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(57) ABSTRACT 

A nonvolatile memory cell is described, the memory cell 
comprising a semiconductor diode. The semiconductor 
material making up the diode is formed With signi?cant 
defect density, and alloWs very loW current ?oW at a typical 
read voltage. Application of a programming voltage perma 
nently changes the nature of the semiconductor material, 
resulting in an improved diode. The programmed diode 
alloWs much higher current ?oW, in some embodiments one, 
tWo or three orders of magnitude higher, at the same read 
voltage. The difference in current alloWs a programmed 
memory cell to be distinguished from an unprogrammed 
memory cell. Fabrication techniques to generate an advan 
tageous unprogrammed defect density are described. The 
memory cell of the present invention can be formed in a 
monolithic three dimensional memory array, having mul 
tiple stacked memory levels formed above a single substrate. 
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NONVOLATILE MEMORY CELL OPERATING BY 
INCREASING ORDER IN POLYCRYSTALLINE 

SEMICONDUCTOR MATERIAL 

RELATED APPLICATIONS 

[0001] This application is a continuation-in-part of Herner 
et al., US. patent application Ser. No. 10/955,549, “Non 
volatile Memory Cell Without a Dielectric Antifuse Having 
High- and LoW-Impedance States,” ?led Sep. 29, 2004 and 
hereinafter the ’549 application; itself a continuation-in-part 
of Herner et al., US. patent application Ser. No. 10/855,784, 
“An Improved Method for Making High-Density Nonvola 
tile Memory,” ?led May 26, 2004; Which is a continuation 
of Herner et al., US. patent application Ser. No. 10/326,470, 
“An Improved Method for Making High-Density Nonvola 
tile Memory,” ?led Dec. 19, 2002 (since abandoned) and 
hereinafter the ’470 application, all assigned to the assignee 
of the present invention and hereby incorporated by refer 
ence in their entirety. 

BACKGROUND OF THE INVENTION 

[0002] The invention relates to a nonvolatile one-time 
programmable memory cell. 

[0003] Prior art nonvolatile memories, such as Johnson et 
al., US. Pat. No. 6,034,882, “Vertically Stacked Field Pro 
grammable Nonvolatile Memory and Method of Fabrica 
tion,” have been based on a memory cell pairing a semi 
conductor junction diode With a dielectric antifuse layer, the 
diode and the dielectric antifuse layer disposed betWeen 
conductors. When the memory cell is formed, the dielectric 
antifuse layer (typically a layer of silicon dioxide) acts as an 
insulator, and When a read voltage is applied betWeen the 
conductors, very little current ?oWs betWeen the conductors. 
When a suf?ciently large voltage is applied betWeen the 
conductors, hoWever, the dielectric antifuse layer suffers 
dielectric breakdoWn and ruptures, and a permanent con 
ductive path is formed through the dielectric antifuse layer. 
In a programmed cell, When a read voltage is applied 
betWeen conductors, a signi?cantly higher current ?oWs 
than in the unprogrammed cell, alloWing the unprogrammed 
and programmed cells to be distinguished. The memory state 
is stored in the state of the dielectric antifuse layer, Which 
may be intact or ruptured. 

[0004] Memory cells based on rupture of a dielectric 
antifuse layer, hoWever, suffer some disadvantages. If the 
dielectric antifuse layer is too thin, leakage current can be a 
severe problem. Disturb can also be a problem: Every time 
the memory cell is read, the dielectric antifuse layer is 
eXposed to some stress, and may eventually break doWn and 
be inadvertently programmed. This is avoided by making the 
dielectric antifuse layer thicker, but a thicker dielectric 
antifuse layer requires higher programming voltage to rup 
ture. Higher voltages in electronic devices, for eXample in 
portable devices, are generally disadvantageous. If the 
dielectric antifuse layer is an oXide layer formed by oXida 
tion, a thicker antifuse layer calls for either higher tempera 
tures or sloWer fabrication time, both disadvantageous in 
forming a commercial device. 

[0005] There is a need, therefore, for a one-time program 
mable memory cell Which does not rely on rupture of a 
dielectric antifuse layer. 
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SUMMARY OF THE PREFERRED 
EMBODIMENTS 

[0006] The present invention is de?ned by the folloWing 
claims, and nothing in this section should be taken as a 
limitation on those claims. In general, the invention is 
directed to a nonvolatile memory cell comprising a diode, 
the memory state stored in the state of the diode. 

[0007] A ?rst aspect of the invention provides for a 
nonvolatile memory cell comprising: a ?rst conductor; a 
diode comprising amorphous or polycrystalline semicon 
ductor material; and a second conductor, the semiconductor 
diode disposed betWeen the ?rst conductor and the second 
conductor, Wherein before application of a programming 
voltage the diode has a ?rst maXimum barrier height, and 
after application of the programming voltage the diode has 
a second maXimum barrier height, the second maXimum 
barrier height at least 1.5 times the ?rst maXimum barrier 
height. 

[0008] Another aspect of the invention provides for a 
nonvolatile memory cell comprising: a ?rst conductor; a 
second conductor; and a polycrystalline semiconductor 
junction diode disposed betWeen the ?rst and second con 
ductors, Wherein a data state of the memory cell is deter 
mined by a state of an antifuse, and Wherein the polycrys 
talline semiconductor junction diode is the antifuse. 

[0009] Yet another aspect of the invention provides for a 
method for forming and programming a nonvolatile memory 
cell, the method comprising: forming a ?rst conductor; 
forming a second conductor; depositing and doping semi 
conductor material to form a semiconductor junction diode, 
the semiconductor junction diode disposed betWeen the ?rst 
and second conductors; crystalliZing the semiconductor 
material such that the semiconductor junction diode is 
polycrystalline, Wherein, during the crystalliZing step, the 
semiconductor material is not in contact With a template 
material having a lattice mismatch of less than 12 percent 
With the semiconductor material; and programming the 
memory cell by applying a programming voltage betWeen 
the ?rst and second conductors, Wherein no resistance 
sWitching element having its resistance changed by appli 
cation of the programming voltage by more than a factor of 
tWo is disposed betWeen the semiconductor junction diode 
and the ?rst conductor or betWeen the semiconductor junc 
tion diode and the second conductor. 

[0010] Apreferred embodiment of the invention provides 
for a monolithic three dimensional memory array compris 
ing: a) a ?rst memory level above a substrate, the ?rst 
memory level comprising: i) a ?rst plurality of substantially 
parallel conductors; ii) a second plurality of substantially 
parallel conductors above the ?rst conductors; iii) a ?rst 
plurality of semiconductor junction diodes, each ?rst diode 
disposed betWeen one of the ?rst conductors and one of the 
second conductors; and iv) a ?rst plurality of one-time 
programmable memory cells, each ?rst memory cell adapted 
to be programmed by application of a programming voltage, 
each memory cell comprising a portion of one of the ?rst 
conductors, a portion of one of the second conductors, and 
one of the ?rst diodes, Wherein before programming, each 
?rst diode has a ?rst maXimum barrier height, and after 
programming, each ?rst diode has a second maXimum 
barrier height, the second maXimum barrier height at least 
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1.5 times the ?rst maximum barrier height; and b) a second 
memory level monolithically formed above the ?rst memory 
level. 

