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SEMICONDUCTOR MEMORY DEVICE 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is a divisional of application Ser. No. 11/092, 
500, entitled “SEMICONDUCTOR MEMORY DEVICE”, 
?led on Mar. 29, 2005, Which claims priority to US. Pat. No. 
7,052,941 ?led on Jun. 21, 2004, the contents of both of 
Which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] This invention relates generally to semiconductor 
circuitry and, more particularly, to semiconductor memory 
devices. 

[0004] 2. Description of the Related Art 

[0005] Advances in semiconductor manufacturing tech 
nology have provided computer chips With integrated cir 
cuits that include many millions of active and passive 
electronic devices, along With the interconnects to provide 
the desired circuit connections. As is Well-knoWn, most 
integrated circuits include laterally oriented active and pas 
sive electronic devices that are carried on a single major 
surface of a substrate. Active devices typically include 
transistors and passive devices typically include resistors, 
capacitors, and inductors. HoWever, these laterally oriented 
devices consume signi?cant amounts of chip area. 

[0006] It is desirable to provide computer chips that can 
operate faster so that they can process more data in a given 
amount of time. The speed of operation of a computer chip 
is typically measured in the number of instructions per 
second it can perform. Computer chips can be made to 
process more data in a given amount of time in several Ways. 
In one Way, the number of devices included in the computer 
chip can be increased so that it can operate faster because 
more information can be processed in a given period of time. 
For example, if one computer chip operates on 32-bit data, 
then another computer chip that operates on 64-bit data can 
process information tWice as fast because it can perform 
more instructions per second. HoWever, the 64-bit computer 
chip Will need more devices since there are more bits to 
process at a given time. 

[0007] The number of devices can be increased by making 
the devices included therein smaller, but this requires 
advances in lithography and increasingly expensive manu 
facturing equipment. The number of devices can also be 
increased by keeping their siZe the same, but increasing the 
area of the computer chip. HoWever, the yield of the 
computer chips fabricated in a run decreases as their area 
increases, Which increases the overall cost. 

[0008] Computer chips can also be made faster by 
decreasing the time it takes to perform certain tasks, such as 
storing and retrieving information to and from memory. The 
time needed to store and retrieve information to and from 
memory can be decreased by embedding the memory With 
the computer chip on the same surface as the other devices. 
HoWever, there are several problems With doing this. One 
problem is that the masks used to fabricate the memory 
devices are not compatible With the masks used to fabricate 
the other devices on the computer chip. Hence, it is more 

Feb. 7, 2008 

complex and expensive to fabricate a computer chip With 
memory embedded in this Way. Another problem is that 
memory devices tend to be large and occupy a signi?cant 
amount of area. Hence, if most of the area on the computer 

chip is occupied by memory devices, then there is less area 
for the other devices. The total area of the computer chip can 
be increased, but as discussed above, this decreases the yield 
and increases the cost. 

[0009] Accordingly, it is highly desirable to provide neW 
structures and methods for fabricating computer chips Which 
operate faster and are cost effective to fabricate. 

BRIEF SUMMARY OF THE INVENTION 

[0010] The present invention provides a method of form 
ing a circuit Which includes providing a substrate; providing 
an interconnect region positioned on the substrate; bonding 
a device structure to a surface of the interconnect region; and 
processing the device structure to form a ?rst stack of layers 
on the interconnect region and a second stack of layers on 
the ?rst stack. The Width of the ?rst stack is greater than the 
Width of the second stack. 

[0011] The present invention also provides a semiconduc 
tor device Which includes a ?rst stack of material layers. A 
second stack of material layers is positioned on the ?rst 
stack, Wherein the ?rst and second stacks have different 
Widths. First and second control terminals coupled to the 
?rst and second stacks, respectively, so that the ?rst and 
second stacks each operate as an electronic device. One of 
the ?rst and second stacks operates as a transistor and the 
other one operates as a negative differential resistance 
device. 

[0012] The present invention further provides a circuit 
Which includes a substrate Which carries electronic devices. 
An interconnect region is carried by the substrate, Wherein 
the interconnect region has interconnects coupled to the 
electronic devices. A device structure is positioned on an 
upper surface of the interconnect region. The device struc 
ture has a ?rst stack of layers positioned on a second stack 
of layers, Wherein the ?rst stack has a Width different from 
the second stack, The device structure is electrically coupled 
to the electronic devices through the interconnects. 

