of a memory cell of the first cell group of the cell 

string through the ground selection transistor of the pillar structure, and then apply a program 

voltage to the memory cell of the pillar structure of the cell string. 

[0023]  In yet another aspect, the present invention provides a method of programming 

a three-dimensional (3D) nonvolatile memory device, including a memory cell array having a 

plurality of cell strings each connected to one of a plurality of bit lines, the cell strings each 

including a pillar structure comprising a ground selection transistor, a plurality of memory 

cells each connected to one of a plurality of word lines, and a string selection transistor 

stacked vertically over a substrate, wherein the memory cells of each cell string comprise a 

first cell group and a second cell group stacked on the first cell group, and wherein a 

horizontal width of at least a portion of the pillar structure decreases in a depth direction 

towards the substrate. The method comprises: providing bit line voltages to the bit lines to 

select one of the bit lines; supplying string selection line voltages to string selection 

transistors of cell strings connected to the selected bit line to select one of the cell strings; and 

precharging the pillar structure of the selected cell string through the ground selection 
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transistor of the pillar structure, and then applying word line voltages to the word lines 

connected to the memory cells of the cell string to program a selected memory cell. 

 

BRIEF DESCRIPTION OF THE DRAWINGS 

 

[0024]  The above and other objects and features will become apparent from the 

following description with reference to the following figures, wherein like reference numerals 

refer to like parts throughout the various figures unless otherwise specified. 

[0025]  FIG. 1 is a block diagram illustrating a non-volatile memory device according 

to an embodiment of the inventive concept. 

[0026]  FIG. 2 is a view illustrating a memory block according to an embodiment of 

the inventive concept. 

[0027]  FIG. 3A is a view illustrating a structure of a cell string in the memory block 

of FIG. 2. 

[0028]  FIG. 3B is a view illustrating a structure of one memory cell of FIG. 3A. 

[0029]  FIG. 4A, FIG. 4B, FIG. 4C, FIG. 4D, FIG. 4E and FIG. 4F are views 

illustrating example embodiments of pillars (or channel holes) associated with one string. 

[0030]  FIG. 5 is a timing diagram illustrating voltages applied to a memory cell array 

when a normal address scramble scheme is used. 

[0031]  FIG. 6, FIG. 7, FIG. 8 and FIG. 9 are timing diagrams illustrating program 

operations according to embodiments of the inventive concept. 

[0032]  FIG. 10, FIG. 11, FIG. 12, FIG. 13 and FIG. 14 are views illustrating program 

operations applied for the respective address scramble schemes according to embodiments of 

the inventive concept. 

[0033]  FIG. 15 is a block diagram illustrating a memory system according to an 
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embodiment of the inventive concept. 

[0034]  FIG. 16 is a block diagram illustrating the non-volatile memory device of FIG. 

15. 

[0035]  FIG. 17 is a block diagram illustrating an operation of a word line delay 

detector of FIG. 16. 

[0036]  FIG 18 is a flowchart illustrating a program method of the memory system 

according to an embodiment of the inventive concept. 

[0037]  FIGs. 19 and 20 are flowcharts illustrating methods for detecting a channel 

hole profile of FIG. 18. 

 

DETAILED DESCRIPTION 

[0038]  Below, embodiments of the inventive concept may be described in detail and 

clearly to such an extent that an ordinary one in the art easily implements the inventive 

concept. 

[0039]  FIG. 1 is a block diagram illustrating a non-volatile memory device 100 

according to an embodiment of the inventive concept. Referring to FIG. 1, the non-volatile 

memory device 100 may include a memory cell array 110, an address decoder 120, a page 

buffer circuit 130, control logic 140, and a voltage generator 150. 

[0040]  The memory cell array 110 may be connected to the address decoder 120 

through word lines WL, selection lines SSL and GSL, and a common selection line CSL. The 

memory cell array 110 may be connected to the page buffer circuit 130 through bit lines BL. 

The memory cell array 110 may include a plurality of NAND cell strings. Each of the NAND 

cell strings may be formed in a direction that is perpendicular to, or in parallel with, a 

substrate. The word lines of the memory cell array 110 may be stacked in a direction that is 

perpendicular to the substrate. 
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[0041]  During a program operation, a difference in one or more characteristics may 

occur between memory cells corresponding to stacked word line layers. To stack memory 

cells in a vertical structure, in general a channel is formed that vertically penetrates word 

lines by an etching process. For example, in a vertical etching process, if an aspect ratio of a 

pillar is not great, a diameter of a channel hole may decrease with increasing depth of the 

channel hole. That is, the sizes of memory cells that respectively correspond to the layers 

may vary according to the etching process. Accordingly, the size of a tunneling insulating 

layer or a floating gate of each memory cell may vary according to a channel depth. 

[0042]  Even though the same program voltage is applied to stacked memory cells 

under the above-described condition, electric fields of different magnitudes may be generated 

at floating gates of memory cells with different sizes. A relatively great electric field may be 

formed at a floating gate of a memory cell having a relatively small size compared to the 

electric field which is formed at a floating gate of a memory cell having a relatively large size 

under the same program voltage condition. Accordingly, a program speed of a memory cell, 

the diameter of which is relatively small, may be relatively fast compared to the program 

speed of a memory cell whose diameter is relatively large. 

[0043]  Meanwhile, when a memory cell is programmed, a program disturbance may 

occur at a just-previously programmed memory cell. The program disturbance may occur due 

to charges accumulated between memory cells. In general, in a conventional arrangement a 

memory cell relatively adjacent to the substrate may be first programmed. In the case where a 

diameter of a channel hole decreases with increasing depth of the channel hole (i.e., the 

channel hole gets smaller as the channel gets closer to the substrate), in some programming 

operations or schemes there may be first programmed a memory cell where the diameter of 

the channel hole is relatively small (or for which a program speed is relatively fast). 

However, when a memory cell where the diameter of the channel hole is relatively great (or 
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for which a program speed is relatively slow) is programmed immediately after a memory 

cell where the diameter of the channel hole is relatively smaller, then the just-previously 

programmed memory cell may experience relatively great program disturbance. 

[0044]  According to an embodiment of the inventive concept, there may be first 

programmed a memory cell, the program speed of which is relatively slow (or in which a 

diameter of a channel hole is relatively great). Accordingly, the program disturbance of 

unselected memory cells may be reduced through a program method according to an 

embodiment of the inventive concept. The reason for this is that the amount of charges 

accumulated between memory cells decreases as a diameter of a channel hole decreases. 

[0045]  The address decoder 120 may select one of memory blocks of the memory cell 

array 110 under control of the control logic 140 in response to an address ADDR. The 

address decoder 120 may select one of the word lines of the selected memory block. The 

address decoder 120 may transfer a word line voltage from the voltage generator 150 to the 

selected word line of the selected memory block. During a program operation, the address 

decoder 120 may transfer a program/verification voltage to a selected word line and a pass 

voltage to an unselected word line(s). 

[0046]  In a selected memory block, the address decoder 120 may control a word line 

voltage such that there is first programmed a memory cell where the channel hole formed 

perpendicular to the substrate has a relatively great diameter. If memory cells included in the 

memory cell array 110 are multi-bit memory cells, the address decoder 120 may apply an 

address scramble scheme in consideration of the program disturbance. However, even in this 

case, the address decoder 120 may select word lines to satisfy the above-described program 

order with respect to the same page unit (e.g., an MSB page or an LSB page). 

[0047]  The address decoder 120 may include a channel initializer 121. For example, 

to satisfy the above-described program order, a program operation may start at any of 
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memory cells of a cell string (or regardless of a location of a memory cell). In general, a 

channel may be initialized through a string selection line and a bit line that are connected to a 

cell string. However, in the case where a memory cell adjacent to a string selection line is 

first programmed, it may be impossible to initialize a channel through the string selection line 

and the bit line. Accordingly, the channel initializer 121 may perform various channel 

initialization operations based on the above-described program order. For example, the 

channel initializer 121 may decide a point in time when voltages are applied to a string 

selection line, a ground selection line, and a common source line to perform a channel 

initialization operation corresponding to a program order of memory cells. 

[0048]  The page buffer circuit 130 may operate as a write driver or a sense amplifier 

depending on a mode of operation. During the program operation, the page buffer circuit 130 

may provide a bit line voltage corresponding to data to be programmed to a bit line of the 

memory cell array 110. During a read operation, the page buffer circuit 130 may sense data 

stored in a selected memory cell through a bit line. The page buffer circuit 130 may latch and 

output the sensed data. The page buffer circuit 130 may include a plurality of page buffers 

that are respectively connected to bit lines. 

[0049]  The control logic 140 may control the address decoder 120, the page buffer 

circuit 130, and the voltage generator 150 in response to a command CMD and an address 

ADDR which are provided to non-volatile memory device 100 from an external device (e.g., 

a controller). During the program operation, the control logic 140 may control the address 

decoder 120, the page buffer circuit 130, and the voltage generator 150 such that memory 

cells arranged in a vertical structure are programmed in an order that is determined according 

to the size of a channel hole for the memory cells. In particular, memory cells, the channel 

holes of which are relatively large, from among the memory cells of a selected memory block 

may be first programmed under control of the control logic 140, and memory cells of the 



12 

selected memory block whose channel holes are relatively small may be programmed under 

control of the control logic 140 after the memory cells whose channel holes are relatively 

large. 