[0011] Another preferred embodiment of the invention 
provides for a monolithic three dimensional memory array 
comprising: a) a ?rst memory level comprising: i) a plurality 
of bottom conductors; ii) a plurality of top conductors; and 
iii) a plurality of ?rst polycrystalline semiconductor junction 
diodes, each diode disposed betWeen one of the bottom and 
one of the top conductors; and iv) a ?rst memory cell 
comprising one of the ?rst diodes, Wherein the data state of 
the ?rst memory cells is determined by the state of an 
antifuse, and Wherein the diode of the ?rst memory cell is the 
antifuse; and b) a second memory level monolithically 
formed above the ?rst memory level. 

[0012] A ?nal aspect of the invention provides for a 
nonvolatile memory cell comprising: a ?rst conductor; a 
diode comprising amorphous or polycrystalline semicon 
ductor material; and a second conductor, the semiconductor 
diode disposed betWeen the ?rst conductor and the second 
conductor, Wherein before application of a programming 
voltage the diode has a ?rst recti?cation ratio at a read 
voltage betWeen about 0.5 and about 2.5 volts, and after 
application of the programming voltage the diode has a 
second recti?cation ratio at the read voltage, the second 
recti?cation ratio at least 10 times the ?rst recti?cation ratio. 

[0013] Each of the aspects and embodiments of the inven 
tion described herein can be used alone or in combination 
With one another. 

[0014] The preferred aspects and embodiments Will noW 
be described With reference to the attached draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1 is a perspective vieW of a memory cell 
formed according to the present invention. 

[0016] FIG. 2 is a graph shoWing I-V curves for an 
unprogrammed cell and a programmed cell formed like the 
cell of FIG. 1. 

[0017] FIG. 3 is a graph shoWing barrier height betWeen 
0 and 2.5 bias volts for a programmed and an unprogrammed 
memory cell formed according to the present invention. 

[0018] FIG. 4 is a graph shoWing unprogrammed and 
programmed current for a cell according to the present 
invention at an applied read voltage. 

[0019] FIG. 5 is a perspective vieW of a memory level 
according to the present invention. 

[0020] FIGS. 6a-6c are cross-sectional vieWs shoWing 
stages in formation of a memory level according to the 
present invention. 

[0021] FIG. 7 is a dark ?eld TEM image shoWing crystal 
defects in silicon in a memory cell according to the present 
invention, shoWn in cross-section. 

[0022] FIGS. 8Ll-8b are cross-sectional vieWs shoWing 
stages in formation of a memory level With a silicide contact 
described in US. application Ser. No. 10/955,387. 

[0023] FIG. 9 is a dark ?eld TEM image shoWing rela 
tively defect-free silicon in the memory cell described in 
US. application Ser. No. 10/955,387, shoWn in cross-sec 
tion. 
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[0024] FIG. 10 is a graph shoWing barrier height betWeen 
0 and 2.5 bias volts for a memory cell described in US. 
application Ser. No. 10/955,387. 

[0025] FIG. 11 is a SEM image shoWing preferential 
etching of unprogrammed diodes in a memory level of the 
present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0026] A preferred embodiment of a memory cell 
described in the ’549 application is shoWn in FIG. 1. Adiode 
30 is disposed betWeen a bottom conductor 20 and a top 
conductor 40. Diode 30 is in electrical contact With bottom 
conductor 20 and top conductor 40, With no dielectric layer 
interposed betWeen them. Titanium nitride layer 8 is a 
conductive barrier layer to prevent reaction betWeen tung 
sten layer 6 and the silicon of diode 30. Titanium nitride 
layer 18 serves as an adhesion layer and as a barrier layer 
betWeen diode 30 and tungsten layer 22. In preferred 
embodiments of the ’549 application, the diode Was formed 
by depositing and doping a silicon layer stack and patterning 
and etching the layer stack to form a pillar. Regions of the 
layer stack Were doped (by in situ doping or by ion implan 
tation) to form a p-i-n diode; in a preferred embodiment 
bottom region 10 Was heavily doped n-type silicon, middle 
region 12 Was intrinsic, undoped silicon, and top region 14 
Was heavily doped p-type silicon. This diode is a form of 
semiconductor junction diode; this term refers to a semi 
conductor device With the property of conducting current 
more easily in one direction than the other, having tWo 
terminal electrodes, and made of semiconducting material 
Which is p-type at one electrode and n-type at the other. After 
formation of top conductor 40, the silicon of diode 30 Was 
annealed (either in a separate anneal step or during subse 
quent thermal processing) to fully crystalliZe it. In preferred 
embodiments of the completed device of the ’549 applica 
tion, diode 30 is polycrystalline. 

[0027] As formed, diode 30 has an I-V curve like the curve 
labeled “before programming) in the graph of FIG. 2, 
alloWing little current to How When a typical read voltage, 
for eXample 2 volts, is applied betWeen bottom conductor 20 
and top conductor 40. It Was found that applying a program 
ming voltage of, for eXample, about 8 volts betWeen bottom 
conductor 20 and top conductor 40 permanently changes 
diode 30. The I-V curve labeled “after programming” in 
FIG. 2 shoWs current for the diode after programming. After 
programming, current increases sharply as the turn-on volt 
age is reached, and the programmed diode alloWs signi? 
cantly more current to How When a read voltage of 2 volts 
is applied betWeen bottom conductor 20 and top conductor 
40. The difference in current ?oW at an applied read voltage 
alloWs a programmed cell to be distinguished from an 
unprogrammed cell, and thus for the cell to store a memory 
state (data “0” or data “1”, for eXample.) This cell does not 
include a dielectric antifuse layer. 

[0028] A material exhibiting ohmic behavior conducts 
With equal ease in both directions, and current increases 
linearly With voltage. A diode eXhibits non-ohmic behavior: 
It conducts current more easily in one direction than the 
other, and has a non-linear relationship betWeen voltage and 
current, as shoWn in FIG. 2. One measure of the effective 
ness of a diode is its barrier height over a range of applied 
voltages. 
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[0029] In an ideal diode, the barrier height (roughly speak 
ing, the barrier to current ?oW) is high at very loW voltage, 
betWeen about 0 and 0.2 volts, drops abruptly as the turn-on 
voltage is approached, and is very loW above the turn-on 
voltage. FIG. 3 shoWs the barrier height of the diode of FIG. 
1 before and after programming at an applied bias ranging 
from 0 to 2.5 volts. The maximum barrier height of a 
programmed diode (curve A in FIG. 3) is 0.218 electron 
volts, nearly tWice the maximum barrier height of an unpro 
grammed diode (curve B), Which is 0.144 electron-volts. 

[0030] The memory cell of the present invention is a 
nonvolatile memory cell comprising: a ?rst conductor; a 
diode comprising amorphous or polycrystalline semicon 
ductor material; and a second conductor, the semiconductor 
diode disposed betWeen the ?rst conductor and the second 
conductor, Wherein before application of a programming 
voltage the diode has a ?rst maximum barrier height, and 
after application of the programming voltage the diode has 
a second maximum barrier height, the second maximum 
barrier height at least 1.5 times the ?rst maximum barrier 
height, in some embodiments 1.7 times the ?rst maximum 
barrier height. 