[0013] These and other features, aspects, and advantages 
of the present invention Will become better understood With 
reference to the folloWing draWings, description, and claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] FIGS. 1-11 are simpli?ed sectional vieWs of steps 
in the fabrication of a memory device in accordance With the 
present invention. 

[0015] FIG. 12 is simpli?ed sectional vieWs of a memory 
device having tapered slope in its body in accordance With 
the present invention. 

[0016] FIGS. 13-14 are simpli?ed sectional vieWs of steps 
in the fabrication of a memory device With narroWed semi 
conductor Width in accordance With the present invention. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

[0017] FIGS. 1-12 are simpli?ed sectional vieWs of steps 
in fabricating a semiconductor memory circuit 100 in accor 
dance With the present invention. In the following ?gures, 
like reference characters indicate corresponding elements 
throughout the several vieWs. In FIGS. 1-12, only a feW 
memory devices are shoWn in circuit 100, but it should be 
understood that circuit 100 generally includes a number of 
memory devices and that only a feW are shoWn for simplicity 
and ease of discussion. 

[0018] Circuit 100 can be included in a computer chip 
Where the memory devices are positioned above the com 
puter circuitry. The memory devices are typically coupled to 
the computer circuitry through interconnects Which include 
a conductive line and/or a conductive via. Circuit 100 has 
several advantages. One advantage is that the memory 
devices are positioned above the computer circuitry Which is 
desirable since the memory devices typically occupy much 
more area than the computer circuitry. Another advantage of 
circuit 100 is that the memory devices are positioned closer 
to the computer circuitry so that signals can ?oW therebe 
tWeen in less time. Still another advantage of circuit 100 is 
that the computer circuitry are fabricated With a different 
mask set than the memory devices. Hence, the masks are less 
complicated and less expensive to make. A further advan 
tage is that the memory devices are fabricated from blanket 
semiconductor layers after they have been bonded to the 
interconnect region. Hence, the memory devices do not need 
to be aligned With the computer circuitry, Which is a com 
plicated and expensive process. 

[0019] In FIG. 1, partially fabricated circuit 100 includes 
an interconnect region 131 carried by a substrate 130. 
Interconnect region 131 provides support for structure posi 
tioned thereon its surface 131a. Interconnect region 131 
includes a dielectric material region 133 With interconnect 
lines 132 and conductive vias 134. Dielectric material region 
133 can be formed using many different methods, such as 
CVD (Chemical Vapor Deposition) and SOG (Spin On 
Glass). Typically interconnect lines 132 and vias 134 are 
coupled to electronic circuitry (not shoWn) carried by sub 
strate 130 near a surface 130a. Interconnect lines 132 and 
vias 134 include conductive materials, such as aluminum, 
copper, tungsten, tungsten silicide, titanium, titanium sili 
cide, tantalum, and doped polysilicon, among others. 

[0020] A conductive contact region 121 is positioned on 
surface 13111 of region 131. Region 121 can include one or 
more material layers, hoWever, it is shoWn here as including 
one layer for simplicity. A device structure 101 is positioned 
on surface 12111 of conductive region 121. In accordance 
With the invention, structure 101 is bonded thereto surface 
121a using Wafer bonding. More information on Wafer 
bonding can be found in co-pending US. patent application 
titled “WAFER BONDING METHOD” and “SEMICON 
DUCTOR BONDING AND LAYER TRANSFER 
METHOD” ?led on the same date hereWith by the same 
inventor and incorporated herein by reference. 

[0021] In this embodiment, device structure 101 includes 
a stack of semiconductor layers Which include an n+-type 
doped layer 12411 With a p-type doped layer 1241) positioned 
on it. An n+-type doped layer 1240 is positioned on layer 
1241) and a p-type doped layer 124d is positioned on layer 
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1240. An n-type doped layer 124e is positioned on layer 
124d and a p+-type doped layer 124f is positioned on layer 
124e. In this embodiment, these layers can be doped using 
diffusion doping, epitaxial groWth, ion implantation, plasma 
doping, or combinations thereof. More information on Wafer 
bonding can be found in a co-pending US. patent applica 
tion titled “SEMICONDUCTOR LAYER STRUCTURE 
AND METHOD OF MAKING THE SAME” ?led on the 
same date hereWith by the same inventor and incorporated 
herein by reference. In this invention, device structure 101 
preferably includes single crystalline material Which can 
have localiZed defects, but is generally of better quality than 
amorphous or polycrystalline material. 

