SEMICONDUCTOR DEVICE

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to Korean Patent Application No. 10-2018-

0085553, filed on July 23, 2018 in the Korean Intellectual Property Office, the entire

contents of which are hereby incorporated by reference.

TECHNICAL FIELD

[0002] Inventive concepts relate to a semiconductor device, and more particularly, to

a semiconductor device with improved reliability.

BACKGROUND

[0003] There has recently been an increasing demand for light, small, fast,

multifunctional, excellently performing, and highly reliable products in the electronic

industry such as mobile phones and laptop computers. To meet these requirements, it is

demanded to increase integration and also to improve performance of semiconductor

memory devices.



[0004] A highest increase in capacity of a capacitor is one approach to improve

reliability of highly-integrated semiconductor memory devices. The higher an aspect ratio

of a capacitor bottom electrode, the larger the capacity of the capacitor. Thus, research has

been variously conducted on process technology for forming the capacitor whose aspect

ratio is high.

SUMMARY
[0005] Some example embodiments of inventive concepts provide a semiconductor
device with improved reliability.
[0006] Some example embodiments of inventive concepts provide a method of

fabricating a semiconductor device with improved reliability.

[0007] Feature and/or effects of inventive concepts are not limited to the mentioned

above, and other features and/or effects which have not been mentioned above will be clearly

understood to those skilled in the art from the following description.

[0008] According to some example embodiments of inventive concepts, a

semiconductor device may include a substrate, a bottom electrode on the substrate, a first

support layer on the substrate next to a sidewall of the bottom electrode, a dielectric layer

covering the sidewall of the bottom electrode and a top surface of the bottom electrode, and
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a top electrode on the dielectric layer. The bottom electrode may include a first part including

a plurality of protrusions that protrude from a sidewall of the first part. The first part of the

bottom electrode may be on the first support layer.

[0009] According to some example embodiments of inventive concepts, a

semiconductor device may include a substrate, a bottom electrode on the substrate, a

dielectric layer covering a surface of the bottom electrode, and a top electrode on the

dielectric layer. The bottom electrode may include a plurality of protrusions that protrude

from a sidewall of the bottom electrode. The plurality of protrusions may have convexly

curved surfaces.

[0010] According to some example embodiments of inventive concepts, a

semiconductor device may include a substrate, a plurality of bottom electrodes on the

substrate, a dielectric layer, and a top electrode on the dielectric layer. = Each of the

plurality of bottom electrodes may include a sidewall, and a plurality of first parts that may

be between the plurality of protrusions and may be vertically spaced apart from each other.

The plurality of bottom electrodes may include a first bottom electrode and a second bottom

electrode. Distances between the plurality of first parts of the first bottom electrode and

distances between the plurality of first parts of the second bottom electrode may be uniform.



BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 illustrates a plan view showing a semiconductor device according to

some example embodiments of inventive concepts.

[0012] FIG. 2 illustrates a cross-sectional view taken along line I-I’ of FIG. 1, showing

a semiconductor device according to some example embodiments of inventive concepts.

[0013] FIG. 3 illustrates an enlarged view showing section A of FIG. 2.

[0014] FIG. 4 illustrates a cross-sectional view taken along line I-I’ of FIG. 1, showing

a semiconductor device according to some example embodiments of inventive concepts.

[0015] FIG. 5 illustrates a plan view showing a semiconductor device according to

some example embodiments of inventive concepts.

[0016] FIG. 6 illustrates a cross-sectional view taken along line II-II’ of FIG. 5,

showing a semiconductor device according to some example embodiments of inventive

concepts.

[0017] FIG. 7 illustrates an enlarged cross-sectional view showing bottom electrodes

according to some example embodiments of inventive concepts.

[0018] FIG. 8 illustrates a plan view showing a semiconductor device according to

some example embodiments of inventive concepts.



[0019] FIG. 9 illustrates a cross-sectional view taken along line III-III’ of FIG. 8,

showing a semiconductor device according to some example embodiments of inventive

concepts.

[0020] FIGS. 10, 11, and 13 to 16 illustrate cross-sectional views taken along line I-I’

of FIG. 1, showing a method of fabricating a semiconductor device according to some

example embodiments of inventive concepts.

[0021] FIGS. 12A and 12B illustrate enlarged views showing section B of FIG. 11.
DETAILED DESCRIPTION
[0022] FIG. 1 illustrates a plan view showing a semiconductor device according to

some example embodiments of inventive concepts. FIG. 2 illustrates a cross-sectional view

taken along line I-I’ of FIG. 1, showing a semiconductor device according to some example

embodiments of inventive concepts. FIG. 3 illustrates an enlarged view showing section A

of FIG. 2.

[0023] Referring to FIGS. 1 and 2, a semiconductor device may include contact plugs

110, bottom electrodes LE, a first support layer SL1, a second support layer SL2, a dielectric

layer 130, and a top electrode UE.