[0031] Read voltages are selected to be Well above the 
turn-on voltage, Which for silicon is theoretically at a bias 
voltage of 1.1 volts. As shoWn in FIG. 3, at voltages used for 
read, for example at 2.0 volts, the barrier height of a 
programmed diode is signi?cantly less than that of an 
unprogrammed diode. Turning to FIG. 4, Which is a prob 
ability plot shoWing current for a distribution of pro 
grammed and unprogrammed diodes, the median current for 
unprogrammed cells (curve C) at 2 volts is 12x10“8 amps, 
While the median current for programmed cells (curve D) at 
2 volts is 48x10“5 amps, a difference of more than three 
orders of magnitude. 

[0032] As described, a diode alloWs current to How more 
easily in one direction than in the opposite direction; the 
diode is said to be rectifying. More current Will ?oW through 
a diode When the diode is positively biased at a given 
voltage, for example 2 volts, than When the diode is nega 
tively biased at the same voltage. The ratio of these currents 
is the recti?cation ratio and is another measure of diode 
quality. The diodes of the present invention shoW a large 
increase in recti?cation ratio after programming. When 
silicon diodes formed according to the present invention 
Were measured using a voltage sWeep, current through in an 
unprogrammed diode at —2 volts Was about 8.1><10_13 amps, 
as compared to a current under positive bias of 2 volts of 
about 1.3><10_8 amps, yielding a recti?cation ratio at 2 volts 
of about 1.6><104. In the same population of diodes, current 
through the programmed diode at —2 volts Was about 20x 
10*12 amps, While the current for programmed cells at 2 
volts Was about 1.8><10_5 amps, for a recti?cation ratio at 
tWo volts of about 9.2><106. In this example, the recti?cation 
ratio of a diode of the present invention after programming 
Was about 575 times greater than its recti?cation ratio before 
programming. 

[0033] When the diode is silicon, a programmed diode of 
the present invention Will have a recti?cation ratio at 2 volts 
at least 100 times the recti?cation ratio at 2 volts of the 
unprogrammed diode. In less preferred embodiments, the 
recti?cation ratio at 2 volts Will be at least 10 times higher 
after programming than before programming. For silicon, 
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recti?cation ratio at 2 volts has been discussed. TWo volts 
Was selected because it is an advantageous read voltage. At 
positive voltage, an I-V curve for a diode has a characteristic 
shape: It is initially very loW, rises abruptly as the turn-on 
voltage is reached, then stabiliZes above the turn-on voltage. 
TWo volts is an advantageous read voltage in the present 
invention because it is in the stable part of the curve, above 
the turn-on voltage. More generally, the diode of the present 
invention shoWs a large increase in recti?cation ratio, at least 
10 times, in preferred embodiments 100 times, at a read 
voltage. A read voltage is a voltage in the stable part of the 
curve, above the diode’s turn-on voltage. Read voltages for 
silicon may range betWeen about 1.5 volts and about 2.5 
volts. 

[0034] For germanium diodes, an appropriate read voltage 
Will be loWer, betWeen about 0.5 volts and about 2.0 volts, 
preferably about 1.2 volts. Semiconductor diodes formed of 
alloys comprising silicon and germanium Will have inter 
mediate read voltages, depending on the relative composi 
tions of silicon and germanium, and Will be betWeen about 
1.2 and about 2.0 volts. Memory cells formed according to 
the present invention having diodes formed of germanium or 
semiconductor alloys comprising silicon and germanium 
Will have a ?rst recti?cation ratio before programming and 
a second recti?cation ratio after programming, the second 
recti?cation ratio at least 10 times the ?rst recti?cation ratio, 
and in preferred embodiments at least 100 times the ?rst 
recti?cation ratio. 

[0035] Many factors can affect the quality of a diode, 
including dopant concentration, doping pro?les, dopant acti 
vation, and degree of crystallinity and of crystalline defects. 
It is believed that in the present invention, programming 
changes the diode by increasing the degree of order of 
crystallinity of the semiconductor material of the diode. 

[0036] FIG. 5 shoWs a memory level of exemplary 
memory cells formed according to the present invention, 
including bottom conductors 200, pillars 300 (each pillar 
300 comprising a diode), and top conductors 400. Fabrica 
tion of this memory level Will be described. More detailed 
information regarding fabrication of such a memory level is 
provided in the ’470 and ’549 applications, previously 
incorporated. Additional information is found in Herner et 
al., US. patent application Ser. No. 11/015,824, “Nonvola 
tile Memory Cell Comprising a Reduced Height Vertical 
Diode,” ?led Dec. 17, 2004; Herner et al., US. patent 
application Ser. No. 11/125,606, “High-Density Nonvolatile 
Memory Array Fabricated at LoW Temperature Comprising 
Semiconductor Diodes,” ?led May 9, 2005; and Herner et 
al., US. patent application Ser. No. 10/954,577, “Junction 
Diode Comprising Varying Semiconductor Compositions,” 
?led Sep. 29, 2004 and hereinafter the ’577 application, all 
oWned by the assignee of the present invention and hereby 
incorporated by reference. To avoid obscuring the invention, 
not all of this detail Will be included in this description, but 
no teaching of these or other incorporated patents and 
applications is intended to be excluded. 

[0037] Turning to FIG. 6a, fabrication of a memory level 
comprising memory cells formed according to the present 
invention begins over a suitable substrate 100, for example 
a monocrystalline semiconductor Wafer substrate. Circuitry, 
such as sense ampli?ers and drivers, can be formed in 
substrate 100 before fabrication of the memory level begins. 
An insulating layer 102 is formed above substrate 100. 
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[0038] Conductive layers 104 and 106 are deposited. 
Layer 104 is an adhesion layer, preferably of titanium 
nitride. Layer 106 is a conductive material, for example 
tungsten. Other conductive materials may be preferred. 
Layers 104 and 106 are patterned and etched to form 
substantially parallel, substantially coplanar rail-shaped bot 
tom conductors 200, shoWn here in cross-section extending 
out of the page. 

[0039] A dielectric material 108 is deposited over and 
betWeen conductors 200, ?lling gaps betWeen them. A 
planariZing step, for example by chemical mechanical pol 
ishing (CMP), exposes tops of conductors 200 and creates a 
substantially planar surface. 

[0040] Turning to FIG. 6b, next a barrier layer 110 is 
deposited. (To save space, substrate 100 is omitted from 
FIG. 6b; its presence should be assumed in this and subse 
quent ?gures.) This layer is preferably about 200 angstroms 
thick, and provides a chemical barrier betWeen the conduc 
tive layer 106 and the semiconductor material to be depos 
ited next. Barrier layer 110 is preferably titanium nitride, 
though other appropriate barrier materials, for example 
tantalum nitride, tantalum, titanium tungsten, tungsten 
nitride, or tungsten, could be used instead. 

[0041] The diode to be formed Will be a vertically oriented 
p-i-n diode, having a heavily doped p-type region at one end, 
an intrinsic middle region (not intentionally doped), and a 
heavily doped n-type region at the other end. In this 
example, the bottom region Will be heavily doped n-type, the 
middle region Will be intrinsic, and the top region Will be 
heavily doped p-type. The conductivity types could be 
reversed if desired. Using conventional deposition tech 
niques, intrinsic silicon (deposited With no dopants) has 
defects Which tend to make it behave as if it Were lightly 
doped With n-type dopants. If desired, this region could be 
lightly doped. 