[0022] It should be noted that device structure 101 Will be 
processed further, as shoWn in FIGS. 2-12, to form one or 
more desired device(s) Which can be many different types. 
For example, the device(s) can include a memory device, 
such as a capacitorless Dynamic Random Access Memory 
(DRAM) device. In this particular example, the electronic 
device(s) include a Negative Differential Resistance (NDR) 
type Static Random Access Memory (SRAM) device, Which 
has vertically and serially connected a thyristor and a 
MOSFET (Metal-Oxide Semiconductor Field-Elfect-Tran 
sistor). As Will be discussed in more detail beloW, the NDR 
SRAM device can operate faster and is more stable than a 
planar NDR SRAM device. 

[0023] In FIG. 2, a hardmask region 125 is positioned on 
a surface 10111 of device structure 101 and a photoresist 
region 126 is positioned on hardmask region 125. Hardmask 
region 125 can include dielectric materials, such as silicon 
oxide and silicon nitride. Hardmask region 125 can also 
include anti-re?ective ?lms, such as high-K SiON, in order 
to reduce re?ection during photo process. Photoresist region 
126 is patterned and exposed using a photo mask (not 
shoWn) so that portions of it can be removed and other 
portions (shoWn) remain on hardmask region 125. Photore 
sist region 126 de?nes a top portion of the device to be 
fabricated, as indicated by a dotted line 101d. In FIG. 3, 
device structure 101 is partially etched in a knoWn manner 
to form stacks 127 and photoresist region 126 is removed. 
Stacks 127 are formed because the etch does not substan 
tially remove the material in region 101 beloW hardmask 
region 125. 

[0024] In FIG. 4, mask regions 128 are positioned around 
each stack 127. Mask regions 128 extend from a surface 
12911 of layer 1240 to mask region 125 of each stack 127. 
SideWall mask region 128 can include a dielectric material, 
such as oxide and/or nitride, deposited by CVD (Chemical 
Vapor Deposition), and dry etched to form the sideWall. 
SideWall mask region 128 and mask 125 protect stack 127 
and a portion of a surface 12911 from a subsequent etch step, 
as Will be discussed presently. 

[0025] In FIG. 5, device structure 101 is etched again to 
surface 13111 of interconnect region 131 except for portions 
protected by mask regions 125 and 128. Stack 127 noW 
includes a stack region 127a positioned on electrode 121, 
Which is electrically connected to interconnect 132 through 
vias 134. Stack 127 also includes a stack region 1271) 
positioned on stack 12711. In this example, stack 12711 is 
Wider than stack 1271) so that a ledge 129 is formed therein 
stack 127. Here, stack 12711 has a Width W1 and stack 12719 
has a Width W2 Where W1 is greater than W2. 
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[0026] Stack regions 127a and 12719 include layers of 
semiconductor materials stacked on top of each other and 
are de?ned by sideWalls 119a and 119b, respectively. Hence, 
the devices formed from stacks 127a and 12719 are called 
“vertical” devices because their layer structure and sideWalls 
119a and 11919 extend substantially perpendicular to surface 
13111. In other Words, the layers of stack 127 are on top of 
each other so that current ?oW through pn junctions included 
therein is substantially perpendicular to surface 131a and 
parallel to sideWalls 119a and 11919. 

[0027] This is different from conventional devices Which 
are often called lateral or planar devices. Lateral devices 
have their layer structure extending horizontally relative to 
a surface of a material region that carries them. In other 
Words, the pn junctions included in a lateral device are 
positioned side-by-side so that current ?oW through them is 
substantially parallel to the supporting surface. 
[0028] In FIG. 6, a dielectric material region 13311 is 
deposited on interconnect region 131, planariZed, and etched 
back so that it partially surrounds stacks 127. In this embodi 
ment, material region 133a extends up stacks 127 to layers 
12411. Material region 13311 is processed so that it covers 
electrodes 121 and prevents oxidation during a gate oxida 
tion process, as Will be discussed presently. 