[0024] The contact plugs 110 may be disposed on a substrate 100. The substrate 100

may be a semiconductor substrate, such as a silicon (Si) substrate, a germanium (Ge)

substrate, or a silicon-germanium (SiGe) substrate. The contact plugs 110 may be arranged

in a zigzag fashion along a first direction X. The contact plugs 110 may include one or more

of a semiconductor material (e.g., polysilicon), a metal-semiconductor compound (e.g.,

tungsten silicide), a conductive metal nitride layer (e.g., titanium nitride, tantalum nitride,

or tungsten nitride), and a metallic material (e.g., titanium, tungsten, or tantalum).

[0025] An interlayer dielectric layer 112 may be disposed on the substrate 100. The

interlayer dielectric layer 112 may fill a gap between the contact plugs 110 adjacent to each

other. The interlayer dielectric layer 112 may include one or more of a silicon oxide layer, a

silicon nitride layer, and a silicon oxynitride layer. Although not shown, the substrate 100

may be provided thereon and/or therein with a plurality of word lines and a plurality of bit

lines crossing the word lines. The interlayer dielectric layer 112 may be formed to cover the

word lines and the bit lines. Impurity regions may be formed in the substrate 100 on opposite

sides of each of the word lines, and each of the contact plugs 110 may be connected to one

of the impurity regions.

[0026] The bottom electrodes LE may be disposed on the contact plugs 110. Each of

the bottom electrodes LE may have a pillar or cylindrical shape. The bottom electrodes LE
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may include, for example, one or more of a metallic material (e.g., cobalt, titanium, nickel,

tungsten, or molybdenum), a metal nitride layer (e.g., a titanium nitride (TiN) layer, a

titanium silicon (TiSiN) layer, a titanium aluminum nitride (TiAIN) layer, a tantalum nitride

(TaN) layer, a tantalum aluminum nitride (TaAIN) layer, or tungsten nitride (WN) layer), a

noble metal layer (e.g., platinum (Pt), ruthenium (Ru), or iridium (Ir)), a conductive oxide

layer (e.g., PtO, RuO», IrO2, SRO(SrRuO3), BSRO((Ba,Sr)Ru0s3), CRO(CaRuO3), LSCo),

and a metal silicide layer. The bottom electrodes LE will be further discussed in detail below.

[0027] The first support layer SL1 may be disposed on sidewalls of the bottom

electrodes LE. The first support layer SL1 may surround portions of the sidewalls of the

bottom electrodes LE. The second support layer SL2 may be disposed on the sidewalls of

the bottom electrodes LE, while being placed over the first support layer SL1. The second

support layer SL.2 may surround other portions of the sidewalls of the bottom electrodes LE.

The second support layer SL2 and the first support layer SL1 may be spaced apart from each

other in a direction perpendicular to a top surface of the substrate 100. The second support

layer SL2 may have a top surface at the same level as that of top surfaces of the bottom

electrodes LE. The first support layer SL1 may be closer than the second support layer SL2

to the substrate 100. The first and second support layers SL.1 and SL2 may be, for example,

a silicon carbonitride (SiCN) layer.



[0028] Each of the bottom electrodes LE may include a first part P1 and a second part

P2. The first part P1 may be positioned on (or over) the first support layer SL1, and the

second part P2 may be positioned under the first support layer SL1. The first part P1 may

include a lower segment LP and an upper segment UP. The lower segment LP may be

disposed between the first support layer SL1 and the second support layer SL.2, and the upper

segment UP may be disposed on the lower segment LP and may horizontally overlap the

second support layer SL2. The lower segment LP of the bottom electrode LE may have an

uneven sidewall. The lower segment LP of the bottom electrode LE may have a plurality of

protrusions 200 that protrude from the sidewall of the lower segment LP. The number of the

plurality of protrusions 200 may be equal to or greater than two. The plurality of protrusions

200 may be spaced apart from each other in the vertical direction. The plurality of

protrusions 200 may be disposed spaced apart from the first support layer SL.1. The plurality

of protrusions 200 may have convexly curved surfaces. The plurality of protrusions 200 may

have different sizes from each other. As shown in FIG. 3, the plurality of protrusions 200

may have protruding lengths L different from each other. As shown in FIG. 3, the plurality

of protrusions 200 may have cross-sectional areas ARE different from each other. Each of

the plurality of protrusions 200 may have a vertical thickness DT1 of about 3 nm to about

7 nm.



[0029] Referring to FIG. 3, the bottom electrodes LE may include a first bottom

electrode LE1 and a second bottom electrode LE2 adjacent to each other. Each of the first

and second bottom electrodes LE1 and LE2 may include third parts P3 between the

protrusions 200 adjacent to each other in the vertical direction. First distances D1 between

the third parts P3 of the first and second bottom electrodes LE1 and LE2 may be uniform.