[0050]  For example, the control logic 140 may include an address scramble selector 

141. The address scramble selector 141 may store information about a channel hole profile 

associated with cell strings included in the memory cell array 110. The channel hole profile 

may be defined in a process step. If the channel hole profile is defined in the process step, the 

address scramble selector 141 may store the channel hole profile information. The address 

scramble selector 141 may select a word line corresponding to a received address ADDR 

based on the channel hole profile information. That is, the address scramble selector 141 may 

select one of address scrambles based on the channel hole profile information. The term 

“address scramble” may refer to a way to map memory cells included in one cell string and 

word lines. 

[0051]  Under control of the control logic 140, the voltage generator 150 may generate 

various kinds of word line voltages to be supplied to the word lines and a voltage to be 

supplied to a bulk (e.g., a well area) in which the memory cells are formed. The word line 

voltages to be supplied to the word lines may include a program voltage (e.g., VPGM), a pass 

voltage (e.g., VPASS), selection and non-selection read voltages (e.g., VRD and VREAD), 

etc. The voltage generator 150 may generate selection line voltages (e.g., VSSL and VGSL) 

to be provided to the selection lines SSL and GSL during the read operation and the program 

operation. 

[0052]  The non-volatile memory device 100 according to an embodiment of the 

inventive concept may determine a program order of memory cells with reference to the size 

of a channel hole. Accordingly, the program disturbance that occurs at unselected memory 

cells among memory cells formed in a vertical structure (e.g., a cell string structure) may be 
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reduced or minimized. 

[0053]  FIG. 2 is a view illustrating a memory block BLKa according to an 

embodiment of the inventive concept. Referring to FIG. 2, a plurality of cell strings CS may 

be arranged on a substrate SUB (e.g., a silicon substrate) in rows and columns. The cell 

strings CS may be connected in common to a common source line CSL that is formed on (or 

in) the substrate SUB. In FIG. 2, a location of the substrate SUB is exemplified to help 

understand a structure of the memory block BLKa. An embodiment is exemplified in FIG. 2 

as the common source line CSL is connected to lower ends of the cell strings CS. However, it 

is sufficient that the common source line CSL is electrically connected to the lower ends of 

the cell strings CS (i.e., the ends nearest to the substrate SUB). However, embodiments of the 

inventive concept may not be limited to the case that the common source line CSL is 

physically located at the lower ends of the cell strings CS (i.e., the ends nearest to the 

substrate SUB). In an embodiment, the cell strings CS are shown in FIG. 2 as being arranged 

in 4 by 4 groups. However, embodiments of the inventive concept may not be limited thereto. 

[0054]  Cell strings CS of each row may be connected to the corresponding one of first 

to fourth ground selection lines GSL1 to GSL4 and the corresponding one of first to fourth 

string selection lines SSL1 to SSL4. However, the first to fourth ground selection lines GSL1 

to GSL4 may be connected in common to each other. Cell strings CS of each column may be 

connected to the corresponding one of first to fourth bit lines BL1 to BL4. For ease of 

illustration, cell strings CS that are connected to the second and third ground selection lines 

GSL2 and GSL3 or the second and third string selection lines SSL2 and SSL3 are depicted to 

be blurry. 

[0055]  Each cell string CS may include at least one ground selection transistor GST 

connected to the corresponding ground selection line, a plurality of memory cells MC 

respectively connected to a plurality of word lines WLs, and at least one (or two) string 
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selection transistors SST connected to the corresponding string selection line. In each cell 

string CS, the ground selection transistor GST, the memory cells MC, and the string selection 

transistor SST may be serially connected to each other in a direction that is perpendicular to 

the substrate SUB and may be sequentially stacked in the direction that is perpendicular to 

the substrate SUB. Also, the memory cells MC In each cell string CS may include a dummy 

memory cell that is not used to store data. The dummy memory cell may be used for various 

purposes. 

[0056]  Memory cells of the cell strings CS that are arranged at the same height from 

the substrate SUB or the ground selection transistor GST may be connected to the same word 

line. Memory cells of the cell strings CS that are arranged at different heights from the 

substrate SUB or the ground selection transistor GST may be connected to different word 

lines. 

[0057]  The memory block BLKa may be implemented with a three-dimensional (3D) 

memory array. The 3D memory array may be monolithically formed in one or more physical 

levels of arrays of memory cells MC having an active area disposed above a substrate and a 

circuitry associated with the operation of those memory cells MC. The circuit associated with 

an operation of memory cells MC may be located above or within such substrate. The term 

“monolithic” means that layers of each level of the array are directly deposited on the layers 

of each underlying level of the 3D memory array. 

[0058]  In an embodiment of the inventive concept, the 3D memory array includes 

vertical NAND strings (or cell strings) that are vertically oriented such that at least one 

memory cell is located over another memory cell. The at least one memory cell may comprise 

a charge trap layer. Each vertical NAND string may further include at least one selection 

transistor disposed above the memory cells MC. The at least one selection transistor may 

have the same structure as the memory cells MC and may be formed uniformly with the 
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memory cells MC. 

[0059]  The following patent documents, which are hereby incorporated by reference, 

describe suitable configurations for three-dimensional memory arrays, in which the three-

dimensional memory array is configured as a plurality of levels, with word lines and/or bit 

lines shared between levels: U.S. Pat. Nos. 7,679,133; 8,553,466; 8,654,587; 8,559,235; and 

US Pat. Pub. No. 2011/0233648. 

[0060]  FIG. 3A is a view illustrating a structure of a cell string CS in the memory 

block BLKa of FIG. 2. FIG. 3B is a view illustrating a structure of one memory cell MC of 

the cell string CS FIG. 3A. Referring to FIGs. 2, 3A, and 3B, a pillar PL that extends in a 

direction perpendicular to the substrate SUB and makes contact with the substrate SUB is 

provided on the substrate SUB. Each of a ground selection line GSL, word lines WLs, and 

string selection lines SSL may be formed of a conductive material (e.g., a metal material) in 

parallel with the substrate SUB. The pillar PL may make contact with the substrate SUB 

through the conductive materials that form the string selection lines SSL, the word lines WLs, 

and the ground selection line GSL. Also, the word lines WLs may include a dummy word 

line connected to a dummy memory cell that is not used to store data. The dummy word line 

may be used for various purposes. 

[0061]  FIG. 3B shows a sectional view of a memory cell MC of the cell string CS of 

FIG. 3A taken along a line A-A’, corresponding to one word line WL. The pillar PL may 

include a cylindrical body BD. An air gap AG may be defined in the interior of the body BD. 

The body BD may include P-type silicon and may be an area where a channel will be formed. 

The pillar PL may further include a cylindrical tunnel insulating layer TI surrounding the 

body BD and a cylindrical charge trap layer CT surrounding the tunnel insulating layer TI. A 

blocking insulating layer BI may be provided between a word line WL and the pillar PL. The 

body BD, the tunnel insulating layer TI, the charge trap layer CT, the blocking insulating 
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layer BI, and one word line may constitute a charge trap type transistor that is formed in a 

direction perpendicular to the substrate SUB or to an upper surface of the substrate SUB. A 

string selection transistor SST, a ground selection transistor GST, and other memory cells 

may have the same structure as the memory cell MC shown in FIG. 3B. 

[0062]  In the process of manufacturing the cell string CS, the shorter the distance is 

from the substrate SUB, the smaller is the width of the pillar PL or a cross-sectional area 

parallel with the upper surface of the substrate SUB. Accordingly, when the same voltage is 

applied to bodies of the ground selection transistor GST, the memory cells MCs, and the 

string selection transistors SST, and the same voltage is applied to the ground selection line 

GSL, the word lines WLs, and the string selection lines SSL, then an electric field formed at a 

memory cell MC or the ground selection transistor GST that is adjacent to the substrate SUB 

may be greater than an electric field formed at a memory cell MC or the string selection 

transistor SST that is distant from the substrate SUB. The above-described characteristic may 

have an influence on the program disturbance that occurs while a program operation is 

performed. However, the width of the pillar PL or the cross-sectional area parallel with the 

upper surface of the substrate SUB may not be limited thereto. The width of the pillar PL or 

the cross-sectional area parallel with the upper surface of the substrate SUB may be 

differently formed corresponding to the distance from the substrate SUB, depending on an 

etching process. 

[0063]  FIGs. 4A to 4F are views illustrating various examples of channel holes of a 

cell string. A channel hole of a cell string may be formed in various shapes depending on an 

etching process. In FIGs. 4A to 4F, one cell string may include first to n-th memory cells 

MC1 to MCn, where n is a natural number. For example, the first memory cell MC1 may be 

the memory cell which is closest to the substrate SUB, and the n-th memory cell MCn may be 

the memory cell which is most distant from the substrate SUB.  
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[0064]  Referring to FIG. 4A, in a first cell string CS1, the size of a memory cell may 

increase as a distance from the substrate SUB increases. According to an embodiment of the 

inventive concept, there may be first programmed a memory cell, the program speed of which 

is relatively slow (or in which a diameter of a channel hole is relatively great). For example, 

the non-volatile memory device 100 which includes the cell string CS1may map the n-th 

memory cell MCn onto a first word line WL1. The non-volatile memory device 100 may map 

the (n-1)-th memory cell MCn-1 onto a second word line WL2. The non-volatile memory 

device 100 may map the second memory cell MC2 onto an (n-1)-th word line WLn-1. The 

non-volatile memory device 100 may map the first memory cell MC1 onto an n-th word line 

WLn. The non-volatile memory device 100 may sequentially map memory cells between the 

first and n-th memory cells MC1 and MCn onto word lines in the same manner as described 

above. The non-volatile memory device 100 may sequentially perform a program operation 

from the first word line WL1 to the n-th word line WLn in response to an input command 

CMD and an input address ADDR. For example, the program operation may include 

initializing a channel of a memory cell of the pillar structure of cell string CS1 through the 

ground selection transistor GST of the pillar structure, and then applying a program voltage 

to the memory cell of the pillar structure of the cell string. Below, the mapping between 

memory cells and word lines that is described with reference to FIG. 4A is referred to as a 

“first address scramble scheme ADDR Scramble 1.” 

