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VERIFY SCHEME FOR RERAM 

PRIORITY APPLICATION 

0001. This application claims the benefit of U.S. Provi 
sional Patent Application No. 62/161,112 filed 13 May 2015. 
The application is incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

0002 1. Field of the Invention 
0003. The present invention relates to high density 
memory arrays based on RRAM devices, and particularly 
relates to a verify scheme for such devices. 
0004 2. Description of Related Art 
0005 Resistive random access memory (RRAM) is a 
type of nonvolatile memory that includes metal oxide mate 
rial which changes resistance between two or more stable 
resistance ranges by application of electrical pulses at levels 
Suitable for implementation in integrated circuits. The resis 
tance can be read and written via random access. The access 
lines coupled to the memory cells are connected to circuitry 
to perform operations, such as SET and RESET operations, 
which change the state of the memory element in order to 
store or erase data. 
0006 If the data is not stored successfully, the conven 
tional approach then strengthens the operation conditions, 
Such as greater amplitude and/or longer pulse duration. Such 
stronger operation conditions, however, stress and damage 
the memory element, which makes the device less reliable 
over repeated use. 
0007. It is desirable to provide a new verification scheme 
for RRAMs to reduce stress and damage to the memory 
element. 

SUMMARY 

0008. In various embodiments of the technology, after a 
program Verify operation fails, follow-on pulses do not have 
to increase in amplitude for Successful programming. 
Because the amplitude does not have to increase, the 
memory devices undergo less stress and are more reliable. In 
various embodiments of the technology, after a program 
verify operation fails, a pulse with a polarity opposite to the 
polarity of the program pulse is applied after the failed 
program Verify operation and prior to the Subsequent pro 
gram pulse. 
0009. One aspect of the technology is an integrated 
circuit, comprising a programmable element comprising 
metal oxide, and circuitry coupled to the programmable 
element and configured to execute a program-verify opera 
tion. 
0010. The program-verify operation includes (i) an initial 
cycle of a program operation and a verify operation, and 
then (ii) Subsequent cycles of the program operation and the 
verify operation, responsive to the cell resistance of the 
programmable element not being within the target resistance 
range after the initial cycle. 
0011. The initial cycle of the program operation and the 
verify operation includes an initial instance of the program 
operation to establish a cell resistance of the programmable 
element. The initial instance of the program operation 
includes applying an initial program pulse having a first 
polarity to the programmable element cell. Then the initial 
cycle includes an initial instance of the Verify operation to 
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determine whether the cell resistance of the programmable 
element is within a target resistance range. 
0012. The subsequent cycles of the program operation 
and the verify operation, are iterated until the cell resistance 
of the programmable element is within the target resistance 
range. At least one of the Subsequent cycles includes an 
additional pulse having a second polarity to the program 
mable element. The first polarity of the initial program pulse 
and the second polarity of the additional pulse have opposite 
polarities. The Subsequent cycle(s) include a Subsequent 
instance of the program operation including applying a 
Subsequent program pulse having the first polarity to the 
programmable element. Then the Subsequent cycle(s) 
include a Subsequent instance of the verify operation to 
determine whether the cell resistance of the programmable 
element is within the target resistance range. 
0013. In some embodiments of the integrated circuit, the 
Subsequent cycles of the program operation and the verify 
operation, are iterated until the cell resistance of the pro 
grammable element memory cell is within the target resis 
tance range or a maximum number is performed of cycles of 
the program operation and the Verify operation. 
0014. In some embodiments of the integrated circuit, the 
initial program pulse and the Subsequent program pulse are 
reset pulses. In some embodiments of the integrated circuit, 
the initial program pulse and the Subsequent program pulse 
are set pulses. 
0015. In some embodiments of the integrated circuit, a 