The protrusions 200 of the first and second bottom electrodes LE1 and LE2 adjacent to each

other may be spaced apart from each other at a second distance D2 less than the first distance

D1. Each of the third parts P3 may have a vertical thickness DT2 of about 7 nm to about

25 nm. The third parts P3 may have their flat sidewalls. The sidewalls of the third parts P3

may be substantially perpendicular to the top surface of the substrate 100.

[0030] Referring back to FIG. 2, the second part P2 of each of the bottom electrodes

LE may have an entirely flat sidewall. For example, different to the first part P1, the second

part P2 may have no protrusions that protrude from a sidewall of the second part P2. The

sidewall of the second part P2 may be substantially perpendicular to the top surface of the

substrate 100. The bottom electrodes LE may have their concave segments RP (e.g., step

segments) that are recessed from the top surfaces of the bottom electrodes LE. For example,

the concave segments RP may be disposed on portions of upper corners of the bottom

electrodes LE. The second support layer SL2 may expose sidewalls and top surfaces of the
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bottom electrodes LE, which sidewalls and top surfaces are disposed in the concave

segments RP.

[0031] Through holes TH may be disposed between the bottom electrodes LE adjacent

to each other. Each of the through holes TH may be disposed between a pair of the bottom

electrodes LE adjacent to each other in the first direction X and also between a pair of the

bottom electrodes LE adjacent to each other in a second direction Y intersecting the first

direction X. For example, the through hole TH may extend from the concave segments RP,

which are exposed by the second support layer SL2, of the bottom electrodes LE toward a

gap between the lower segments LP of the bottom electrodes LE. The through hole TH may

extend from the first support layer SL1 between the lower segments LP of the bottom

electrodes LE toward a gap between the second parts P2 of the bottom electrodes LE, while

penetrating the first support layer SL1. The through hole TH may have a first width W1 at a

top end thereof greater than a second width W2 at a bottom end thereof (W1>W?2). When

viewed in plan, a plurality of the through holes TH may be arranged in a zigzag fashion

along the first direction X.

[0032] The top electrode UE may be disposed on the bottom electrodes LE. The top

electrode UE may be disposed on the top surfaces of the bottom electrodes LE, the sidewalls

of the bottom electrodes LE exposed by the first and second support layers SL.1 and SL2,
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top and bottom surfaces of the first and second support layers SL1 and SL2, and lateral

surfaces of the first support layer SL1. For example, the top electrode UE may have a

thickness that is less than half the second width W2 of each of the through holes TH. The

thickness of the top electrode UE may be less than half a width of each of first spaces S1

defined by the first and second support layers SL.1 and SL2 between the bottom electrodes

LE. The thickness of the top electrode UE may be less than half a width of each of second

spaces S2 defined by the interlayer dielectric layer 112 and the first support layer SL1

between the bottom electrodes LE. In this case, the top electrode UE may fill neither the

through holes TH, nor the first spaces S1, nor the second spaces S2. The top electrode UE

may be formed of one or more of an impurity-doped semiconductor material, a metallic

material, a metal nitride material, and a metal silicide material. The top electrode UE may

be formed of a refractory metallic material, such as cobalt, titanium, nickel, tungsten, and

molybdenum. The top electrode UE may be formed of metal nitride, such as titanium nitride

(TiN), titanium aluminum nitride (TiAIN), and tungsten nitride (WN). The top electrode UE

may be formed of metal, such as platinum (Pt), ruthenium (Ru), and iridium (Ir).

[0033] The dielectric layer 130 may be interposed between the top electrode UE and

the bottom electrodes LE. The dielectric layer 130 may conformally cover the top surfaces

of the bottom electrodes LE, the sidewalls of the bottom electrodes LE exposed by the first
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and second support layers SL1 and SL2, the top and bottom surfaces of the first and second

support layers SL1 and SL2, and the lateral surfaces of the first support layer SL1. The

dielectric layer 130 may have the same surface profile as those of the bottom electrodes LE.

For example, the dielectric layer 130 may have an uneven surface between the first and

second support layers SL1 and SL2. The dielectric layer 130 may be formed of a single layer,

or a combination thereof, including at least one selected from the group consisting of metal

oxide, such as HfO,, ZrO, Al,0O3, La;03, Tax03, and TiO,, and a perovskite dielectric

material, such as SrTiO3(STO), (Ba,Sr)TiO3(BST), BaTiOs, PZT, and PLZT.

[0034] FIG. 4 illustrates a cross-sectional view taken along line I-I’ of FIG. 1, showing

a semiconductor device according to some example embodiments of inventive concepts. For

brevity of description, a detailed explanation of technical features the same as those of the

semiconductor device discussed above may be omitted, and a difference thereof will be

described.