[0065]  Referring to FIG. 4B, in a second cell string CS2, the size of a memory cell 

may decrease as a distance from the substrate SUB increases. According to an embodiment of 

the inventive concept, there may be first programmed a memory cell, the program speed of 

which is relatively slow (or in which a diameter of a channel hole is relatively great). For 

example, the non-volatile memory device 100 which includes the cell string CS2 may map 

the first memory cell MC1 onto the first word line WL1. The non-volatile memory device 
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100 may map the second memory cell MC2 onto the second word line WL2. The non-volatile 

memory device 100 may map the (n-1)-th memory cell MCn-1 onto the (n-1)-th word line 

WLn-1. The non-volatile memory device 100 may map the n-th memory cell MCn onto the 

n-th word line WLn. The non-volatile memory device 100 may sequentially map memory 

cells between the first and n-th memory cells MC1 and MCn onto word lines in the same 

manner as described above. The non-volatile memory device 100 may sequentially perform a 

program operation from the first word line WL1 to the n-th word line WLn in response to an 

input command CMD and an input address ADDR. For example, the program operation may 

include initializing a channel of a memory cell of the pillar structure of cell string CS2 

through the string selection transistor SST of the pillar structure, and then applying a program 

voltage to the memory cell of the pillar structure of the cell string. Below, the mapping 

between memory cells and word lines that is described with reference to FIG. 4B is referred 

to as a “second address scramble scheme ADDR Scramble 2.” 

[0066]  Referring to FIG. 4C, in a third cell string CS3, the size of a memory cell may 

increase and then decrease as a distance from the substrate SUB increases. According to an 

embodiment of the inventive concept, there may be first programmed a memory cell, the 

program speed of which is relatively slow (or in which a diameter of a channel hole is 

relatively great). However, in the case of FIG. 4C, a diameter of a channel hole may decrease 

in two opposite directions. For example, a first cell group CG1 includes the first memory cell 

MC1 to the k-th memory cell MCk; in the first cell group CG1, a diameter of a channel hole 

increases as a distance from the substrate SUB increases. A second cell group CG2 includes 

the (k+1)-th memory cell MCk+1 to the n-th memory cell MCn; in the second cell group 

CG2, a diameter of a channel hole decreases as a distance from the substrate SUB increases. 

In FIG. 4C, the non-volatile memory device 100 which includes the cell string CS3 may first 

program memory cells of the second cell group CG2. For example, the non-volatile memory 
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device 100 may map the (k+1)-th memory cell MCk+1 onto the first word line WL1. The 

non-volatile memory device 100 may map the (k+2)-th memory cell MCk+2 onto the second 

word line WL2. The non-volatile memory device 100 may map the (n-1)-th memory cell 

MCn-1 onto the (m-1)-th word line WLm-1. The non-volatile memory device 100 may map 

the n-th memory cell MCn onto the m-th word line WLm. The non-volatile memory device 

100 may sequentially map memory cells between the (k+1)-th and n-th memory cells MCk+1 

and MCn onto word lines in the same manner as described above. 

[0067]  Also, the non-volatile memory device 100 which includes the cell string CS3 

may map the k-th memory cell MCk onto the (m+1)-th word line WLm+1. The non-volatile 

memory device 100 may map the (k-1)-th memory cell MCk-1 onto a (m+2)-th word line 

WLm+2. The non-volatile memory device 100 may map the second memory cell MC2 onto 

the (n-1)-th word line WLn-1. The non-volatile memory device 100 may map the first 

memory cell MC1 onto the n-th word line WLn. The non-volatile memory device 100 may 

sequentially map memory cells between the first and k-th memory cells MC1 and MCk onto 

word lines in the same manner as described above. Here, “k” may be a natural number less 

than “n”, “m” may be a natural number less than “k”, and “k” may be (n - m). 

[0068]  The non-volatile memory device 100 which includes the cell string CS3 may 

sequentially perform a program operation in two opposite directions (first and second 

program orders) from the first word line WL1 to the n-th word line WLn in response to an 

input command CMD and an input address ADDR. That is, the memory cells MC1 to MCn 

may be discontinuously programmed at a cell group boundary. For example, the program 

operation for memory cells MCk+1 to MCn may include initializing a channel of a memory 

cell of the pillar structure of cell string CS3 through the string selection transistor SST of the 

pillar structure, and then applying a program voltage to the memory cell of the pillar structure 

of the cell string.  And the program operation for memory cells MCk to MC1 may include 
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initializing a channel of a memory cell of the pillar structure of cell string CS3 through the 

ground selection transistor GST of the pillar structure, and then applying a program voltage 

to the memory cell of the pillar structure of the cell string. Below, the mapping between 

memory cells and word lines that is described with reference to FIG. 4C is referred to as a 

“third address scramble scheme ADDR Scramble 3.” 

[0069]  Referring to FIG. 4D, in a fourth cell string CS4, the size of a memory cell 

may increase and then decrease as a distance from the substrate SUB increases, similar to 

third cell string CS3. According to an embodiment of the inventive concept, there may be 

first programmed a memory cell, the program speed of which is relatively slow (or in which a 

diameter of a channel hole is relatively great). In the case of FIG. 4D, a diameter of a channel 

hole may decrease in two opposite directions. For example, the first cell group CG1 includes 

the first memory cell MC1 to the m-th memory cell MCm; in the first cell group CG1, a 

diameter of a channel hole increases as a distance from the substrate SUB increases. The 

second cell group CG2 includes the (m+1)-th memory cell MCm+1 to the n-th memory cell 

MCn; in the second cell group CG2, a diameter of a channel hole decreases as a distance 

from the substrate SUB increases. The non-volatile memory device 100 which includes the 

cell string CS4 may first program memory cells of the first cell group CG1. For example, the 

non-volatile memory device 100 may map the m-th memory cell MCm onto the first word 

line WL1. The non-volatile memory device 100 may map the (m-1)-th memory cell MCm-1 

onto the second word line WL2. The non-volatile memory device 100 may map the second 

memory cell MC2 onto the (m-1)-th word line WLm-1. The non-volatile memory device 100 

may map the first memory cell MC1 onto the m-th word line WLm. The non-volatile memory 

device 100 may sequentially map memory cells between the m-th and first memory cells 

MCm and MC1 onto word lines in the same order (e.g., the first program order) as described 

above. 



21 

[0070]  Also, the non-volatile memory device 100 which includes the cell string CS4 

may map the (m+1)-th memory cell MCm+1 onto the (m+1)-th word line WLm+1. The non-

volatile memory device 100 may map the (m+2)-th memory cell MCm+2 onto the (m+2)-th 

word line WLm+2. The non-volatile memory device 100 may map the (n-1)-th memory cell 

MCn-1 onto the (n-1)-th word line WLn-1. The non-volatile memory device 100 may map 

the n-th memory cell MCn onto the n-th word line WLn. The non-volatile memory device 

100 may sequentially map memory cells between the (m+1)-th and n-th memory cells 

MCm+1 and MCn onto word lines in the same manner (e.g., the second program order) as 

described above. Here, “m” may be a natural number less than “n.” 

[0071]  The non-volatile memory device 100 which includes the cell string CS4 may 

sequentially perform a program operation in two opposite directions (first and second 

program orders) from the first word line WL1 to the n-th word line WLn in response to an 

input command CMD and an input address ADDR. That is, the memory cells MC1 to MCn 

may be discontinuously programmed at a cell group boundary. For example, the program 

operation for memory cells MCm to MC1 may include initializing a channel of a memory 

cell of the pillar structure of cell string CS4 through the ground selection transistor GST of 

the pillar structure, and then applying a program voltage to the memory cell of the pillar 

structure of the cell string.  And the program operation for memory cells MCm+1 to MCn 

may include initializing a channel of a memory cell of the pillar structure of cell string CS4 

through the string selection transistor SST of the pillar structure, and then applying a program 

voltage to the memory cell of the pillar structure of the cell string. Below, the mapping 

between memory cells and word lines that is described with reference to FIG. 4D is referred 

to as a “fourth address scramble scheme ADDR Scramble 4.” 

[0072]  As one embodiment, in FIGs. 4C and 4D, the non-volatile memory device 100 

may first program a cell group in which the number of memory cells is relatively small. This 



22 

may be only one embodiment, and a program order of cell groups may not be limited thereto. 