[0042] A semiconductor layer stack is deposited on barrier 
layer 110. The semiconductor material can be silicon, ger 
manium, a silicon-germanium alloy, or any semiconductor 
alloy including silicon and/or germanium. In some embodi 
ments, different parts of the layer stack comprise different 
semiconductor materials or alloys, as in the ’577 application. 
In this example the semiconductor material is silicon, and 
bottom region 112 is heavily doped With an n-type dopant, 
for example phosphorus or arsenic, preferably by in situ 
doping. The silicon that Will make up the rest of the diode, 
regions 114 and 116, is deposited next. The thickness of 
silicon that Will form regions 114 and 116 is preferably 
deposited undoped. The top heavily doped p-type region 116 
could be formed during deposition by in situ doping, but in 
preferred embodiments Will be doped in a later implant step. 

[0043] Silicon regions 116 (not yet doped), 114 and 112 
and barrier layer 110 are patterned and etched to form pillars 
300. The photolithography techniques described in Chen, 
US. patent application Ser. No. 10/728,436, “Photomask 
Features With Interior Nonprinting WindoW Using Alternat 
ing Phase Shifting,” ?led Dec. 5, 2003; or Chen, US. patent 
application Ser. No. 10/815,312, Photomask Features With 
Chromeless Nonprinting Phase Shifting WindoW,” ?led Apr. 
1, 2004; and in Raghuram et al., US. patent application Ser. 
No. 11/061,952, “Method for Patterning Submicron Pillars,” 
?led Feb. 17, 2005, all three oWned by the assignee of the 
present invention and hereby incorporated by reference, can 
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advantageously be used to perform any photolithography 
step used in formation of a memory array according to the 
present invention. 

[0044] Dielectric material 108 is deposited over and 
betWeen pillars 300, ?lling gaps betWeen them. A planariZ 
ing step, for example by CMP, exposes tops of pillars 300 
and forms a substantially planar surface. After this CMP 
step, heavily doped p-type region 116 is preferably formed 
at the tops of pillars 300 by ion implantation of a p-type 
dopant, for example boron or BF2. Diodes 118, Which are 
p-i-n diodes, have been formed. The height (silicon thick 
ness) of completed diodes 118 can range from about 800 to 
about 4000 angstroms. (Some silicon thickness may be lost 
during the planariZing step; an extra thickness should be 
deposited to compensate.) Intrinsic region 114 can be from 
about 600 to about 3500 angstroms thick. The structure at 
this point is shoWn in FIG. 6b. 

[0045] Turning to FIG. 6c, adhesion layer 120 and con 
ductive layer 122 are deposited next. Adhesion layer 120 is 
preferably any of the materials used for barrier layer 110, for 
example titanium nitride. Conductive layer 122 can be any 
appropriate conductive material, for example tungsten. Lay 
ers 120 and 122 are patterned and etched to form substan 
tially parallel, substantially coplanar top conductors 400. 
Bottom conductors 200 extended in a ?rst direction; top 
conductors 400 extend in a second direction different from 
the ?rst direction, preferably perpendicular to it. Each diode 
118 is vertically disposed betWeen one of bottom conductors 
200 and one of top conductors 400. 

[0046] What has been formed, shoWn in FIG. 6c, is a ?rst 
memory level. An interlevel dielectric can be formed above 
this ?rst memory level, planariZed, and a second memory 
level can be fabricated on this planariZed dielectric surface 
as described. Multiple memory levels of the same type can 
be monolithically formed above the same substrate, each 
fabricated on a prior memory level, to form a monolithic 
three dimensional memory array like those described in the 
’549 and ’470 applications. Each memory cell Will be 
programmed by applying a programming voltage betWeen 
about 3 and about 15 volts, preferably betWeen about 6 and 
about 10 volts, preferably betWeen about 7 and about 9 volts, 
for example about 8 volts. The programming voltage 
selected Will depend on a variety of factors, including the 
volume of each diode, initial defect density, dopant pro?le, 
and the semiconductor material used to form the diodes. The 
read voltage Will also vary, from about 0.5 to about 3 volts, 
for example betWeen about 1 and about 2.5 volts, for 
example about 2 volts. 

[0047] When the silicon that makes up diode 118 is 
deposited, it is generally amorphous, and crystalliZes during 
a later crystalliZation step. FIG. 7 is a dark ?eld transmission 
electron microscope (TEM) image of an unprogrammed cell 
formed according to the present invention, With titanium 
nitride layer 110, diode 118, titanium nitride layer 120, and 
conductive layer 122 labeled. The vieW of FIG. 7 is at ninety 
degrees to the vieW of FIG. 6a. FIG. 7 shoWs that the 
resulting diode is polycrystalline, and typically has defects, 
including grain boundaries, dislocations, and tWins, Which 
are clearly visible. It is knoWn that such defects can impede 
How of charge carriers and decrease dopant activation, 
degrading device performance. Conventional semiconductor 
devices are generally formed in a monocrystalline silicon 
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Wafer surface rather than in polycrystalline silicon for this 
reason, and result in higher quality devices. In this discus 
sion, polycrystalline silicon Will be called polysilicon. 

[0048] An alternative method of forming a memory cell 
having a vertical p-i-n diode formed of deposited and 
crystalliZed silicon is disclosed in Petti, U.S. application Ser. 
No. 10/955,387, “Fuse Memory Cell Comprising a Diode, 
the Diode Serving as the Fuse Element,” ?led Sep. 29, 2004, 
hereinafter the ’387 application, oWned by the assignee of 
the present invention and hereby incorporated by reference. 
In one embodiment, a memory level of these cell is formed 
as described in FIGS. 6a-6c, except, as shoWn in FIG. 8a, 
a thin layer 119 of titanium is deposited before titanium 
nitride layer 120. During an anneal step, Where titanium 
layer 119 is in contact With pillars 300, it reacts With the 
silicon of heavily doped regions 116 to form titanium 
silicide contacts 121 in FIG. 8b. For simplicity, in FIG. 8b, 
titanium silicide contacts 121 are depicted as a continuous 
layer spanning each diode, but they may not actually take 
this form, and may form one or more discontinuous islands 
instead. 

[0049] Aresulting diode formed as in FIG. 8b is shoWn in 
a dark ?eld TEM image in FIG. 9. The vieW of FIG. 9 is at 
ninety degrees to the vieW of FIG. 8b. Titanium silicide 
contact 121 does not form a continuous layer across the 
diode 118. The cell shoWn in FIG. 9 has far feWer defects 
and grain boundaries than the cell shoWn in FIG. 7. This 
diode has a more highly ordered degree of crystallinity. The 
barrier height of a cell having a titanium silicide contact is 
shoWn at bias voltages from 0 to 2.5 volts in FIG. 10. The 
barrier height curve shoWn by FIG. 10 is for the titanium 
silicide-contact diode as formed, before the cell is subjected 
to a programming voltage. 