[0029] A dielectric region 123 is deposited around an outer 
periphery of each stack 127. Dielectric region 123 can 
include silicon dioxide, silicon nitride, or combinations 
thereof. It can also include high dielectric constant (high-k) 

materials, such as A1203, ZrO2, HfO2, Y2O3, La2O3, Ta2O5, 
TiO2, and BST (Barium Strontium Titanate). Region 123 can 
be thermally groWn or deposited using thermally evapora 
tion, chemical vapor deposition, physical vapor deposition, 
or atomic layer deposition. It is bene?cial if the thermal 
groWth or deposition can be done using a temperature beloW 
about 500° C. so that electrode 121, interconnect region 131, 
and the electronic circuitry carried by substrate 130 are not 
damaged or undesirably changed. 
[0030] In FIG. 7, a conductive region 140 is positioned on 
stacks 127 so that it surrounds them. Region 140 is posi 
tioned on dielectric material region 133a, hardmask region 
125, and dielectric region 123 of each stack. Conductive 
region 140 can include the same or similar material as those 
included in vias 134, interconnects 132, and/or region 121. 
Conductive region 140 operates as a control terminal to 
modulate the current ?oW through stack 127. Also, dielectric 
layer 133a separates bottom electrodes 121 from each 
adjacent stack 127. Conductive region 1400 betWeen stacks 
127 is thicker than conductive region 140d because during 
the deposition process, more conductive material is depos 
ited betWeen adjacent stacks 127. 

[0031] In FIG. 8, conductive region 140 is partially etched 
aWay so that portions surrounding stacks 127 remains. After 
etching, a portion 14011 of conductive region 140 remains on 
region 133a and extends up stack 127a and a portion of 
conductive region 1401) remains on surface 12911 of ledge 
129 and extends up stack 12719. The etching can be done by 
anisotropic etching, such as dry etching, and is done in such 
a Way that conductive regions 140a and 14019 are not 
coupled together. Portion 140a couples each adjacent stack 
127a together. HoWever, portions 140!) of each adjacent 
stack are not coupled together. 

[0032] In FIG. 9, a dielectric material region 1331) is 
deposited on dielectric material region 133a and can include 
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the same material. Material region 133!) extends up stack 
12711 to stack 12719. A conductive region 141 is positioned on 
dielectric material region 1331) so that it surrounds stacks 
12719. In FIG. 10, conductive region 141 is partially etched 
aWay so that portions 141a remain around conductive region 
1401) and dielectric region 123. 

[0033] In FIG. 11, a dielectric region 1330 is deposited on 
dielectric region 1331) so that it surrounds stacks 127. 
Dielectric region 1330 can include the same material as 

regions 133, 13311, and/or 133b. Trenches are formed 
through portions of dielectric region 1330 to p+-type region 
124f of each stack 127. Contacts 142 are then formed therein 
so that they extend to a surface 10111 of structure 101. A 
conductive interconnect 143 is formed on surface 101a and 
is coupled to each via 142. It should be noted that another 
device structure, similar to device structure 101, can be 
bonded to conductive interconnect 143 and surface 101a and 
processed as described above so that multiple layers of 
devices structures are carried by interconnect region 131. 

[0034] It should also be noted that sideWalls 119a and 
11919 of stacks 127a and 127b, respectively, are substantially 
perpendicular to surface 131a. HoWever, in some embodi 
ments, sideWalls 119a and/or 119!) can be oriented at an 
angle, other than 90°, relative to surface 13111. For example, 
the angle can be 70° so that the sideWalls of stacks 127a and 
12719 are sloped relative to surface 131a. 

[0035] FIG. 12 shoWs device 100 With stacks 127a and 
1271) wherein sideWall 11911 is sloped and sideWall 11919 is 
perpendicular to surface 13111. If the sideWalls are sloped, 
then it is easier to deposit material betWeen adjacent stacks 
127. Further, conductive contact 121 can be made Wider so 
the alignment is easier during device processing. Sloped 
sideWalls also increase the stability of stacks 127 even 
though its aspect ratio is high. The aspect ratio is the ratio of 
the height of stack 127 betWeen conductive contact 121 and 
layer 124f relative to its Width, W1. 

[0036] FIGS. 13 and 14 are simpli?ed sectional vieWs of 
steps in fabricating a semiconductor memory circuit 102 in 
accordance With the present invention. In FIG. 13, circuit 
102 is the same or similar to device 100 shoWn in FIG. 2, 
only hardmask region 125 is thicker. In this embodiment, 
hardmask region 125 is exposed and overetched so that the 
portions of hardmask 125 betWeen photoresist region 126 
and layer 124f have Widths W4, Which is less than Width W2 
as shoWn in FIG. 5. Overetching undercuts hardmask region 
125 so that its Width W4 is less than Width W3. Since Width 
W4 is made smaller, the Width of stack 1271) Will also be 
made smaller, as shoWn in FIG. 14. Here, stack 12719 is 
shoWn in phantom With dotted lines. At this point, region 
101 can be etched, as shoWn in FIG. 4, and the processing 
can move to the subsequent steps described above. 