[0073]  Referring to FIG. 4E, a fifth cell string CS5 may include two cell groups CG1 

and CG2 in each of which the size of a memory cell increases as a distance from the substrate 

SUB increases. The first cell group CG1 may include the first memory cell MC1 to the m-th 

memory cell MCm, the sizes of which increase in order from MC1 to MCm (as the distance 

from the substrate increases). The second cell group CG2 may include the (m+1)-th memory 

cell MCm+1 to the n-th memory cell MCn, the sizes of which increase in order from MCm+1 

to MCn (as the distance from the substrate increases). The non-volatile memory device 100 

which includes the cell string CS5 may program the first and second cell groups CG1 and 

CG2 in different address scramble schemes. For example, in the first cell group CG1, there 

may be first programmed a memory cell, the program speed of which is relatively slow (or in 

which a diameter of a channel hole is relatively great) and then a memory cell, the program 

speed of which is relatively fast (or in which a diameter of a channel hole is relatively small) 

may be programmed next. In the second cell group CG2, there may be first programmed a 

memory cell, the program speed of which is relatively fast (or in which a diameter of a 

channel hole is relatively small) and then a memory cell, the program speed of which is 

relatively slow (or in which a diameter of a channel hole is relatively great) may be 

programmed next. 

[0074]  For example, the first and second cell groups CG1 and CG2 may correspond 

to different sub blocks. In this case, if the first cell group CG1 is first programmed, it may be 

impossible to initialize a channel in a program operation of the second cell group CG2 

through the ground selection transistor GST. Accordingly, in this case, a channel may be 

initialized through a string selection transistor SST by using a normal address scramble 

scheme in a program operation of the second cell group CG2. 

[0075]  The non-volatile memory device 100 may sequentially perform a program 



23 

operation in two opposite directions (the first and second program orders) from the first word 

line WL1 to the n-th word line WLn in response to an input command CMD and an input 

address ADDR. That is, the memory cells MC1 to MCn may be discontinuously programmed 

at a cell group boundary. Below, the mapping between memory cells and word lines that is 

described with reference to FIG. 4E is referred to as a “fifth address scramble scheme ADDR 

Scramble 5.” 

[0076]  Referring to FIG. 4F, a sixth cell string CS6 may include two cell groups CG1 

and CG2 in each of which the size of a memory cell increases as a distance from the substrate 

SUB increases. The first cell group CG1 may include the first memory cell MC1 to the k-th 

memory cell MCk, the sizes of which increase in order. The second cell group CG2 may 

include the (k+1)-th memory cell MCk+1 to the n-th memory cell MCn, the sizes of which 

increase in order. The non-volatile memory device 100 which includes the cell string CG6 

may program the first and second cell groups CG1 and CG2 in the similar manner as the first 

string CS1 of FIG. 4A. For example, in the first and second cell groups CG1 and CG2, there 

may be first programmed a memory cell, the program speed of which is relatively slow (or in 

which a diameter of a channel hole is relatively great). However, only at the cell group 

boundary, there may be first programmed a memory cell, the program speed of which is 

relatively fast (or in which a diameter of a channel hole is relatively small). 

[0077]  Meanwhile, the first and second cell groups CG1 and CG2 may correspond to 

different sub blocks. In this case, each of the first and second cell groups CG1 and CG2 may 

be programmed in the similar manner as the first string CS1 of FIG. 4A. For example, in FIG. 

4F, the non-volatile memory device 100 may first program memory cells of the second cell 

group CG2. The non-volatile memory device 100 may map the n-th memory cell MCn onto 

the first word line WL1. The non-volatile memory device 100 may map the (n-1)-th memory 

cell MCn-1 onto the second word line WL2. The non-volatile memory device 100 may map 
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the (k+2)-th memory cell MCk+2 onto the (m-1)-th word line WLm-1. The non-volatile 

memory device 100 may map the (k+1)-th memory cell MCk+1 onto the m-th word line 

WLm. The non-volatile memory device 100 may sequentially map memory cells between the 

n-th and (k+1)-th memory cells MCn and MCk+1 onto word lines in the same order (e.g., the 

first program order) as described above. 

[0078]  Also, the non-volatile memory device 100 may map the k-th memory cell 

MCk onto the (m+1)-th word line WLm+1. The non-volatile memory device 100 may map 

the (k-1)-th memory cell MCk-1 onto the (m+2)-th word line WLm+2. The non-volatile 

memory device 100 may map the second memory cell MC2 onto the (n-1)-th word line WLn-

1. The non-volatile memory device 100 may map the first memory cell MC1 onto the n-th 

word line WLn. The non-volatile memory device 100 may sequentially map memory cells 

between the k-th and first memory cells MCk and MC1 onto word lines in the same manner 

(e.g., the second program order) as described above. Here, “k” may be a natural number less 

than “n”, “m” may be a natural number less than “n”, and “n” may be (k + m). 

[0079]  In FIG. 4F, the non-volatile memory device 100 which includes the cell string 

CG6 may sequentially perform a program operation from the first word line WL1 to the n-th 

word line WLn in response to an input command CMD and an input address ADDR. That is, 

in contrast to the case illustrated in FIG. 4E, the memory cells MC1 to MCn may be 

continuously programmed across a cell group boundary. Below, the mapping between 

memory cells and word lines that is described with reference to FIG. 4F is referred to as a 

“sixth address scramble scheme ADDR Scramble 6”. 

[0080]  As described above, the non-volatile memory device 100 according to an 

embodiment of the inventive concept may first program a memory cell, the program speed of 

which is relatively slow (or in which a diameter of a channel hole is relatively great), 

regardless of a shape of a channel hole of a cell string.  As such, during a program operation 
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that is performed with respect to one cell string, the size of a memory cell which was 

programmed immediately prior to a selected memory cell to be programmed in a current 

program operation may always be larger than the size of the selected memory cell to be 

programmed in the current program operation. Accordingly, the non-volatile memory device 

100 may reduce the program disturbance between memory cells in the same cell string. 

[0081]  Meanwhile, in the case where one cell string includes a plurality of cell groups 

in which shapes of channel holes are different from each other, the non-volatile memory 

device 100 may determine and select an address scramble scheme such that memory cells are 

discontinuously programmed at a cell group boundary between the cell groups. Below, in the 

case where one of the first to fifth address scramble schemes is determined and selected, 

program operations that are applicable to program memory cells depending on the decided 

address scramble scheme will be described. 

[0082]  FIG. 5 is a timing diagram illustrating voltages applied to a memory cell array 

when a normal address scramble scheme is used. Below, a program operation of the non-

volatile memory device 100 in the case where a memory cell relatively close to a substrate is 

first programmed will be described with reference to FIG. 5. For example, in the normal 

address scramble scheme, a channel may be initialized through a string selection transistor. 

[0083]  At a first time point t1, a second bit line voltage VBL2 may be provided to an 

unselected bit line. For example, the second bit line voltage VBL2 may be a power supply 

voltage Vcc. According to the bias condition, memory cells connected to the unselected bit 

line may be program inhibited. A selected bit line may be maintained at a level of a first bit 

line voltage VBL1. For example, the first bit line voltage VBL1 may be a ground voltage 

GND. At the first time point t1, also, a string selection line precharge voltage VSSLP may be 

applied to all string selection lines of a selected memory block. For example, the string 

selection line precharge voltage VSSLP may be the power supply voltage Vcc. According to 
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the bias condition, a channel connected to each of the all string selection lines may be 

initialized. That is, all string selection transistors of the selected memory block may be turned 

on, and thus, a channel potential of each of all cell strings of the selected memory block may 

be set to a voltage level corresponding to the first bit line voltage VBL1 or the ground voltage 

GND. At a second time point t2, the string selection line precharge voltage VSSLP may be 

cut off after all string selection lines are initialized.  

[0084]  At a third time point t3, also, a second string selection line voltage VSSL2 

may be supplied to a selected string selection line. For example, the second string selection 

line voltage VSSL2 may be the power supply voltage Vcc. An unselected string selection line 

may be maintained at a level of a first string selection line voltage VSSL1. For example, the 

first string selection line voltage VSSL1 may be the ground voltage GND. That is, an 

unselected string selection transistor may be turned off. 

[0085]  At a fourth time point t4, a pass voltage VPASS may be applied to all word 

lines. Here, the pass voltage VPASS applied to the unselected word line may be maintained 

until the program operation is completed. In this case, channel voltages of cell strings 

connected to the unselected string selection line may increase according to self boosting. 

[0086]  At a fifth time point t5, a program voltage VPGM may be applied to a selected 

word line. In this case, a memory cell connected to the selected word line of a selected cell 

string is programmed. A cell string connected to the unselected string selection line may 

maintain a boosting state in a period t5 to t7 while the memory cell is programmed. For this 

reason, in unselected cell strings, memory cells connected to the selected word line may be 

program inhibited. 

[0087]  At a seventh time point t7, the program voltage VPGM applied to the selected 

word line may be recovered. At an eighth time point t8, all the applied voltages may be 

recovered. Below, the program scheme is referred to as a “first program operation.” For 
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example, the first program operation may be performed during a first program time tPGM1 

(from t1 to t8). In the first program operation, a channel of a selected cell string may be 

initialized through a string selection transistor. 

[0088]  FIGs. 6 to 9 are timing diagrams illustrating program operations according to 

embodiments of the inventive concept. In FIGs. 6 to 9, some operations may be the same as 

or similar to the operations described with reference to FIG. 5, and a description thereof is 

thus omitted below. 