[0050] Recall that the diode of FIG. 7 (of the present 
invention), With its barrier height before and after program 
ming shoWn in FIG. 3, is formed With the semiconductor 
material contacting titanium nitride layer 110 and 120 (or 
another of the named barrier materials) at its top and bottom 
ends, While the diode of FIG. 9 (of the ’387 application), its 
barrier height shoWn in FIG. 10, contacts titanium nitride 
layer 110 at its bottom end and titanium silicide contact 121 
at its top end. In comparing FIG. 3 and FIG. 10, it is evident 
that the barrier height of the silicide-contact diode as formed 
strongly resembles that of the titanium-nitride-contact diode 
of the present invention after programming (curve A). The 
maximum barrier height of the silicide-contact diode of 
FIG. 9 is 0.235, close to 0.218, the maximum barrier height 
of the programmed titanium-nitride contact diode. Unlike 
the titanium-nitride-contact diode, When the silicide-contact 
diode of FIG. 9 is exposed to a programming voltage, for 
example of about 8 volts, the barrier height and current ?oW 
With applied read voltage are not appreciably changed. The 
silicide-contact diode is essentially a programmed diode as 
formed. 

[0051] The difference betWeen the titanium-nitride-con 
tact diode, Which has high defect density, and the silicide 
contact diode, Which is nearly defect-free, is believed to be 
due to the presence of titanium silicide during crystalliZation 
of the silicon that makes up the diode. 

[0052] As described earlier, the silicon that forms the 
diodes of both FIG. 7 and FIG. 9 is generally amorphous as 
deposited, and crystalliZes after the top and bottom conduc 
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tors have been formed. Thus When the silicon of FIG. 7 
crystalliZes, it is in contact With titanium nitride layers 110 
and 120 and With surrounding dielectric ?ll, generally sili 
con dioxide. When the silicon of FIG. 9 crystalliZes, it is in 
contact With titanium nitride layer 110, surrounding silicon 
dioxide, and top titanium silicide contact 121. 

[0053] Titanium nitride and titanium silicide each has a 
characteristic lattice structure. The lattice spacing of the 
most likely orientation of titanium nitride at the surface 
Which Will contact the silicon of the diode is 2.510 ang 
stroms. A lattice spacing of titanium silicide in contact With 
silicon is 3.319 angstroms. The lattice spacing of silicon at 
its predominant orientation is 3.316 angstroms. At the inter 
face, titanium nitride and silicon have a large lattice mis 
match, 22.8 percent, While the lattices of titanium silicide 
and silicon are much more closely matched, With a lattice 
mismatch of only 1.7 percent. (This mismatch is for a lattice 
spacing of C49-phase titanium silicide rather than C54 
phase titanium silicide. The C49-to-C54 phase transition has 
been shoWn to be dif?cult to achieve in features having line 
Widths less than 250 nm. The diodes are isolated structures 
formed at even smaller dimension, so it is expected that 
titanium silicide in the diodes is C49 phase rather than C54 
phase.) Titanium silicide contacts 121 in FIG. 8b Were 
formed by reacting titanium layer 119 With silicon layer 116. 
This silicide reaction happens at a temperature loWer than 
the temperature at Which amorphous silicon begins to crys 
talliZe, so titanium silicide contacts 121 are present before 
signi?cant crystallization of the silicon begins. 

[0054] It is believed that C49 titanium silicide contact 121 
provides a good crystalliZation template for the silicon of the 
diode 118 as it crystalliZes, leading to loW defect density in 
the diode of FIG. 8b, as is evident in the TEM image of FIG. 
9. In contrast, in the diode of the present invention (in FIG. 
6c and FIG. 7), no titanium silicide lattice is present, only 
titanium nitride. The high lattice mismatch betWeen titanium 
nitride (for the expected orientation) and silicon puts severe 
strains on the silicon lattice as it forms. For a very thin layer 
of silicon, high strain can be tolerated. The combined 
thickness of silicon layers 112, 114, and 116, hoWever, is 
betWeen about 800 and over 4000 angstroms, too thick to 
sustain such strain, and defects such as those apparent in the 
TEM image of FIG. 7 are generated. 

[0055] In the present invention, then, a diode is formed 
having a certain defect density, Which in its initial, unpro 
grammed state, causes the diode to have poor conductivity 
and loW recti?cation ratio, and to permit a small current ?oW 
When a read voltage is applied. Application of a program 
ming pulse improves conductivity, permanently improving 
the recti?cation ratio of the diode, so that When the same 
read voltage is applied, a much larger current ?oWs. The 
diode remains a diode after programming, exhibiting non 
ohmic conduction. When a read voltage is applied, the 
programmed current is preferably at least an order of mag 
nitude greater than the unprogrammed current, most pref 
erably at least tWo or three orders of magnitude greater. In 
this Way the diode can store a memory state, and can behave 
as a nonvolatile, one-time-programmable memory cell. 
Diodes according to the present invention can also be 
formed of silicon-germanium alloys, germanium and other 
semiconductor alloys comprising germanium and/or silicon. 

[0056] To store a memory state and function effectively as 
a memory cell, then, the diode is preferably formed With a 
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certain advantageous defect density. In the example given, 
the defect density Was achieved by crystalliZing silicon in 
contact With a crystallization template apparently provided 
by adjacent titanium nitride contacts, and, more speci?cally, 
not in contact With a template material having a very small 
lattice mismatch, such as C49 phase titanium silicide. More 
generally, to form a memory cell Which has a diode With the 
preferred defect density, it should be formed of a semicon 
ductor material Which, during crystalliZation, is not in con 
tact With a template material having a lattice mismatch of 
less than about 3 or 4 percent With the semiconductor 
material. Preferably the semiconductor material, When crys 
talliZed, is not in contact With a template material having a 
lattice mismatch of less than about 12 percent With the 
semiconductor material. 

[0057] If the semiconductor material is silicon, then, it 
should be crystalliZed not in contact With materials like 
titanium silicide, cobalt silicide, or nickel monosilicide 
(NiSi) Which can have very small lattice mismatches With 
silicon. Many materials having an advantageous mismatch 
With silicon are knoWn; among preferred materials for top 
and bottom contacts are titanium nitride, tantalum nitride, 
tantalum, titanium tungsten, tungsten nitride, or tungsten. 
These materials not only provide the necessary large lattice 
mismatch, but also are compatible With the device, as they 
are thermally compatible With silicon and can serve as 
relatively effective barrier materials. These materials also 
provide suf?cient lattice mismatch for use With germanium, 
a silicon-germanium alloy, or most semiconductor alloys 
including silicon and/or germanium. 

[0058] The phenomenon of changing the resistivity of 
polysilicon by subjecting it to a programming voltage has 
been described, for example in Malhotra et al., “Fundamen 
tals of Memory SWitching in Vertical Polycrystalline Silicon 
Structures,” IEEE Transactions on Electron Devices, ED-32 
(11), 2441 (1985). In one study, large features, for example 
1 micron in Width, Were formed of polysilicon having a 
relatively high resistivity, Which Were then exposed to a 
high-voltage pulse. After the voltage pulse Was applied, a 
loW-resitivity ?lament Was formed through the polysilicon. 