[0037] The present invention is described above With 
reference to preferred embodiments. HoWever, those skilled 
in the art Will recogniZe that changes and modi?cations may 
be made in the described embodiments Without departing 
from the nature and scope of the present invention. Various 
further changes and modi?cations Will readily occur to those 
skilled in the art. To the extent that such modi?cations and 
variations do not depart from the spirit of the invention, they 
are intended to be included Within the scope thereof. 
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Having fully described the invention in such clear and 
concise terms as to enable those skilled in the art to 
understand and practice the same, the invention claimed 
is: 
1. A method of forming a circuit, comprising: 

providing a substrate; 

providing an interconnect region positioned on the sub 
strate; 

bonding a device structure to a surface of the interconnect 
region; and 

processing the device structure to form a ?rst stack of 
layers and a second stack of layers on the ?rst stack, the 
Width of the ?rst stack being different than the Width of 
the second stack. 

2. The method of claim 1, Wherein the step of processing 
the device structure includes providing at least one of the 
?rst and second stacks With tapered sideWalls. 

3. The method of claim 1, Wherein each of the ?rst and 
second stacks includes at least one pn junction, the current 
?oW through the pn junction(s) ?oWing betWeen the ?rst and 
second stacks. 

4. The method of claim 1, further including providing a 
control terminal in communication With at least one of the 
stacks. 

5. The method of claim 4, Wherein the stack and the 
control terminal operates as one of a vertically oriented 
transistor device and a vertically oriented thyristor device. 

6. The method of claim 1, Wherein the substrate carries 
horizontally oriented electronic devices and the ?rst and 
second stacks communicate With the horizontally oriented 
electronic devices through the interconnect region. 

7. The method of claim 1, further including providing ?rst 
and second dielectric regions around the outer periphery of 
the ?rst and second stacks, respectively. 

8. The method of claim 7, further including providing ?rst 
and second control terminals around the outer periphery of 
the ?rst and second dielectric regions, respectively, the 
conductance of the ?rst and second stacks being adjustable 
in response to signals provided to corresponding ?rst and 
second control terminals. 

9. The method of claim 1, further including choosing the 
Width of the ?rst stack to obtain a desired resistance thereof. 

10. A method of forming a circuit, comprising: 

providing a substrate Which carries an electronic circuit; 

providing an interconnect region in communication With 
the electronic circuit; 
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bonding a device structure to the interconnect region; and 

processing the device structure to form ?rst and second 
stacks of layers, Wherein one of the ?rst and second 
stacks operates as a transistor and the other one oper 
ates as a negative differential resistance device. 

11. The method of claim 10, further including forming the 
?rst and second stacks so they have different Widths. 

12. The method of claim 10, Wherein the device structure 
is processed after the substrate is provided. 

13. The method of claim 10, Wherein the device structure 
is processed after it is bonded to the interconnect region. 

14. The method of claim 10, further including forming the 
electronic circuit before processing the device structure. 

15. The method of claim 10, Wherein the transistor is a 
vertically oriented transistor and the negative differential 
resistance device is a vertically oriented negative differential 
device. 

16. A method of forming a circuit, comprising: 

providing a substrate; 

forming electronic circuitry carried by the substrate, 
Wherein the electronic circuitry includes horizontally 
oriented semiconductor devices; 

forming an interconnect region connected to the elec 
tronic circuitry; 

bonding a device structure so it is coupled to the inter 
connect region; and 

processing the device structure to form a ?rst stack of 
layers and a second stack of layers on the ?rst stack, the 
Width of the ?rst stack being different than the Width of 
the second stack. 

17. The method of claim 16, further including processing 
the ?rst and second stacks so they operate as vertically 
oriented semiconductor devices. 

18. The method of claim 16, further including processing 
the ?rst and second stacks so one operates as a transistor and 
the other operates as a thyristor. 

19. The method of claim 18, Wherein the ?rst and second 
stacks are processed after the device structure is bonded so 
it is coupled to the interconnect region. 

20. The method of claim 18, Wherein the ?rst and second 
stacks are processed after the electronic circuitry is formed. 