[0089]  FIG. 6 is a timing diagram of a program operation for performing the first 

address scramble scheme of FIG. 4A. Below, a program operation of FIG. 6 is referred to as a 

“second program operation.” According to the first address scramble scheme, a memory cell, 

which is adjacent to a string selection line, from among memory cells included in a cell string 

is first programmed. Accordingly, all memory cells between a selected memory cell and the 

first memory cell MC1 may remain at an erase state. Also, if at least one of memory cells 

experiencing a program operation is programmed from an erase state to a program state, it 

may be impossible to initialize a channel of a cell string through a string selection transistor 

any more. Accordingly, in the second program operation, a channel of a cell string may be 

initialized through a ground selection transistor. To this end, in a period t1 to t2, the ground 

selection line voltage VGSL may be applied to a ground selection line GSL. 

[0090]  At a first time point t1, the second bit line voltage VBL2 may be provided to 

an unselected bit line. However, string selection lines may be maintained at a level of the first 

string selection line voltage VSSL1. After the channel of the cell string is completely 

initialized, at a third time point t3, the second string selection line voltage VSSL2 may be 

supplied to a selected string selection line. The second program operation may be performed 

during a second program time tPGM2 (from t1 to t8). 

[0091]  FIG. 7 is a timing diagram illustrating a program operation for reducing a 
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program time in the case where the number of memory cells programmed through the second 

program operation exceeds a specific value when the first address scramble scheme of FIG. 

4A is used. Below, a program operation of FIG. 7 is referred to as a “third program 

operation.” 

[0092]  Referring to FIG. 7, at the first time point t1, the second string selection line 

voltage VSSL2 also may be supplied to a selected string selection line when the ground 

selection line voltage VGSL is applied to a ground selection line. The reason for this is that, 

if at least one memory cell programmed to a program state from an erase state exists between 

a selected memory cell and a string selection transistor, a channel of a cell string is shut off 

due to the memory cell which is programmed to the program state. The third program 

operation may be performed during a third program time tPGM3. In FIG. 6, during the 

second program operation, the second string selection line voltage VSSL2 may be supplied 

after the supplying of the ground selection line voltage VGSL is interrupted. That is, the 

period t3 to t4 of FIG. 6 is unnecessary during the third program operation. Accordingly, the 

third program time tPGM3 (from t1 to t7), which eliminates this time period, may be shorter 

than the second program time tPGM2 (from t1 to t8). 

[0093]  In some embodiments, memory cells may be programmed in an incremental 

step pulse programming (ISPP) scheme which includes a plurality of program loops, where 

the program voltage may increase as the number of program loops increases. FIG. 8 is a 

timing diagram illustrating a method for preventing program disturbance in the case where a 

program loop of a specific number of times passes when the second program operation of 

FIG. 6 is performed, for example using the ISPP scheme. 

[0094]  Referring to FIG. 8, the common source line voltage VCSL may be applied to 

the common source line CSL when a channel is initialized at a first time point t1. In this case, 

a channel of a cell string may be initialized to a level of the common source line voltage 
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VCSL. Below, a program operation of FIG. 8 is referred to as a “fourth program operation.” 

According to the fourth program operation, a program disturbance due to a difference 

between the increased program voltage VPGM and a channel voltage may be reduced or 

prevented. The fourth program operation may be performed during a fourth program time 

tPGM4 (from t1 to t8). 

[0095]  FIG. 9 is a timing diagram illustrating a program operation for reducing a 

program time of the fourth program operation of FIG. 8. Below, a program operation of FIG. 

9 is referred to as a “fifth program operation.” Referring to FIG. 9, in the case where the 

number of memory cells programmed through the fourth program operation exceeds a 

specific value, the second string selection line voltage VSSL2 may be supplied to a selected 

string selection line at a point in time t1 when the ground selection line voltage VGSL and 

the common source line voltage VCSL are respectively to a ground selection line and a 

common source line. The reason is that, if at least one memory cell programmed to a program 

state from an erase state exists between a selected memory cell and a string selection 

transistor, a channel of a cell string is shut off due to the memory cell of the program state. 

The fifth program operation may be performed during a fifth program time tPGM5. In FIG. 8, 

during the fourth program operation, the second string selection line voltage VSSL2 may be 

supplied to the selected string selection line after the supplying of the ground selection line 

voltage VGSL is interrupted. That is, the period t3 to t4 of FIG. 8 is unnecessary during the 

fifth program operation. Accordingly, the fifth program time tPGM5 (from t1 to t7), which 

eliminates this time period, may be shorter than the fourth program time tPGM4 (from t1 to 

t8). 

[0096]  FIGs. 10 to 14 are drawings illustrating program operations applied for the 

respective address scramble schemes according to embodiments of the inventive concept.. 

[0097]  FIG. 10 shows an embodiment of program operations applied according to the 
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first to sixth address scramble schemes.  Referring to FIG. 10, in the case of using the first 

address scramble scheme of FIG. 4A and in the case of using the sixth address scramble 

scheme of FIG. 4F, the non-volatile memory device 100 may program memory cells 

connected to all word lines through the second program operation. In the case of using the 

second address scramble scheme of FIG. 4B, the non-volatile memory device 100 may 

program memory cells connected to all word lines through the first program operation. 

[0098]  In the case of using the third address scramble scheme of FIG. 4C, the non-

volatile memory device 100 may program memory cells connected to the first to m-th word 

lines WL1 to WLm through the first program operation. Also, the non-volatile memory 

device 100 may program memory cells connected to the (m+1)-th to n-th word lines WLm+1 

to WLn through the second program operation. 

[0099]  In the case of using the fourth address scramble scheme of FIG. 4D and the 

fifth address scramble scheme of FIG. 4E, the non-volatile memory device 100 may program 

memory cells connected to the first to m-th word lines WL1 to WLm through the second 

program operation. Also, the non-volatile memory device 100 may program memory cells 

connected to the (m+1)-th to n-th word lines WLm+1 to WLn through the first program 

operation. 

[00100]  FIG. 11 shows an embodiment in which memory cells are programmed by 

using the third program operation after programming is performed with respect to a specific 

word line, in the case where the second program operation of FIG. 10 is used. The second 

program operation is used in the first address scramble scheme, and in the third to sixth 

address scramble schemes. The third program operation is also used in the first address 

scramble scheme, and in the third to sixth address scramble schemes. A point in time when 

the third program operation is used may be determined on the basis of a point in time when at 

least one memory cell is programmed from an erase state to a program state through the 
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second program operation. 

[00101]  FIG. 12 shows program operations applied in the case where the third to fifth 

address scramble schemes are used. In the case where a channel hole shape of a cell string 

includes at least two different portions, the third to fifth address scramble schemes may be 

used. Referring to FIG. 12, a memory cell connected to the first word line WL1 may be 

programmed through a bit reduction program operation. For example, in the case where a 

memory cell stores multi-bit data, the memory cell connected to the first word line WL1 may 

store bits, the number of which is less than that of any other memory cell(s), through the bit 

reduction program operation. In an embodiment, the bit reduction program operation may 

mean that 1-bit data are stored in the memory cell connected to the first word line WL1 in the 

case where 2-bit data are stored in memory cells connected to the second to n-th word lines 

WL2 to WLn. However, the bit reduction program operation is not limited thereto. 

[00102]  FIG. 13 shows program operations applied according to the number of 

program loops when the first, third, fourth and sixth address scramble schemes are used. 

Referring to FIG. 13, first to n-th program loops LOOP1 to LOOPn may progress to program 

memory cells included in any one cell string. 

[00103]  In the case where a selected cell string is programmed through one of the first, 

third, fourth and sixth address scramble schemes, memory cells programmed through the 

second program operation may be programmed through the fourth program operation after a 

specific program loop. For example, memory cells may be programmed in the ISPP scheme. 

Accordingly, a program voltage may increase as the number of program loops increases. In 

this case, the program disturbance may occur due to a difference between the increased 

program voltage and a channel voltage. 

[00104]  To prevent the program disturbance, the common source line voltage VCSL 

may be applied to the common source line CSL through the fourth program operation after a 
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specific program loop. In this case, the channel voltage may be set to a voltage corresponding 

to the common source line voltage VCSL, and a difference between the program voltage and 

the channel voltage may decrease. A point in time when a program operation is changed 

(from the second program operation to the fourth program operation) may be determined on 

the basis of the number of program loops, a level of a program voltage, the number of 

program-inhibited memory cells, or whether a memory cell, which has a specific program 

state, from among memory cells is present. 

[00105]  For example, in the case of the first and sixth address scramble schemes, 

memory cells corresponding to all the word lines WL1 to WLn may be programmed through 

the second program operation in the first to m-th program loops LOOP1 to LOOPm, and may 

be programmed through the fourth program operation in the (m+1)-th to n-th program loops 

LOOPm+1 to LOOPn. 

[00106]  In the case of the third address scramble scheme, the memory cells 

corresponding to the first to m-th word lines WL1 to WLm may be programmed through the 

first program operation in all program loops. Meanwhile, memory cells corresponding to the 

(m+1)-th to n-th word lines WLm+1 to WLn may be programmed through the second 

program operation in the first to m-th program loops LOOP1 to LOOPm, and may be 

programmed through the fourth program operation in the (m+1)-th to n-th program loops 

LOOPm+1 to LOOPn. 