[0059] In the present invention, in preferred embodiments, 
the diameter of a diode in a memory cell like those of FIGS. 
7 and 9 is very small, betWeen about 45 nm and about 150 
nm. The loW-resistivity ?laments observed by Malhotra et 
al. Were substantially larger in diameter than the diodes of 
the present invention. It is expected that, due to the small 
diameter of the diodes of the present invention, no ?lament 
is formed, and that instead the entire volume of the diode 
experiences a high-resistivity-to-loW-resistivity change. 

[0060] Changing resistivity in polysilicon has been 
observed in polysilicon resistors. In a memory like that of 
the present invention, hoWever, it is highly advantageous 
that diodes, rather than resistors, be formed betWeen con 
ductors. In a large memory array, With many cells on a bit 
line or a Word line, When voltage is applied across a speci?c 
cell, neighboring cells may also be exposed to some voltage, 
possibly resulting in inadvertent programming of those cells. 
Leakage current across unselected cells is also a problem, 
increasing poWer consumption. The non-ohmic conduction 
characteristics of diodes alloW for better electrical isolation 
of a cell from cells sharing one of its conductors, and thus 
a more robust memory array With loWer poWer consumption. 
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[0061] The conversion of the semiconductor material 
making up the diode of the present invention is likely a 
thermal phenomenon. When a programming voltage is 
applied to a typical unprogrammed diode, resistance is 
initially relatively high, then drops very quickly, in a matter 
of nanoseconds, and then remains loW. It is likely that during 
this brief programming time, some portion of the semicon 
ductor material melts. The molten semiconductor material is 
highly conductive and presents very little resistance. The 
temperature of the semiconductor material decreases and the 
semiconductor material is quickly quenched. 

[0062] To operate as a semiconductor junction diode, 
different regions of the diode must be doped With dopants of 
opposite conductivity types, like the n-type region 112 and 
the p-type region 116 of the diodes of FIG. 6c. It might be 
expected that When the silicon of the diode 118 is melted, the 
dopants in these doped regions Will diffuse, and the dopant 
pro?le necessary to maintain the diode Will be lost. 

[0063] In the present invention, hoWever, the initial defect 
density, dopant pro?le, semiconductor volume, program 
ming voltage, programming time, and other factors combine 
to form an advantageous and novel memory cell, in Which 
the diode retains good non-ohmic behavior after program 
ming, and remains a high-quality diode. 

[0064] As described, titanium-nitride-contact diodes, 
Which have been formed With high defect density, behave 
very differently before and after programming. A clear 
structural change after programming is not apparent in TEM 
images, hoWever. Programmed titanium-nitride-contact 
diodes remain polycrystalline (not single-crystal) and do not 
appear nearly defect-free, as silicide-contact diodes do, as in 
FIG. 9. 

[0065] To explore the degree of physical change in the 
programmable diode of the present invention, an array of 
cells Was formed like the memory level of titanium-nitride 
contact cells shoWn in FIG. 6c. The cells in the memory 
Were programmed in a checkerboard pattern. The top con 
ductors Were removed by CMP, and the diodes and inter 
vening dielectric exposed. It is knoWn that a Secco solution 
etches silicon With defects faster than silicon Without 
defects. The exposed diodes Were exposed to a Secco 
solution for tWo seconds. Referring to the scanning electron 
microscope (SEM) image of FIG. 11, the unprogrammed 
cells Were entirely etched aWay, While the programmed cells 
remain. It is apparent, then, that the physical structure of 
polysilicon of the diodes Was changed by programming. 

[0066] As noted earlier, the programmed titanium-nitride 
contact diode has a barrier height pro?le strongly resembling 
that of the silicide-contact diode as formed, Which has loW 
defect density and a more highly ordered crystalline struc 
ture. After programming, the diode becomes more resistant 
to Secco solution, an etchant that prefers defective silicon. It 
is thus believed that the crystalline structure of the poly 
crystalline semiconductor material of the diode becomes 
more highly ordered after programming. These changes in 
crystallinity, While apparently too subtle or too localiZed to 
be evident in TEM images, make a large difference in diode 
performance. 

[0067] An antifuse is an element in a circuit that initially 
impedes current ?oW until, When subjected to high voltage, 
it permanently changes its nature, alloWing current ?oW; this 
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is opposite the operation of a fuse. The device of Johnson et 
al. included a diode and a dielectric antifuse layer in series. 
The diode of Johnson et al. Was generally crystallized in 
contact With titanium silicide, and thus Was loW-resistance 
as formed, so the device depended on dielectric rupture of 
the dielectric antifuse layer. 

[0068] In both the cell of Johnson et al. and in the cell of 
the present invention, the data state of the memory cell is 
determined by a state of an antifuse. In Johnson et al., the 
antifuse Was a dielectric antifuse layer, generally a silicon 
dioxide layer in series With a diode. In the present invention, 
in contrast, the polycrystalline semiconductor junction diode 
itself is the antifuse. 

[0069] To improve uniformity, it may be preferred in some 
embodiments of the present invention to include a thin 
dielectric layer such as silicon dioxide or some other appro 
priate dielectric material disposed betWeen the diode and the 
top or the bottom conductor. Nonetheless, in such a cell the 
memory state of the cell is determined by the state of the 
polycrystalline semiconductor material, Which is either pro 
grammed or unprogrammed. 

[0070] It is possible that other elements, such as barrier 
layers, etc., disposed betWeen the diode of the present 
invention and the top or bottom conductor may experience 
some incidental change in resistivity When a programming 
voltage is applied betWeen the top and bottom conductors. In 
preferred aspects of the invention, it is nonetheless the 
change in resistivity of the material of the diode that 
predominates. In these preferred aspects, a memory cell is 
formed by forming a ?rst conductor; forming a second 
conductor; depositing and doping semiconductor material to 
form a semiconductor junction diode, the semiconductor 
junction diode disposed betWeen the ?rst and second con 
ductors; crystalliZing the semiconductor material such that 
the semiconductor junction diode is polycrystalline, 
Wherein, during the crystalliZing step, the semiconductor 
material is not in contact With a template material having a 
lattice mismatch of less than 12 percent With the semicon 
ductor material; and programming the memory cell by 
applying a programming voltage betWeen the ?rst and 
second conductors, Wherein no resistance-sWitching element 
having its resistance changed by application of the program 
ming voltage by more than a factor of tWo is disposed 
betWeen the semiconductor junction diode and the ?rst 
conductor or betWeen the semiconductor junction diode and 
the second conductor. 

[0071] In preferred embodiments, the memory cell of the 
present invention does not comprise an additional resistance 
changing element, such as a dielectric antifuse layer or a 
chalcogenide material. 
[0072] A monolithic three dimensional memory array is 
one in Which multiple memory levels are formed above a 
single substrate, such as a Wafer, With no intervening sub 
strates. The layers forming one memory level are deposited 
or groWn directly over the layers of an existing level or 
levels. In contrast, stacked memories have been constructed 
by forming memory levels on separate substrates and adher 
ing the memory levels atop each other, as in Leedy, U.S. Pat. 
No. 5,915,167, “Three dimensional structure memory.” The 
substrates may be thinned or removed from the memory 
levels before bonding, but as the memory levels are initially 
formed over separate substrates, such memories are not true 
monolithic three dimensional memory arrays. 
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[0073] A monolithic three dimensional memory array 
formed above a substrate comprises at least a ?rst memory 
level formed at a ?rst height above the substrate and a 
second memory level formed at a second height different 
from the ?rst height. Three, four, eight, or indeed any 
number of memory levels can be formed above the substrate 
in such a multilevel array. 