[0035] Referring to FIG. 4, the first parts P1 of the bottom electrodes LE may have

entirely flat sidewalls. For example, the sidewalls of the lower segments LP of the bottom

electrodes LE may be entirely flat, and may be substantially perpendicular to the top surface

of the substrate 100. The upper segments UP of the bottom electrodes LE may have entirely

flat sidewalls, which flat sidewalls may be substantially perpendicular to the top surface of

12



the substrate 100. In certain embodiments, the plurality of protrusions 200 may not be

provided on the sidewalls of the lower segments LP of the bottom electrodes LE.

[0036] FIG. 5 illustrates a plan view showing a semiconductor device according to

some example embodiments of inventive concepts. FIG. 6 illustrates a cross-sectional view

taken along line II-IT" of FIG. 5, showing a semiconductor device according to some example

embodiments of inventive concepts. FIG. 7 illustrates an enlarged cross-sectional view

showing bottom electrodes according to some example embodiments of inventive concepts.

For brevity of description, a detailed explanation of technical features the same as those of

the semiconductor device discussed above may be omitted, and a difference thereof will be

described.

[0037] Referring to FIGS. 5 to 7, each of the bottom electrodes LE may include a first

vertical segment V1, a second vertical segment V2, and a horizontal segment H. When

viewed in cross-section, the first and second vertical segments V1 and V2 may extend in

parallel along the vertical direction. The horizontal segment H may lie between and connect

the first and second vertical segments V1 and V2. The first vertical segment V1 may have a

top surface that is exposed to the through hole TH, and the second vertical segment V2 may

have a top surface that is not exposed to the through hole TH. The top surface of the first

vertical segment V1 may correspond to the top surface of the bottom electrode LE, which
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top surface of the bottom electrode LE is disposed in the concave segment RP. The first

vertical segment V1 may have a vertical length L1 less than a vertical length L2 of the second

vertical segment V2 (L1<L2). The bottom electrode LE may have a U shape when viewed

in cross-section and a ring shape when viewed in plan.

[0038] The plurality of protrusions 200 may be disposed outer sidewalls 125 of the

first parts P1 of the bottom electrodes LE. For example, the plurality of protrusions 200 may

be disposed on the outer sidewalls 125 of the lower segments LP of the bottom electrodes

LE, and the outer sidewalls 125 may be uneven. The bottom electrodes LE may have entirely

flat inner sidewalls 121 and entirely flat floor surfaces 123. For example, the plurality of

protrusions 200 may not be provided on the inner sidewalls 121 of the lower segments LP.

[0039] The top electrode UE may be disposed on surfaces of the bottom electrodes

LE. For example, the top electrode UE may be disposed on the top surfaces of the bottom

electrodes LE, the inner sidewalls 121 and the floor surfaces 123 of the bottom electrodes

LE, the outer sidewalls 125 of the bottom electrodes LE exposed by the first and second

support layers SL1 and SL2, the top and bottom surfaces of the first and second support

layers SL1 and SL2, and the lateral surfaces of the first support layer SL1.

[0040] FIG. 8 illustrates a plan view showing a semiconductor device according to

some example embodiments of inventive concepts. FIG. 9 illustrates a cross-sectional view
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taken along line II-III" of FIG. 8, showing a semiconductor device according to some

example embodiments of inventive concepts. For brevity of description, a detailed

explanation of technical features the same as those of the semiconductor device discussed

above may be omitted, and a difference thereof will be described.

[0041] Referring to FIGS. 8 and 9, the top electrode UE may be disposed on the

bottom electrodes LE. The top electrode UE may have a thickness greater than half the

second width W2 of each of the through holes TH. The top electrode UE may fill the through

holes TH. The thickness of the top electrode UE may be greater than half the width of each

of the first spaces S1 and than half the width of each of the second spaces S2. In this case,

the top electrode UE may fill the first spaces S1 and the second spaces S2.

[0042] FIGS. 10, 11, and 13 to 16 illustrate cross-sectional views taken along line I-I’

of FIG. 1, showing a method of fabricating a semiconductor device according to some

example embodiments of inventive concepts. FIGS. 12A and 12B illustrate enlarged views

showing section B of FIG. 11.

[0043] Referring to FIG. 10, an interlayer dielectric layer 112 may be formed on a

substrate 100. The substrate 100 may be a semiconductor substrate, such as a silicon (Si)

substrate, a germanium (Ge) substrate, or a silicon-germanium (SiGe) substrate. The
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interlayer dielectric layer 112 may include one or more of a silicon oxide layer, a silicon

nitride layer, and a silicon oxynitride layer.

[0044] Contact plugs 110 may be formed in the interlayer dielectric layer 112. The

contact plugs 110 may include one or more of a semiconductor material (e.g., polysilicon),

a metal-semiconductor compound (e.g., tungsten silicide), a conductive metal nitride layer

(e.g., titanium nitride, tantalum nitride, or tungsten nitride), and a metallic material (e.g.,

titanium, tungsten, or tantalum). Although not shown, a plurality of word lines and a

plurality of bit lines crossing the word lines may be formed on and/or the substrate 100. The

interlayer dielectric layer 112 may be formed to cover the word lines and the bit lines.