[00107]  In the case of the fourth address scramble scheme, memory cells 

corresponding to the first to m-th word lines WL1 to WLm may be programmed through the 

second program operation in the first to m-th program loops LOOP1 to LOOPm, and may be 

programmed through the fourth program operation in the (m+1)-th to n-th program loops 

LOOPm+1 to LOOPn. Meanwhile, memory cells corresponding to the (m+1)-th to n-th word 

lines WLm+1 to WLn may be programmed through the first program operation in all 
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program loops. 

[00108]  FIG. 14 is a view illustrating a combination of the method of FIG. 11 and the 

method of FIG. 13 when the first, third, fourth and sixth address scramble schemes are used. 

Referring to FIG. 14, the non-volatile memory device 100 may change a program operation 

(from the second program operation to the fourth program operation) in a specific program 

loop LOOPm+1. Also, as described with reference to FIG. 11, the non-volatile memory 

device 100 may perform not the second program operation but instead the third program 

operation from a memory cell corresponding to a specific word line. As in the above 

description, the non-volatile memory device 100 may perform not the fourth program 

operation but instead the fifth program operation from a memory cell corresponding to a 

specific word line. Accordingly, the non-volatile memory device 100 may prevent the 

program disturbance by changing the second program operation into the fourth program 

operation. Also, the non-volatile memory device 100 may reduce a program time by changing 

the second program operation into the third program operation or the fourth program 

operation into the fifth program operation. 

[00109]  FIG. 15 is a block diagram illustrating a memory system according to an 

embodiment of the inventive concept. Referring to FIG. 15, a memory system 1000 may 

include a non-volatile memory device 1100 and a controller 1200. According to an 

embodiment of the inventive concept, the memory system 1000 may detect a channel hole 

profile of cell strings included in the non-volatile memory device 1100 and may determine an 

address scramble scheme of the non-volatile memory device 1100 based on the detected 

channel hole profile. For example, the memory system 1000 may select one of the address 

scramble schemes described with reference to FIGS. 4A to 4F depending on the detected 

channel hole profile. 

[00110]  The non-volatile memory device 1100 may be the same as, or similar to, the 
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non-volatile memory device of FIG. 1 in configuration and characteristic, except for 

differences noted below. The controller 1200 may include a cell string profile detector 1210 

for detecting a channel hole profile. The cell string profile detector 1210 may issue a profile 

detection command PD_CMD to the non-volatile memory device 1100. The non-volatile 

memory device 1100 may output characteristic information of a cell string in response to the 

profile detection command PD_CMD. 

[00111]  For example, the non-volatile memory device 1100 may include a monitor 

block 1111 for obtaining characteristic information of a cell string. The non-volatile memory 

device 1100 may generate word line delay information WDI indicating a resistance 

characteristic of each word line through the monitor block 1111 and a word line delay 

detector 1160. The non-volatile memory device 1100 may provide the word line delay 

information WDI to the controller 1200 in response to the profile detection command 

PD_CMD. The controller 1200 may generate address scramble selection information ASI 

based on the word line delay information WDI and may provide the address scramble 

selection information ASI to the non-volatile memory device 1100. An address scramble 

selector 1141 included in the non-volatile memory device 1100 may set an address scramble 

scheme of a cell string based on the address scramble selection information ASI. 

[00112]  Meanwhile, as another embodiment, the non-volatile memory device 1100 

may directly set the address scramble scheme based on the detected word line delay 

information WDI. For example, the address scramble selector 1141 may store a mapping 

table associated with address scramble schemes corresponding to the word line delay 

information WDI. The address scramble selector 1141 may determine an address scramble 

scheme depending on the word line delay information WDI with reference to the mapping 

table. 

[00113]  As another embodiment, the non-volatile memory device 1100 may measure a 
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program speed of each memory cell included in a cell string. The non-volatile memory device 

1100 or the controller 1200 may determine an address scramble scheme based on the program 

speed of each memory cell. 

[00114]  Also, the controller 1200 may include a central processing unit, a working 

memory, a host interface, and a non-volatile memory interface. However, it should be 

appreciated that elements of the controller 1200 are not limited to the above-mentioned 

elements. For example, the controller 1200 may further include a read only memory (ROM) 

to store code data for an initial booting operation, an error correction unit (ECC) to correct 

erroneous data, a synchronous dynamic random access memory (SDRAM), etc. 

[00115]  The central processing unit may control overall operations of the controller 

1200. For example, the central processing unit may be configured to drive firmware for 

controlling the controller 1200. The firmware may be loaded and driven on the working 

memory. The central processing unit may decode an instruction that is provided from a host. 

The central processing unit may control the non-volatile memory interface so as to execute a 

read or write access command included in the instruction. 

[00116]  The firmware for controlling the controller 1200 and data may be stored in the 

working memory. For example, the stored firmware and data may be driven by the central 

processing unit. The working memory may include at least one of a cache memory, a DRAM, 

a static RAM (SRAM), a phase-change RAM (PRAM), a ROM, and a flash memory. A flash 

translation layer (FTL) may be stored in the working memory. In the case of the non-volatile 

memory device 1100, a read/write unit and an erase unit may be different from each other. 

Accordingly, the flash translation layer (FTL) may need to manage a read/write/erase 

operation of the non-volatile memory device 1100. 

[00117]  The read/write operation of the non-volatile memory device 1100 may be 

performed in units of a page, and the erase operation thereof may be performed in units of a 
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block. Due to the above-described characteristic of the non-volatile memory device 1100, 

there is a need to manage the read/write/erase operation of the non-volatile memory device 

1100. The flash translation layer (FTL) is system software (or firmware) that is developed for 

such a purpose. The flash translation layer (FTL) may allow the non-volatile memory device 

1100 to operate in response to an access (e.g., a read/write operation) that is requested from 

the host. The flash translation layer (FTL) may be driven by the central processing unit after 

being loaded on the working memory. 

[00118]  The host interface may provide an interface between the host and the 

controller 1200. The host and the controller 1200 may be connected through one of various 

standardized interfaces. Alternatively, the host and the controller 1200 may be connected 

through a plurality of interfaces of various standardized interfaces. Here, the standardized 

interfaces may include an advanced technology attachment (ATA) interface, a parallel ATA 

(PATA) interface, a serial ATA (SATA) interface, an external SATA (e-SATA) interface, a 

small computer small interface (SCSI), a serial attached SCSI (SAS), a peripheral component 

interconnection (PCI) interface, a PCI Express (PCI-E) interface, a universal serial bus (USB) 

interface, an IEEE 1394 interface, a non-volatile memory express (NVMe) interface, a card 

interface, etc. 

[00119]  The non-volatile memory interface may provide an interface between the 

controller 1200 and the non-volatile memory device 1100. The non-volatile memory interface 

may schedule a read/write/erase command of the non-volatile memory device 1100. The non-

volatile memory interface may provide data from the host to the non-volatile memory device 

1100 through a channel. Also, data read from the non-volatile memory device 1100 may be 

provided to the host through the non-volatile memory interface. 

[00120]  FIG. 16 is a block diagram illustrating a non-volatile memory device 1100 of 

FIG. 15. Referring to FIG. 16, the non-volatile memory device 1100 may be the same as or 
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similar to the non-volatile memory device 100 illustrated in FIG. 11 in configuration and 

characteristic, and a description thereof is thus omitted. 

[00121]  A memory cell array 1110 may include the monitor block 1111. For example, 

the monitor block 1111 may be specified upon manufacturing the non-volatile memory 

device 1100 to obtain characteristic information of a cell string. The monitor block 1111 may 

have the same structure as other memory blocks included in one memory chip. Accordingly, 

a channel hole profile of the monitor block 1111 may be used to set address scramble 

schemes of all memory blocks in a memory chip in which the monitor block 1111 is 

included. 

[00122]  The non-volatile memory device 1100 may receive the profile detection 

command PD_CMD from the controller 1200. If the profile detection command PD_CMD is 

received, the non-volatile memory device 1100 may obtain the characteristic information of 

the cell string by using the monitor block 1111. For example, the non-volatile memory device 

1100 may program specified data in memory cells included in the monitor block 1111. The 

non-volatile memory device 1100 may measure a program speed of each memory cell 

included in the monitor block 1111. As described above, if a program speed is relatively fast, 

the size of a memory cell may be determined as being relatively small. The non-volatile 

memory device 1100 may obtain information about a program speed of each memory cell 

included in the monitor block 1111. 

[00123]  Meanwhile, the non-volatile memory device 1100 may obtain the 

characteristic information of the cell string by using the monitor block 1111 and a word line 

delay detector 1160. For example, the monitor block 1111 may be connected to word lines 

WL like other memory blocks. Also, the word lines WL of the monitor block 1111 may be 

respectively connected to the corresponding monitor lines ML. The monitor lines ML may be 

connected to the word line delay detector 1160. The monitor block 1111 may have an erase 
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state by default. 

[00124]  If the profile detection command PD_CMD is received, control logic 1140 

may control overall operations of the non-volatile memory device 1100 so as to generate the 

word line delay information WDI through the monitor block 1111. For example, the control 

logic 1140 may allow an address decoder 1120 to select the monitor block 1111. Also, the 

control logic 1140 may allow a voltage generator 1150 to generate a bias voltage to be 

applied to word lines connected to the monitor block 1111. The control logic 1140 may 

provide a word line delay detector 1160 with a reference voltage VREF and a count enable 

signal TCEN. 