first magnitude of the initial program pulse is at least as large 
as later magnitudes of program pulses of the program 
operation of the Subsequent cycles. 
0016. In some embodiments of the integrated circuit, 
another program operation includes another initial cycle of 
the program operation and the verify operation followed by 
further Subsequent cycles of the program operation and the 
verify operation. 
0017. In some embodiments of the integrated circuit, a 
cumulative pass rate of the program operation after at least 
one of the subsequent cycles exceeds 97%. 
0018. In some embodiments of the integrated circuit, the 
programmable element has a programmable resistance. 
0019. Another aspect of the technology is an integrated 
circuit, comprising an array of memory cells and program 
mable elements comprising metal oxide, and circuitry 
coupled to the memory cells in the array. The circuitry is 
configured to execute a program-verify operation on at least 
a first memory cell in the array, as disclosed herein. 
0020. In some embodiments of the integrated circuit, a 

first Subset of the array of memory cells is programmed to 
within the target resistance range after only the initial cycle 
of the program operation and the verify operation, and a 
second Subset of the array of memory cells is programmed 
to within the target resistance range after the initial cycle of 
the program operation and the verify operation and at least 
one of the Subsequent cycles of the program operation and 
the verify operation. A first mean resistance of the first 
Subset of the array of memory cells is at least as large as a 
second mean resistance of the second Subset of the array of 
memory cells. 
0021. In some embodiments of the integrated circuit, a 

first resistance distribution results from the program-verify 
operation being performed on the memory cells in the array 
with reset pulses, and a second resistance distribution results 
from the program-verify operation being performed on the 
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memory cells in the array with set pulses. An open resistance 
window separates a lower 99.5% of the first resistance 
distribution and a lower 99.5% of the second resistance 
distribution. In some embodiments, this open resistance 
window occurs despite an overlap between the first resis 
tance distribution and the second resistance distribution after 
only the initial cycle of the program operation and the verify 
operation. 
0022. In some embodiments of the integrated circuit, 
despite a first magnitude of the initial program pulse is at 
least as large as later magnitudes of program pulses of the 
program operation of the Subsequent cycles, a cumulative 
pass rate for the memory cells in the array increases with an 
additional one of the Subsequent cycles of the program 
operation and the verify operation. 
0023 Yet another aspect of the technology is a method, 
comprising: 

0024 executing a program-verify operation on at least 
a first memory cell comprising a programmable ele 
ment comprising metal oxide in a memory array of an 
integrated circuit, including: (i) performing an initial 
cycle of a program operation and a verify operation, 
and (ii) performing Subsequent cycles of the program 
operation and the verify operation, as disclosed herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0025 FIG. 1 is a graph of voltage versus time, showing 
a series of reset programming operation pulses with increas 
ing amplitudes, in response to failed program verify opera 
tions. 
0026 FIG. 2 is a graph of voltage versus time, showing, 
in response to failed program verify operations, (i) a series 
of reset programming operation pulses with nonincreasing 
amplitudes and (ii) pulses having a polarity opposite to the 
reset programming operation pulses. 
0027 FIG. 3 is a graph of voltage versus time, showing, 
in response to failed program verify operations, (i) a series 
of reset programming operation pulses with nonincreasing 
amplitudes and (ii) pulses having a polarity opposite to the 
reset programming operation pulses. 
0028 FIG. 4A is a schematic of a memory cell in 
accordance with an embodiment. 
0029 FIGS. 4B and 4C are schematics of alternatives to 
bias a memory cell in accordance with different arrange 
ments of source line and bit line. 
0030 FIG. 5 is a schematic of a cross-point memory cell 
array in accordance with an embodiment. 
0031 FIG. 6 is a simplified cross-sectional view of an 
example of a variable resistance memory cell. 
0032 FIG. 7 is a cumulative probability graph of the 
resistance distribution of the memory array, without repeti 
tions of programming pulses. 
0033 FIGS. 8 and 9 are respectively graphs of the low 
and high resistance state distributions of the memory array. 
0034 FIG. 10 is a cumulative probability graph of the 
resistance distribution of the memory array, after a set 
programming pulse and after a reset programming pulse, 
showing the absence of a resistance window without pro 
gram verify. 
0035 FIG. 11 is a cumulative probability graph of the 
resistance distribution of the memory array, after a set 
programming pulse and after a reset programming pulse, 
showing the degraded resistance State after cycling. 
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0036 FIGS. 12 and 13 are resistance tracking graphs of 
the SET state resistance after a SET-RESET-SET sequence 
of operations. 
0037 FIG. 14-17 are resistance maps of the array of 
memory cells through a SET-RESET-SET-RESET sequence 
of operations with vertical and horizontal positions corre 
sponding to word line and bit line positions. 
0038 FIG. 18 is an example flowchart of the program 
program verify cycle of operations. 
0039 FIGS. 19-21 are graphs of the resistance distribu 
tion following each program pulse in a sequence of program 
pulses. 
0040 FIG. 22 is a graph of the resistance distributions 
following each program pulse in a sequence of program 
pulses. 
0041 FIG. 23 is a cumulative probability graph of the 
resistance distribution of the memory array, after Successful 
program verify. 
0042 FIG. 24 is a graph of pass bit numbers and cumu 
lative pass rate for SET and RESET programming opera 
tions after each program-verify loop. 
0043 FIG. 25 is a graph of reset and set resistances with 
increasing cycles. 
0044 FIG. 26 is a cumulative probability graph of the 
resistance distribution of the memory array, after a set 
programming pulse and after a reset programming pulse, 
showing the absence of a resistance window without pro 
gram verify. 
0045 FIG. 27 is a simplified block diagram of an inte 
grated circuit array in accordance with an embodiment. 