Impurity regions (not shown) may be formed in the substrate 100 on opposite sides of each

of the word lines, and each of the contact plugs 110 may be connected to one of the impurity

regions.

[0045] A mold structure MS may be formed on the interlayer dielectric layer 112. The

mold structure MS may include a first mold layer 220, a first support layer SL1, a second

mold layer 226, a buffer structure 230, a sub-buffer layer 231, and a second support layer

SL2 that are sequentially formed on the interlayer dielectric layer 112. The first mold layer

220 may be, for example, a silicon oxide layer. The first support layer SL1 may include a

material having an etch selectivity with respect to the first mold layer 220. The first support
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layer SL1 may be, for example, a silicon carbonitride (SiCN) layer. The second mold layer

226 may include a material having an etch selectivity with respect to the first support layer

SL1. The second mold layer 226 may be, for example, a silicon oxide layer. The buffer

structure 230 may be formed on the second mold layer 226.

[0046] The buffer structure 230 may include a plurality of layer structures LT. The

plurality of layer structures LT may be vertically stacked on the second mold layer 226. For

example, the number of the plurality of layer structures LT may be in a range of three to

eight, but is not limited thereto. Each of the plurality of layer structures LT may include a

first layer 228 and a second layer 229 that are vertically stacked. For example, the formation

of the buffer structure 230 may include alternately and repeatedly stacking the first layer

228 and the second layer 229 on the second mold layer 226. The first and second layers 228

and 229 may include different materials from each other. For example, the first layer 228

may be a silicon nitride layer, and the second layer 229 may be a silicon oxide layer. Each

of the first layers 228 may have a thickness of about 5 nm to about 15 nm. Each of the second

layers 229 may have a thickness of about 5 nm to about 10 nm.

[0047] The sub-buffer layer 231 may be formed on the buffer structure 230. The sub-

buffer layer 231 may include the same material as that of the first layer 228. For example,

the sub-buffer layer 231 may include a silicon nitride layer. In other embodiments, the sub-
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buffer layer 231 may not be formed. In this case, an uppermost layer of the buffer structure

230 may be the first layer 228. The second support layer SL2 may be formed on the buffer

structure 230. The second support layer SL2 may include a material having an etch

selectivity with respect to the first and second layers 228 and 229 of the buffer structure 230.

The second support layer SL.2 may include, for example, a silicon carbonitride (SiCN) layer.

A first mask layer 234 and a second mask layer 236 may be sequentially formed on the mold

structure MS. For example, the first mask layer 234 may be a silicon nitride layer, and the

second mask layer 236 may be a polysilicon layer. The second mask layer 236 may have

first openings 235 that expose portions of the first mask layer 234.

[0048] Referring to FIG. 11, an anisotropic etching process may be performed in

which the second mask layer 236 is used as an etching mask to anisotropically etch the first

mask layer 234 and the mold structure MS. Therefore, electrode holes EH may be formed

in the mold structure MS. For example, the electrode holes EH may be formed by

sequentially etching the first mask layer 234, the buffer structure 230, the second mold layer

226, the first support layer SL1, and the first mold layer 220. The anisotropic etching process

may include, for example, a dry etching process. The dry etching process may use an etching

gas, such as CF4, CF4/O3, or C2F6/O2. The first and second mask layers 234 and 236 may be

etched and removed during the etching process. For another example, after the etching
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process, other etching processes may be performed separately to etch and remove the first

and second mask layers 234 and 236.

[0049] Referring to FIG. 12A together with FIG. 11, when the etching gas mentioned

above is used to etch the mold structure MS, the buffer structure 230 may have etch-

byproducts 237 and 238 on its sidewalls exposed to the electrode holes EH. For example,

the etch-byproduct 238 on the first layer 228 may be a layer formed when a silicon nitride

layer is combined with the etching gas, and the etch-byproduct 237 on the second layer 229

may be a layer formed when a silicon oxide layer is combined with the etching gas. The

etch-byproduct 237 may be formed when the second layer 229 is combined with the etching

gas, and oxygen of the second layer 229 and carbon (C) of the etching gas may be combined

with each other to produce carbon monoxide (CO) or carbon dioxide (CO.). Thus, the etch-

byproducts 237 formed on the second layers 229 of the buffer structure 230 may be thinner

than the etch-byproducts 238 formed on the first layers 228 of the buffer structure 230. The

etch-byproducts 238 formed on sidewalls of the first layers 228 may diffuse onto sidewalls

of the second layers 229 interposed between the first layers 228 vertically adjacent to each

other. For example, the etch-byproducts 237 of the second layers 229 and the etch-

byproducts 238 of the first layers 228 may be deposited together on the sidewalls of the

second layers 229. In this case, during the etching process, the sidewalls of the second layers
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229 exposed to the electrode holes EH may be protected by the etch-byproducts 237 and 238

of the first and second layers 228 and 229, and as a result, the second layers 229 may have

no dents D on the sidewalls thereof as shown in FIG. 12A or, even when the dents D are

formed on the sidewalls of the second layers 229, the dents D may have reduced and/or

minimum sizes as shown in FIG. 12B. For example, as shown in FIG. 11, the dents D may

be formed on a sidewall of the second mold layer 226. For another example, the dents D

may not be formed on the sidewall of the second mold layer 226.