[00125]  The word line delay detector 1160 may compare the reference voltage VREF 

with a voltage of each of the monitor lines respectively connected with the word lines WL 

and may generate the word line delay information WDI based on the comparison result. The 

word line delay information WDI may include a time needed to transfer the bias voltage 

through a word line connected to the monitor block 1111. The method for generating the 

word line delay information WDI will be described below with reference to FIG. 17. 

[00126]  As described above, the non-volatile memory device 1100 may obtain 

information about a program speed of each memory cell included in the monitor block 1111 

or the word line delay information WDI of word lines connected to the monitor block 1111, 

in response to the profile detection command PD_CMD. 

[00127]  FIG. 17 is a block diagram illustrating an operation of a word line delay 

detector of FIG. 16. Referring to FIGs. 16 and 17, the monitor block 1111 may be connected 

to the address decoder 1120 through first to n-th word lines WL1 to WLn. For example, the 

first to n-th word lines WL1 to WLn may be mapped onto memory cells included in a cell 

string of the monitor block 1111 in a specified order. The first to n-th word lines WL1 to 

WLn may be again mapped onto memory cells after an address scramble scheme is 
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determined. The first to n-th word lines WL1 to WLn may be connected to the first to n-th 

monitor lines ML1 to MLn in a one-to-one correspondence. 

[00128]  The word line delay detector 1160 may include a multiplexer 1161, a 

comparator 1162, and a time counter 1163. For example, the multiplexer 1161 may be 

connected with the first to n-th monitor lines ML1 to MLn. 

[00129]  If the profile detection command PD_CMD is received, a bias voltage VDT 

may be provided to the address decoder 1120. In this case, the address decoder 1120 may 

select the first to n-th word lines one by one. Also, the multiplexer 1161 may select one of the 

first to n-th monitor lines ML1 to MLn in the same order as a word line. Accordingly, the 

bias voltage VDT may be output to the multiplexer 1161 through the selected word line. In 

this case, the control logic 1140 may activate the count enable signal TCEN, and the time 

counter 1163 may start to count in response to the count enable signal TCEN. 

[00130]  The comparator 1162 may compare an output voltage VMX of the multiplexer 

1161 and the reference voltage VREF. For example, a voltage of a selected monitor line may 

be output as the output voltage VMX of the multiplexer 1161. A voltage of a selected 

monitor line may increase from a point in time when the bias voltage VDT is applied to the 

selected word line. The comparator 1162 may output a compare complete signal VCM when 

the output voltage VMX and the reference voltage VREF coincide with each other. The 

reference voltage VREF may be in advance set to a voltage that is equal to or smaller than the 

bias voltage VDT. 

[00131]  Accordingly, the time counter 1163 may measure a time from a point in time 

when the count enable signal TCEN is activated to a point in time when the compare 

complete signal VCM is received. The measured time may be output as the word line delay 

information WDI corresponding to the selected word line. A speed at which the output 

voltage VMX of the multiplexer 1161 increases may be inversely proportional to a resistance 
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of the selected word line. If the resistance of the selected word line is great, the size of a 

memory cell connected to the selected word line is large. That is, it may be understood that 

the size of the memory cell connected to the selected word line becomes larger as the time 

measured by the time counter 1163 increases. Accordingly, the word line delay information 

WDI may correspond to the size of a channel hole of the memory cell connected to the 

selected word line. 

[00132]  With the above description, the non-volatile memory device 1100 or the 

controller 1200 may generate a channel hole profile based on the word line delay information 

WDI. Also, the non-volatile memory device 1100 or the controller 1200 may determine an 

address scramble scheme based on the generated channel hole profile. For example, the non-

volatile memory device 1100 or the controller 1200 may select one of the address scramble 

schemes described with reference to FIGS. 4A to 4F. 

[00133]  FIG. 18 is a flowchart illustrating a program method of a memory system 

according to an embodiment of the inventive concept. Referring to FIGs. 15 and 18, the 

memory system 1000 may actively determine an address scramble scheme that will be used 

to perform a program operation depending on a shape of a cell string included in the non-

volatile memory device 1100. 

[00134]  In operation S110, the memory system 1000 may detect a channel hole profile 

of a cell string included in the non-volatile memory device 1100. For example, the cell string 

profile detector 1210 included in the controller 1200 may issue the profile detection 

command PD_CMD to the non-volatile memory device 1100 in the first operation of the 

memory system 1000, or whenever it is necessary. The non-volatile memory device 1100 

may obtain characteristic information of the cell string in response to the profile detection 

command PD_CMD. For example, the non-volatile memory device 1100 may include the 

monitor block 1111. The non-volatile memory device 1100 may measure a program speed of 
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each memory cell included in the monitor block 1111. Alternatively, the non-volatile memory 

device 1100 may measure the word line delay information WDI of word lines connected to 

the monitor block 1111 through the word line delay detector 1160. The non-volatile memory 

device 1100 or the controller 1200 may generate the channel hole profile by using the 

measured program speed of the memory cells included in the monitor block 1111 or the 

measured word line delay information WDI. 

[00135]  In operation S120, the memory system 1000 may determine an address 

scramble scheme of the non-volatile memory device 1100 based on the detected channel hole 

profile. For example, the controller 1200 may receive information about the program speed of 

the memory cells included in the monitor block 1111 or the word line delay information 

WDI. The cell string profile detector 1210 of the controller 1200 may generate the address 

scramble selection information ASI by putting the program speed information or the word 

line delay information WDI together. The address scramble selector 1141 of the non-volatile 

memory device 1100 may receive the address scramble selection information ASI to set an 

address scramble scheme of a memory chip in which the monitor block 1111 is included. 

[00136]  As another embodiment, the non-volatile memory device 1100 may 

automatically set the address scramble scheme based on the program speed information or the 

word line delay information WDI. In this case, the address scramble selector 1141 may 

include a mapping table for determining an address scramble scheme. 

[00137]  In operation S130, the memory system 1000 may perform a program operation 

depending on the set address scramble scheme. For example, the non-volatile memory device 

1100 may program memory cells through the address scramble schemes described with 

reference to FIGs. 4A to 4F and the ways to perform program operations described with 

reference to FIGs. 5 to 14. As described above, the memory system 1000 according to an 

embodiment of the inventive concept may actively determine an address scramble scheme 



42 

that will be used in programming. 

[00138]  FIGs. 19 and 20 are flowcharts illustrating methods for detecting a channel 

hole profile of FIG. 18. FIG. 19 shows a method for detecting a channel hole profile by using 

a program speed of memory cells included in the monitor block 1111. FIG. 20 shows a 

method for detecting a channel hole profile based on the result of measuring a time when a 

bias voltage is transferred to word lines connected to the monitor block 1111. 

[00139]  Referring to FIGs. 15 and 19, in operation S210, the non-volatile memory 

device 1100 may receive the profile detection command PD_CMD from the controller 1200. 

If the profile detection command PD_CMD is received, in operation S220, the non-volatile 

memory device 1100 may program a memory cell (i.e., a selected memory cell) connected to 

a selected word line in the monitor block 1111. For example, the non-volatile memory device 

1100 may perform a program operation while selecting word lines connected to the monitor 

block 1111 in an order determined in advance. In operation S230, the non-volatile memory 

device 1100 may measure a program time of the selected memory cell. It may be possible to 

determine relative sizes between memory cells by measuring the program times of the 

memory cells. The reason is that a program time of a memory cell is proportional to the size 

of the memory cell. For example, the size of the memory cell may become relatively smaller 

as the program time of the memory cell becomes shorter. 

[00140]  In operation S240, the non-volatile memory device 1100 may determine 

whether the selected word line is the last word line connected to the monitor block 1111. That 

is, the non-volatile memory device 1100 may determine whether all memory cells included in 

the monitor block 1111 are programmed. If the selected word line is the last word line, the 

process proceeds to operation S250. If the selected word line is not the last word line, the 

process proceeds to operation S210. 

[00141]  In operation S250, in the case where all word lines connected to the monitor 
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block 1111 are selected according to a specified order (in the case where a program time of 

each of all memory cells of the monitor block 1111 is measured), the non-volatile memory 

device 1100 may generate a channel hole profile of a memory chip including the monitor 

block 1111, based on the measured program times. Alternatively, the non-volatile memory 

device 1100 may provide information about the measured program times to the controller 

1200. The controller 1200 may generate the channel hole profile of the memory chip 

including the monitor block 1111, based on the measured program times. 

[00142]  Referring to FIGs. 15 and 20, in operation S310, the non-volatile memory 

device 1100 may receive the profile detection command PD_CMD from the controller 1200. 

If the profile detection command PD_CMD is received, in operation S320, the non-volatile 

memory device 1100 may apply a bias voltage to a word line selected in the monitor block 

1111. For example, the monitor block 1111 may be set to an erase state, and a string selection 

transistor and a ground selection transistor may be turned on. The ground voltage GND may 

be applied to bit lines. In operation S330, the non-volatile memory device 1100 may measure 

a word line delay time, by which a transfer of the bias voltage is delayed, with respect to the 

selected word line. For example, the smaller the resistance of a word line, the shorter a word 

line delay time may be. Also, the smaller the size of a memory cell connected to a word line, 

the smaller the resistance of the word line may be. Accordingly, the word line delay time may 

be proportional to the size of the memory cell connected to the word line. 