DETAILED DESCRIPTION 

0046 FIG. 1 is a graph of voltage versus time, showing 
a series of reset programming operation pulses with increas 
ing amplitudes, in response to failed program verify opera 
tions. 
0047 A selected memory cell undergoes multiple cycles 
of programming reset and verify operations. In each cycle, 
a programming reset operation occurs, followed by a verify 
operation which reads the selected memory cell. 
0048. With the shown graph, four cycles of programming 
reset and verify operations are shown as 2, 4, 6, and 8. With 
each Subsequent cycle, the magnitude of the programming 
reset pulse increases after a failed verify, to perform incre 
mental step pulse programming (ISPP). The programming 
pulse names RESET1, RESET2, RESET3, and RESET4 
indicate the increasing magnitudes. A positive slope trend 
line 10 connects the tops of the programming pulses, indi 
cating the increasing magnitudes. 
0049 FIG. 2 is a graph of voltage versus time, showing, 
in response to failed program verify operations, (i) a series 
of reset programming operation pulses with nonincreasing 
amplitudes and (ii) pulses having a polarity opposite to the 
reset programming operation pulses. 
0050. An initial cycle includes RESET1 programming 
operation pulse 12 followed by verify operation 22. After the 
initial cycle fails programming, a Subsequent cycle includes 
opposite polarity pulse 24, RESET1 programming operation 
pulse 14, and then verify operation 26. After the subsequent 
cycle fails programming, another Subsequent cycle includes 
opposite polarity pulse 28, RESET1 programming operation 
pulse 16, and then verify operation 30. The same program 
ming pulse name RESET1 indicates the nonincreasing mag 
nitudes of the programming pulses. The flat trend line 20 
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connects the tops of the programming pulses, indicating the 
nonincreasing magnitudes. In the shown embodiment, a 
single opposite polarity pulse is shown. In other embodi 
ments, multiple opposite polarity pulses can precede the 
Subsequent program pulse. 
0051 FIG. 3 is a graph of voltage versus time, showing, 
in response to failed program verify operations, (i) a series 
of reset programming operation pulses with nonincreasing 
amplitudes and (ii) pulses having a polarity opposite to the 
reset programming operation pulses. 
0052 An initial cycle includes SET1 programming 
operation pulse 32 followed by verify operation 42. After the 
initial cycle fails, a Subsequent cycle includes opposite 
polarity pulse 44, SET1 programming operation pulse 34. 
and then verify operation 46. After the subsequent cycle 
fails, another Subsequent cycle includes opposite polarity 
pulse 48, SET1 programming operation pulse 36, and then 
verify operation 50. The same programming pulse name 
SET1 indicates the nonincreasing magnitudes for the pro 
gramming pulses. The flat trend line 40 connects the tops of 
the programming pulses, indicating the nonincreasing mag 
nitudes of the programming pulses. In the shown embodi 
ment, a single opposite polarity pulse is shown. In other 
embodiments, multiple opposite polarity pulses can precede 
the Subsequent program pulse. 
0053 FIG. 4A is a schematic of a memory cell 90 in 
accordance with an embodiment. The memory cell 90 
includes an access device, transistor 102, with a first current 
carrying terminal 104 and a second current carrying terminal 
106. The memory cell includes a memory element 108 
located between the first current carrying terminal 104 and 
a first access line 110. Such as a bit line, and a second access 
line 112, Such as a source line, connected to the second 
current carrying terminal 106. In the embodiment shown 
with the access device as transistor 102, the memory device 
further includes a third access line 114, such as a word line, 
connected to the gate of the transistor 102. A controller 101 
is schematically shown which applies pulses to the memory 
cell 90 with a polarity opposite to the polarity of the 
programming pulse. 
0054 FIGS. 4B and 4C are alternative embodiments of 
applying gate Voltage to a selector and a bias Voltage to a 
source line or a bit line. 