[0050] After the anisotropic etching process, the etch-byproducts 237 and 238 may be

removed by an ashing process and/or a strip process.

[0051] Referring to FIG. 13, bottom electrodes LE may be formed in the electrode

holes EH. The formation of the bottom electrodes LE may include forming a conductive

layer to fill the electrode holes EH and to cover a top surface of the mold structure MS, and

then performing a planarization process on the conductive layer. The conductive layer may

fill the dents D. The bottom electrodes LE may thus have a plurality of protrusions 200 that

protrude from sidewalls of the bottom electrodes LE. Because the electrode holes EH have

a high aspect ratio, a deposition process for forming the bottom electrodes LE may use a

layer formation technique having superior step coverage characteristics. The bottom

electrodes LE may be formed, for example, using chemical vapor deposition (CVD) or
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atomic layer deposition (ALD). For example, the bottom electrodes LE may be formed to

completely fill the electrode holes EH. In this case, each of the bottom electrodes LE may

have a pillar shape. For another example, the bottom electrodes LE may be formed to

conformally cover sidewalls and bottom surfaces of the electrode holes EH. In this case,

each of the bottom electrodes LE may have a U shape.

[0052] The bottom electrodes LE may include one or more of a metallic material, a

metal nitride material, and a metal silicide material. For example, the bottom electrodes LE

may be formed of a refractory metallic material, such as cobalt, titanium, nickel, tungsten,

and molybdenum. For another example, the bottom electrodes LE may be formed of a metal

nitride layer, such as a titanium nitride (TiN) layer, a titanium silicon nitride (TiSiN) layer,

a titanium aluminum nitride (TiAIN) layer, tantalum nitride (TaN) layer, a tantalum

aluminum nitride (TaAIN) layer, and a tungsten nitride (WN) layer. For another example,

the bottom electrodes EL. may be formed of a noble metal layer including at least one

selected from the group consisting of platinum (Pt), ruthenium (Ru), and iridium (Ir). For

another example, the bottom electrodes LE may be formed of a conductive noble metal oxide

layer, such as PtO, RuO,, and IrO,, or formed of a conductive oxide layer, such as

SRO(SrRu03), BSRO((Ba,Sr)Ru03), CRO(CaRuOs3), and LSCo.
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[0053] A third mask layer 242 may be formed on the mold structure MS having the

bottom electrodes LE therein. The third mask layer 242 may be formed of a material having

an etch selectivity with respect to the second support layer SL2. The third mask layer 242

may be, for example, an amorphous carbon layer (ACL). A photoresist layer 244 may be

formed on the third mask layer 242. The photoresist layer 244 may have second openings

246. Each of the second openings 246 may vertically overlap a portion of the second support

layer SL2 between a pair of the bottom electrodes LE adjacent to each other in a first

direction (see X of FIG. 1) and also between a pair of the bottom electrodes LE adjacent to

each other in a second direction (see Y of FIG. 1) intersecting the first direction X.

[0054] Referring to FIG. 14, an etching process may be performed in which the

photoresist layer 244 is used as an etching mask to sequentially etch the third mask layer

242, the second support layer SL2, and the buffer structure 230. Therefore, through holes

TH may be formed to penetrate the third mask layer 242, the second support layer SL2, and

the buffer structure 230. The through holes TH may partially expose a top surface of the

second mold layer 226, the sidewall of the buffer structure 230, and the sidewalls of the

bottom electrodes LE. The etching process may partially etch upper portions of the bottom

electrodes LE. Concave segments RP may thus be formed on portions of upper corners of

the bottom electrodes LE. The concave segments RP may be recessed from top surfaces of
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the bottom electrodes LE. When the etching process is performed, the photoresist layer 244

may also be removed to expose a top surface of the third mask layer 242. The etching process

may include, for example, a dry etching process. The dry etching process may use a CxFy

gas or a CHxFy gas.