[00143]  In operation S340, the non-volatile memory device 1100 may determine 

whether the selected word line is the last word line connected to the monitor block 1111. That 

is, the non-volatile memory device 1100 may determine whether a word line delay time is 

measured with respect to all word lines connected to the monitor block 1111. If the selected 

word line is the last word line, the process proceeds to operation S350. If the selected word 

line is not the last word line, the process proceeds to operation S310. 
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[00144]  In operation S350, in the case where a word line delay time is measured with 

respect to all word lines connected to the monitor block 1111 according to a specified order, 

the non-volatile memory device 1100 may generate a channel hole profile of a memory chip 

including the monitor block 1111, based on the measured word line delay times. 

Alternatively, the non-volatile memory device 1100 may provide the controller 1200 with the 

word line delay information WDI associated with the measured word line delay times. In this 

case, the controller 1200 may generate the channel hole profile of the memory chip including 

the monitor block 1111, based on the word line delay information WDI. 

[00145]  While the inventive concept has been described with reference to 

embodiments, it will be apparent to those skilled in the art that various changes and 

modifications may be made without departing from the spirit and scope of the inventive 

concept. Therefore, it should be understood that the above embodiments are not limiting, but 

illustrative. 
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WHAT IS CLAIMED IS: 

 

 1. A method of programming a three-dimensional (3D) nonvolatile memory 

device including a cell string, the cell string including a pillar structure comprising a ground 

selection transistor, a plurality of memory cells, and a string selection transistor stacked 

vertically over a substrate, wherein the memory cells comprise a first cell group and a second 

cell group stacked on the first cell group, and wherein a horizontal width of at least a portion 

of the pillar structure decreases in a depth direction towards the substrate, the method 

comprising: 

 initializing a channel of a memory cell of the first cell group of the cell string through 

the ground selection transistor of the pillar structure; and then 

 applying a program voltage to the memory cell of the pillar structure of the cell string. 

 

 2. The method of claim 1, further comprising sequentially executing said 

initializing and said applying for each of remaining memory cells of the first cell group of the 

cell string which are to be programmed among the memory cells of the first cell group of the 

cell string. 

 

 3. The method of claim 2, wherein a horizontal width of the pillar structure 

decreases in the depth direction from the string selection transistor to the ground selection 

transistor, and wherein the memory cells of the cell string are sequentially programmed in 

order from an uppermost memory cell furthest from the substrate to a lowermost memory cell 

closest to the substrate by sequentially executing said initializing and said applying for each 

of the memory cells of the cell string. 
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 4. The method of claim 1, wherein a horizontal width of an uppermost memory 

cell of the first cell group is greater than a horizontal width of an adjacent lowermost memory 

cell of the second cell group, the method further including: 

 sequentially programming the memory cells of the cell string in order from an 

uppermost memory cell of the second cell group furthest from the substrate to a lowermost 

memory cell of the first cell group closest to the substrate by sequentially executing said 

initializing and said applying for each of the memory cells of the cell string. 

 

 5. The method of claim 1, wherein a memory cell having a smallest horizontal 

width among the memory cells of the first cell group is programmed with fewer bits than a 

memory cell having a largest horizontal width of the memory cells of the first cell group.  

 

 6. The method of claim 1, wherein a memory cell having a smallest horizontal 

width among the memory cells of the second cell group is programmed with fewer bits than a 

memory cell having a largest horizontal width of the memory cells of the second cell group. 

 

 7. The method of claim 1, wherein the method includes incremental step pulse 

programming (ISPP) comprising a plurality of program loops, and wherein a second program 

operation for programming the memory cell during a first portion of the program loops is 

different from a fourth program operation for programming the memory cell during a second 

portion of the program loops, wherein a voltage applied to a common source line of the cell 

string is different between the second and fourth program operations. 

 

 8. A three dimensional non-volatile memory device, comprising: 

 a memory cell array including a cell string, the cell string including a pillar structure 
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comprising a ground selection transistor, a plurality of memory cells, and a string selection 

transistor stacked vertically over a substrate, wherein the memory cells comprise a first cell 

group and a second cell group stacked on the first cell group, and wherein a horizontal width 

of at least a portion of the pillar structure decreases in a depth direction towards the substrate;  

 an address decoder configured to a supply string selection line voltage to the string 

selection transistor, word line voltages to word lines connected to the memory cells, a ground 

selection line voltages to the ground selection transistor, and a common source line voltage to 

a common source line of the memory cell array;  

 a page buffer circuit configured to output bit data from selected ones of the memory 

cells of the memory cell array;  

 control logic; and 

 a voltage generator configured to supply voltages to the address decoder in response 

to the control logic,  

 wherein the memory device is configured to initialize a channel of a memory cell of 

the first cell group of the cell string through the ground selection transistor of the pillar 

structure, and then apply a program voltage to the memory cell of the pillar structure of the  

cell string.  

 

 9. The memory device of claim 8, wherein the memory device is configured to 

sequentially initialize the channel through the ground selection transistor, and then apply the 

program voltage, for each of remaining memory cells of the first cell group of the cell string 

which are to be programmed among the memory cells of the first cell group of the cell string. 

 

 10. The memory device of claim 9, wherein a horizontal width of the pillar 

structure decreases in the depth direction from the string selection transistor to the ground 
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selection transistor, and wherein the memory device is configured to sequentially program the 

memory cells of the cell string in order from an uppermost memory cell furthest from the 

substrate to a lowermost memory cell closest to the substrate by sequentially initializing the 

channel through the ground selection transistor, and then applying the program voltage, for 

each of the memory cells of the cell string. 

 

  

 

 11. The memory device of claim 8, wherein a horizontal width of an uppermost 

memory cell of the first cell group is greater than a horizontal width of an adjacent lowermost 

memory cell of the second cell group, and wherein the memory device is configured to: 

 sequentially program the memory cells of the cell string in order from an uppermost 

memory cell of the second cell group furthest from the substrate to a lowermost memory cell 

of the first cell group closest to the substrate by sequentially initializing the channel through 

the ground selection transistor, and then applying the program voltage for each of the 

memory cells of the cell string. 

 

 12. The memory device of claim 8, wherein the memory device is configured to 

program a memory cell having a smallest horizontal width among the memory cells of the 

first cell group with fewer bits than a memory cell having a largest horizontal width of the 

memory cells of the first cell group.  

 

 13. The memory device of claim 8, wherein a memory cell having a smallest 

horizontal width among the memory cells of the second cell group is programmed with fewer 

bits than a memory cell having a largest horizontal width of the memory cells of the second 
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cell group. 

 

 14. The memory device of claim 8, wherein the memory device is configured to 

program the memory cell using incremental step pulse programming (ISPP) comprising a 

plurality of program loops, and wherein a second program operation for programming the 

memory cell during a first portion of the program loops is different from a fourth program 

operation for programming the memory cell during a second portion of the program loops, 

wherein a voltage applied to a common source line of the selected memory string is different 

between the second and fourth program operations. 

 

 15.  A method of programming a three-dimensional (3D) nonvolatile memory device, 

including a memory cell array having a plurality of cell strings each connected to one of a 

plurality of bit lines, the cell strings each including a pillar structure comprising a ground 

selection transistor, a plurality of memory cells each connected to one of a plurality of word 

lines, and a string selection transistor stacked vertically over a substrate, wherein the memory 

cells of each cell string comprise a first cell group and a second cell group stacked on the first 

cell group, and wherein a horizontal width of at least a portion of the pillar structure 

decreases in a depth direction towards the substrate, the method comprising: 

 providing bit line voltages to the bit lines to select one of the bit lines; 

 supplying string selection line voltages to string selection transistors of cell strings 

connected to the selected bit line to select one of the cell strings; and 

 precharging the pillar structure of the selected cell string through the ground selection 

transistor of the pillar structure, and then applying word line voltages to the word lines 

connected to the memory cells of the cell string to program a selected memory cell. 
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 16. The method of claim 15, further comprising sequentially executing said 

providing, supplying, precharging and applying for each of remaining memory cells of the 

selected cell string which are to be programmed among the memory cells of the selected cell 

string. 

 

 17. The method of claim 16, wherein a horizontal width of the pillar structure 

decreases in the depth direction from the string selection transistor to the ground selection 

transistor, and wherein the memory cells of the cell string are sequentially programmed in 

order from an uppermost memory cell furthest from the substrate to a lowermost memory cell 

closest to the substrate by sequentially executing said providing, supplying, precharging and 

applying for each of the memory cells of the cell string. 

 

  

 18. The method of claim 15, wherein a horizontal width of an uppermost memory 

cell of the first cell group is greater than a horizontal width of an adjacent lowermost memory 

cell of the second cell group, the method further including: 

 sequentially programming the memory cells of the cell string in order from an 

uppermost memory cell of the second cell group furthest from the substrate to a lowermost 

memory cell of the first cell group closest to the substrate by sequentially executing said 

initializing and said applying for each of the memory cells of the cell string. 

 

  19. The method of claim 15, wherein a memory cell having a smallest 

horizontal width among the memory cells of the second cell group is programmed with fewer 

bits than a memory cell having a largest horizontal width of the memory cells of the second 

cell group. 



51 

 

 20. The method of claim 15, wherein the method of programming the memory cell 

includes incremental step pulse programming (ISPP) comprising a plurality of program loops, 

and wherein a second program operation for programming the memory cell during a first 

portion of the program loops is different from a fourth program operation for programming 

the memory cell during a second portion of the program loops, wherein a voltage applied to a 

common source line of the cell string is different between the second and fourth program 

operations. 

 