[0074] In preferred embodiments, a monolithic three 
dimensional memory array of the present invention com 
prises a) a ?rst memory level above a substrate, the ?rst 
memory level comprising: i) a ?rst plurality of substantially 
parallel conductors; ii) a second plurality of substantially 
parallel conductors above the ?rst conductors; iii) a ?rst 
plurality of semiconductor junction diodes, each ?rst diode 
disposed betWeen one of the ?rst conductors and one of the 
second conductors; and iv) a ?rst plurality of one-time 
programmable memory cells, each ?rst memory cell adapted 
to be programmed by application of a programming voltage, 
each memory cell comprising a portion of one of the ?rst 
conductors, a portion of one of the second conductors, and 
one of the ?rst diodes, Wherein before programming, each 
?rst diode has a ?rst maximum barrier height, and after 
programming, each ?rst diode has a second maximum 
barrier height, the second maximum barrier height at least 
1.5 times the ?rst maximum barrier height; and b) a second 
memory level monolithically formed above the ?rst memory 
level. 

[0075] Detailed methods of fabrication have been 
described herein, but any other methods that form the same 
structures can be used While the results fall Within the scope 
of the invention. 

[0076] The foregoing detailed description has described 
only a feW of the many forms that this invention can take. 
For this reason, this detailed description is intended by Way 
of illustration, and not by Way of limitation. It is only the 
folloWing claims, including all equivalents, Which are 
intended to de?ne the scope of this invention. 

What is claimed is: 
1. A nonvolatile memory cell comprising: 

a ?rst conductor; 

a diode comprising amorphous or polycrystalline semi 
conductor material; and 

a second conductor, the semiconductor diode disposed 
betWeen the ?rst conductor and the second conductor, 
Wherein 

before application of a programming voltage the diode 
has a ?rst maximum barrier height, and 

after application of the programming voltage the diode 
has a second maximum barrier height, the second 
maximum barrier height at least 1.5 times the ?rst 
maximum barrier height. 

2. The nonvolatile memory cell of claim 1 Wherein the 
semiconductor material is silicon, germanium, or a silicon 
germanium alloy. 

3. The nonvolatile memory cell of claim 1 Wherein the 
diode is a vertically oriented p-i-n diode. 

4. The nonvolatile memory cell of claim 3 Wherein the 
second conductor is above the ?rst conductor, the ?rst 
conductor extending in a ?rst direction, the second conduc 
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tor extending in a second direction different from the ?rst 
direction, the diode vertically disposed betWeen the ?rst and 
second conductors. 

5. The nonvolatile memory cell of claim 1 Wherein the 
programming voltage is betWeen about 3 and about 15 volts. 

6. The nonvolatile memory cell of claim 5 Wherein the 
programming voltage is betWeen about 6 and about 9 volts. 

7. The nonvolatile memory cell of claim 1 Wherein the 
memory cell resides in a memory array. 

8. The nonvolatile memory cell of claim 7 Wherein the 
memory array is a monolithic three dimensional memory 
array. 

9. A nonvolatile memory cell comprising: 

a ?rst conductor; 

a second conductor; and 

a polycrystalline semiconductor junction diode disposed 
betWeen the ?rst and second conductors, 

Wherein a data state of the memory cell is determined by 
a state of an antifuse, and 

Wherein the polycrystalline semiconductor junction diode 
is the antifuse. 

10. The nonvolatile memory cell of claim 9 Wherein the 
polycrystalline semiconductor junction diode is a vertically 
oriented p-i-n diode. 

11. The nonvolatile memory cell of claim 9 Wherein the 
semiconductor junction diode comprises silicon, germa 
nium, or a silicon-germanium alloy. 

12. The nonvolatile memory cell of claim 9 Wherein the 
second conductor is above the ?rst conductor, the diode 
vertically disposed betWeen the ?rst and second conductors. 

13. The nonvolatile memory cell of claim 9 Wherein the 
memory cell is programmed by applying a programming 
voltage betWeen the ?rst conductor and the second conduc 
tor. 

14. The nonvolatile memory cell of claim 13 Wherein, 
before programming, upon application of a read voltage, a 
?rst current ?oWs betWeen the ?rst conductor and the second 
conductor, and, 

after programming, upon application of the read voltage, 
a second current ?oWs betWeen the ?rst conductor and 
the second conductor, 

the second current at least an order of magnitude greater 
than the ?rst current. 

15. The nonvolatile memory cell of claim 14 Wherein the 
programming voltage is betWeen about 3 and about 15 volts. 

16. The nonvolatile memory cell of claim 15 Wherein the 
programming voltage is betWeen about 6 and about 10 volts. 

17. The nonvolatile memory cell of claim 14 Wherein the 
read voltage is betWeen about 0.5 and about 3 volts. 

18. The nonvolatile memory cell of claim 17 Wherein the 
read voltage is betWeen about 1 and about 2.5 volts. 

19. The nonvolatile memory cell of claim 9 Wherein the 
memory cell resides in a memory array. 

20. The nonvolatile memory cell of claim 19 Wherein the 
memory array is a monolithic three dimensional memory 
array. 

21. A method for forming and programming a nonvolatile 
memory cell, the method comprising: 

forming a ?rst conductor; 

forming a second conductor; 
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depositing and doping semiconductor material to form a 
semiconductor junction diode, the semiconductor junc 
tion diode disposed betWeen the ?rst and second con 
ductors; 

crystalliZing the semiconductor material such that the 
semiconductor junction diode is polycrystalline, 

Wherein, during the crystalliZing step, the semiconductor 
material is not in contact With a template material 
having a lattice mismatch of less than 12 percent With 
the semiconductor material; and 

programming the memory cell by applying a program 
ming voltage betWeen the ?rst and second conductors, 

Wherein no resistance-sWitching element having its resis 
tance changed by application of the programming volt 
age by more than a factor of tWo is disposed betWeen 
the semiconductor junction diode and the ?rst conduc 
tor or betWeen the semiconductor junction diode and 
the second conductor. 

22. The method of claim 21 Wherein the semiconductor 
material is silicon, germanium, or a silicon-germanium 
alloy. 

23. The method of claim 21 Wherein the memory cell does 
not comprise a dielectric antifuse layer. 

24. The method of claim 21 Wherein the memory cell does 
not comprise a chalcogenide material. 

25. The method of claim 21 Wherein, during the crystal 
liZation step, the semiconductor material is not in contact 
With a template material having a lattice mismatch of less 
than 4 percent With the semiconductor material 

26. The method of claim 21 Wherein, during the crystal 
liZing step, the semiconductor material is in contact With 
titanium nitride, tungsten nitride, tantalum nitride, tantalum, 
tungsten, or titanium tungsten. 

27. The method of claim 21 Wherein, during the crystal 
liZing step, the semiconductor material is not in contact With 
titanium suicide, cobalt silicide, or nickel monosilicide. 