[0055] Referring to FIG. 15, the third mask layer 242 may be removed. The removal

of the third mask layer 242 may expose a top surface of the second support layer SL2. The

third mask layer 242 may be removed by, for example, an ashing process and/or a strip

process. A removal process may be performed on the buffer structure 230 and the second

mold layer 226 that are exposed to the through holes TH. The buffer structure 230 and the

second mold layer 226 may be removed to form first spaces S1. The first spaces S1 may be

defined by the first and second support layers SL.1 and SL2 between the bottom electrodes

LE. The through holes TH and the first spaces S1 may expose sidewalls of the bottom

electrodes LE between the first and second support layers SL1 and SL2, a top surface of the

first support layer SL1, and a bottom surface of the second support layer SL2. The buffer

structure 230 and the second mold layer 226 may be removed by a wet etching process that

uses an etchant having an etch selectivity with respect to the first and second support layers

SL1 and SL2. For example, the etchant may include hydrofluoric acid (HF), but is not

limited thereto. or NH4 and HF lysate (LAL).
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[0056] Referring to FIG. 16, an etching process may be performed to etch portions of

the first support layer SL1 exposed to the through holes TH. The portions of the first support

layer SL1 may thus be removed to cause the through holes TH to expose portions of a top

surface of the first mold layer 220. For example, an over-etching may be conducted to

remove the portions of the top surface of the first mold layer 220.

[0057] Referring back to FIG. 2, a removal process may be performed to remove the

first mold layer 220 exposed by the first support layer SL1. The first mold layer 220 may be

removed to form second spaces S2. The second spaces S2 may be defined by the interlayer

dielectric layer 112 and the first support layer SL1 between the bottom electrodes LE. The

through holes TH and the second spaces S2 may expose sidewalls of the bottom electrodes

LE disposed under the first support layer SL1, a top surface of the interlayer dielectric layer

112, and a bottom surface of the first support layer SL1. The first mold layer 220 may be

removed by a wet etching process that uses an etchant having an etch selectivity with respect

to the first and second support layers SL1 and SL2. For example, the first mold layer 220

may be removed using hydrofluoric acid (HF) or NH4 and HF (LAL).

[0058] A dielectric layer 130 may be formed on the substrate 100. The dielectric layer

130 may conformally cover the top surface of the interlayer dielectric layer 112, the

sidewalls of the bottom electrodes LE, the top, bottom, and lateral surfaces of the first

24



support layer SL1, and the top and bottom surfaces of the second support layer SL2. The

dielectric layer 130 may be formed of a dielectric material that is provided by way of the

through holes TH. The dielectric layer 130 may be formed using a layer deposition technique,

such as atomic deposition (ALD), having superior step coverage characteristics. The

dielectric layer 130 may be formed of a single layer, or a combination thereof, including at

least one selected from the group consisting of metal oxide, such as HfO2, ZrO,, Al,O3,

Lay03, TaxO3, and TiO», and a perovskite dielectric material, such as SrTiO3(STO),

(Ba,Sr)TiO3(BST), BaTiOs, PZT, and PLZT.

[0059] A top electrode UE may be formed on the dielectric layer 130. The top

electrode UE may be formed in the through holes TH, the first spaces S1, and the second

spaces S2, while covering a top surface of the dielectric layer 130. The top electrode UE

may conformally cover the top surface of the dielectric layer 130. Therefore, the top

electrode UE may completely fill neither the through holes TH, nor the first spaces S1, nor

the second spaces S2. For another example, the top electrode UE may completely fill the

through holes TH, the first spaces S1, and the second spaces S2. The top electrode UE may

be formed of one or more of an impurity-doped semiconductor material, a metallic material,

a metal nitride material, and a metal silicide material. The top electrode UE may be formed

of arefractory metallic material, such as cobalt, titanium, nickel, tungsten, and molybdenum.
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The top electrode UE may be formed of metal nitride, such as titanium nitride (TiN),

titanium aluminum nitride (TiAIN), and tungsten nitride (WN). The top electrode UE may

be formed of metal, such as platinum (Pt), ruthenium (Ru), and iridium (Ir).

[0060] According to some example embodiments of inventive concepts, the buffer

structure 230 may be formed to include the first layers 228 and the second layers 229 that

are alternately and repeatedly stacked between the second mold layer 226 and the second

support layer SL2. The second layers 229 may have relatively small thicknesses, and thus,

when an etching process is performed to form the electrode holes EH, the second layers 229

may have no dents D on the sidewalls thereof or have the dents D with reduced and/or

minimum sizes. An increased interval may then be provided between the bottom electrodes

LE adjacent to each other in a horizontal direction, and as a result it may be possible to limit

and/or prevent non-deposition of the top electrode UE between the bottom electrodes LE

and/or to suppress connection of the bottom electrodes LE to each other.

[0061] Although some example embodiments of inventive concepts been described in

connection the accompanying drawings, it will be understood to those skilled in the art that

various changes and modifications may be made without departing from the technical spirit

and features of inventive concepts. It will be apparent to those skilled in the art that various
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substitution, modifications, and changes may be thereto without departing from the scope

and spirit of inventive concepts.
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WHAT IS CLAIMED IS:

1. A semiconductor device, comprising:
a substrate;
a bottom electrode on the substrate,
the bottom electrode including a first part including a plurality of protrusions
that protrude outward from a sidewall of the first part, and
a top surface of the bottom electrode being flat;
a first support layer on the substrate next to a sidewall of the bottom electrode, the
first part of the bottom electrode being on the first support layer;
a second support layer on the sidewall of the bottom electrode, the second support
layer on the first support layer,
a dielectric layer covering the sidewall of the bottom electrode and a top surface of
the bottom electrode; and
a top electrode on the dielectric layer,

wherein the sidewall of the first part extends to contact the second support layer.

2. The semiconductor device of claim 1, wherein

the first part includes a lower segment and an upper segment,

the lower segment is between the first support layer and the second support layer,
the upper segment is on the lower segment, and

the plurality of protrusions are along a sidewall of the lower segment.

3. The semiconductor device of claim 2, wherein a sidewall of the upper segment

is flat.
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4. The semiconductor device of any one of claims 1 to 3, wherein
the sidewall of the bottom electrode has a concave segment that is recessed
from the top surface of the bottom electrode, and

the concave segment is at an upper corner of the bottom electrode.

5. The semiconductor device of any one of claims 1 to 4, wherein
the bottom electrode further includes a second part under the first part, and

a sidewall of the second part is flat.

6. The semiconductor device of any one of claims 1 to 4, wherein
the bottom electrode further includes a second part under the first support layer, and

a sidewall of the second part is perpendicular to a top surface of the substrate.

7. The semiconductor device of any one of claims 1 to 6, wherein the plurality

of protrusions have convexly curved surfaces.

8. The semiconductor device of any one of claims 1 to 7, wherein a shape of the

bottom electrode is one of cylindrical, pillar, or U shape.
9. The semiconductor device of claim 1, wherein
a top surface of the second support layer is located at a same level as a level of the top

surface of the bottom electrode.

10.  The semiconductor device of any one of claims 1 to 9, wherein the plurality

of protrusions are spaced apart from the first support layer.
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11.  The semiconductor device of any one of claims 1 to 10, wherein the plurality
of protrusions are spaced apart from each other in a direction perpendicular to a top surface

of the substrate.

12.  The semiconductor device of any one of claims 1 to 11, wherein the plurality

of protrusions have different sizes from each other.

13.  The semiconductor device of any one of claims 1 to 12, wherein a vertical

thickness of each of the plurality of protrusions is 3 nm to 7 nm.

14. A semiconductor device, comprising:
a substrate;
a bottom electrode on the substrate,
the bottom electrode including a plurality of protrusions that protrude
outward from a sidewall of the bottom electrode,
a top surface of the bottom electrode being flat, and
the plurality of protrusions having convexly curved surfaces;
a first support layer and a second support layer on the substrate next to the sidewall
of the bottom electrode;
a dielectric layer covering a surface of the bottom electrode; and
a top electrode on the dielectric layer,
wherein the sidewall of the bottom electrode extends to contact the second support

layer.

15.  The semiconductor device of claim 14, wherein
the bottom electrode includes a plurality of vertical segments and a horizontal segment

between the plurality of vertical segments,
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the plurality of vertical segments extend in parallel along a vertical direction from a
top surface of the substrate,

the plurality of protrusions are on outer sidewalls of the plurality of vertical segments,

and

inner sidewalls of the plurality of vertical segments are flat.

16.  The semiconductor device of claim 14, wherein

the plurality of protrusions are between the first support layer and the second support
layer.

17. A semiconductor device, comprising:
a substrate;
a plurality of bottom electrodes on the substrate,
each of the plurality of bottom electrodes including a sidewall, a plurality of
protrusions that protrude outward from the sidewall, and a plurality of first parts that are
between the plurality of protrusions and vertically spaced apart from each other,
the plurality of bottom electrodes including a first bottom electrode and a
second bottom electrode, and
distances between the plurality of first parts of the first bottom electrode and
the plurality of first parts of the second bottom electrode being uniform;
a first support layer on the substrate next to sidewalls of the plurality of bottom
electrodes;
a second support layer on the first support layer;
a dielectric layer covering surfaces of the first bottom electrode and the second bottom
electrode; and
a top electrode on the dielectric layer,

wherein top surfaces of the plurality of bottom electrodes are flat, and
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the sidewalls of the plurality of bottom electrodes extend to contact the second support

layer.

18.  The semiconductor device of claim 17, wherein the plurality of protrusions

have convexly curved surfaces.

19.  The semiconductor device of claim 17 or claim 18,
wherein the plurality of protrusions are between the first support layer and the second

support layer.

20.  The semiconductor device of any one of claims 17 to 19, wherein the top

electrode conformally covers a surface of the dielectric layer.
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