28. The method of claim 21 Wherein, before the program 
ming step, the diode has a ?rst maXimum barrier height, and 
after the programming step, the diode has a second maXi 
mum barrier height, the second maXimum barrier height at 
least 1.5 times the ?rst maXimum barrier height. 

29. A monolithic three dimensional memory array com 
prising: 

a) a ?rst memory level above a substrate, the ?rst memory 
level comprising: 

i) a ?rst plurality of substantially parallel conductors; 

ii) a second plurality of substantially parallel conduc 
tors above the ?rst conductors; 

iii) a ?rst plurality of semiconductor junction diodes, 
each ?rst diode disposed betWeen one of the ?rst 
conductors and one of the second conductors; and 

iv) a ?rst plurality of one-time-programmable memory 
cells, each ?rst memory cell adapted to be pro 
grammed by application of a programming voltage, 
each memory cell comprising a portion of one of the 
?rst conductors, a portion of one of the second 
conductors, and one of the ?rst diodes, Wherein 
before programming, each ?rst diode has a ?rst 
maXimum barrier height, and after programming, 
each ?rst diode has a second maXimum barrier 



US 2005/0226067 A1 

height, the second maximum barrier height at least 
1.5 times the ?rst maximum barrier height; and 

b) a second memory level monolithically formed above 
the ?rst memory level. 

30. The monolithic three dimensional memory array of 
claim 29 Wherein the substrate comprises monocrystalline 
semiconductor material. 

31. The monolithic three dimensional memory array of 
claim 29 Wherein the ?rst diodes comprise silicon, germa 
nium, or a silicon-germanium alloy. 

32. The monolithic three dimensional memory array of 
claim 29 Wherein the programming voltage is betWeen about 
3 and about 15 volts. 

33. The monolithic three dimensional memory array of 
claim 32 Wherein the programming voltage is betWeen about 
6 and about 10 volts. 

34. The monolithic three dimensional memory array of 
claim 29 Wherein the ?rst diodes are vertically oriented p-i-n 
diodes. 

35. The monolithic three dimensional memory array of 
claim 29 Wherein the second memory level comprises a 
second plurality of semiconductor junction diodes. 

36. A monolithic three dimensional memory array com 
prising: 

a) a ?rst memory level comprising: 

i) a plurality of bottom conductors; 

ii) a plurality of top conductors; and 

iii) a plurality of ?rst polycrystalline semiconductor 
junction diodes, each diode disposed betWeen one of 
the bottom and one of the top conductors; and 

iv) a ?rst memory cell comprising one of the ?rst 
diodes, Wherein the data state of the ?rst memory 
cells is determined by the state of an antifuse, and 
Wherein the diode of the ?rst memory cell is the 
antifuse; and 

b) a second memory level monolithically formed above 
the ?rst memory level. 

37. The monolithic three dimensional memory array of 
claim 36 Wherein the semiconductor junction diodes com 
prise silicon, germanium, or a silicon-germanium alloy. 

38. The monolithic three dimensional memory array of 
claim 36 Wherein the bottom conductors are substantially 
parallel and substantially coplanar and eXtend in a ?rst 
direction. 

39. The monolithic three dimensional memory array of 
claim 38 Wherein the top conductors are substantially par 
allel and substantially coplanar and eXtend in a second 
direction different from the ?rst direction. 

40. The monolithic three dimensional memory array of 
claim 39 Wherein the diodes are vertically oriented p-i-n 
diodes. 

41. The monolithic three dimensional memory array of 
claim 36 Wherein the ?rst memory cell further comprises a 
portion of one of the bottom conductors and a portion of one 
of the top conductors, and the ?rst memory cell is pro 
grammed by applying a programming voltage betWeen the 
top conductor and the bottom conductor of the ?rst memory 
cell. 

42. The monolithic three dimensional memory array of 
claim 41 Wherein, 
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before programming, upon application of a read voltage, 
a ?rst current ?oWs betWeen the top conductor and the 
bottom conductor of the ?rst memory cell, and, 

after programming, upon application of the read voltage, 
a second current ?oWs betWeen the top conductor and 
the bottom conductor of the ?rst memory cell, 

the second current at least an order of magnitude greater 
than the ?rst current. 

43. The monolithic three dimensional memory array of 
claim 42 Wherein the programming voltage is betWeen about 
3 and about 15 volts. 

44. The monolithic three dimensional memory array of 
claim 43 Wherein the programming voltage is betWeen about 
6 and about 10 volts. 

45. The monolithic three dimensional memory array of 
claim 42 Wherein the read voltage is betWeen about 0.5 and 
about 3 volts. 

46. The monolithic three dimensional memory array of 
claim 45 Wherein the read voltage is betWeen about 1 and 
about 2.5 volts. 

47. A nonvolatile memory cell comprising: 

a ?rst conductor; 

a diode comprising amorphous or polycrystalline semi 
conductor material; and 

a second conductor, the semiconductor diode disposed 
betWeen the ?rst conductor and the second conductor, 
Wherein 

before application of a programming voltage the diode 
has a ?rst recti?cation ratio at a read voltage betWeen 
about 0.5 and about 2.5 volts, and 

after application of the programming voltage the diode 
has a second recti?cation ratio at the read voltage, the 
second recti?cation ratio at least 10 times the ?rst 
recti?cation ratio. 

48. The nonvolatile memory cell of claim 47 Wherein the 
second recti?cation ratio is at least 100 times the ?rst 
recti?cation ratio. 

49. The nonvolatile memory cell of claim 48 Wherein 
semiconductor material is silicon, germanium, a silicon 
germanium alloy, or a semiconductor alloy comprising sili 
con or germanium. 

50. The nonvolatile memory cell of claim 47 Wherein the 
semiconductor material is silicon and the read voltage is 
betWeen about 1.5 volts and about 2.5 volts. 

51. The nonvolatile memory cell of claim 50 Wherein the 
read voltage is about 2 volts. 

52. The nonvolatile memory cell of claim 47 Wherein the 
semiconductor material is germanium and the read voltage 
is betWeen about 0.5 volts and about 2.0 volts. 

53. The nonvolatile memory cell of claim 52 Wherein the 
read voltage is about 1.2 volts. 

54. The nonvolatile memory cell of claim 47 Wherein the 
semiconductor material is an alloy comprising silicon and 
germanium. 

55. The nonvolatile memory cell of claim 54 Wherein the 
read voltage is betWeen about 1.2 volts and about 2.0 volts. 

56. The nonvolatile memory cell of claim 47 Wherein the 
diode is a vertically oriented p-i-n diode. 

57. The nonvolatile memory cell of claim 56 Wherein the 
second conductor is above the ?rst conductor, the ?rst 
conductor extending in a ?rst direction, the second conduc 
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tor extending in a second direction different from the ?rst 60. The nonvolatile memory cell of claim 47 Wherein the 
direction, the diode vertically disposed betWeen the ?rst and memory cell resides in a memory array. 
second conductors. 61. The nonvolatile memory cell of claim 60 Wherein the 

58. The nonvolatile memory cell of claim 47 Wherein the memory array is a monolithic three dimensional memory 
programming voltage is betWeen about 3 and about 15 volts. array. 

59. The nonvolatile memory cell of claim 58 Wherein the 
programming voltage is betWeen about 6 and about 9 volts. * * * * * 