0055. In FIGS. 4B and 4C, current source/voltage bias 
120 provides current from a current source for a SET 
operation, or provides a voltage for a RESET operation. A 
reference Voltage 129 Such as a ground is at the opposite end. 
0056. In FIG. 4B, the following elements are in between 
the current source or voltage bias 120, and the ground 129: 
bit line 122, memory element 128, access transistor 126 
controlled by word line 127, and source line 124. In FIG. 4C, 
the following elements are in between the current source or 
voltage bias 120, and the ground 129: source line 124, access 
transistor 126 controlled by word line 127, memory element 
128, and bit line 122. 
0057. In one embodiment, the initial reset pulse and 
Subsequent reset pulses are a bias in a range of 1.2 V to 5 V. 
for example 2.3 V, applied to the bit line 122 of FIG. 4B or 
to the source line 124 of FIG. 4C, and a gate voltage in a 
range of 1.6 V to 5V, for example 2.8 V, in a range of 10 
nanosecond to 10 microseconds, for example 800 nanosec 
onds, applied to the word line 127 of FIG. 4B or 4C. The 
opposite polarity pulse has 126 microamperes for 800 nano 
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seconds (see set pulse for wider ranges), with an opposite 
polarity Voltage in contrast with the reset pulses. 
0058. In another embodiment, the initial set pulse and 
Subsequent set pulses are in a range from 40 to 350 micro 
amperes, such as 126 microamperes, in a range from 10 
nanoseconds to 10 microseconds, for example about 800 
nanoseconds. The opposite polarity pulse has an example 
bias of 2.3 V applied to the bit line 122 of FIG. 4B or to the 
source line 124 of FIG. 4C, and a gate voltage of 2.8 V for 
800 nanoseconds for example (see reset pulse for wider 
ranges), applied to the word line 127 of FIG. 4B or 4C, with 
an opposite polarity Voltage in contrast with the set pulses. 
0059. In various embodiments, the pulse amplitude and 
width can be modulated to optimize the resistance distribu 
tion. Also, the reverse pulse magnitude can be Smaller in 
order to reduce the device stress. For example in RESET1, 
the pulse amplitude or width of the programming operation 
pulse 12 could be larger, equal or Smaller than the pulse 
amplitude or width of the programming operation pulse 14. 
Likewise, the pulse amplitude or width of the programming 
operation pulse 32 could be larger, equal or Smaller than the 
pulse amplitude or width of the programming operation 
pulse 34 in SET1. 
0060 FIG. 5 is a schematic of a cross-point memory cell 
array in accordance with a diode access device. In Such 
embodiments, a third access line is not included to access the 
memory cell 108. Instead of MOS transistors, bipolar tran 
sistors or diodes may be used as access devices in some 
embodiments. A controller 101 is schematically shown 
which applies pulses to the memory cell 108 with a polarity 
opposite to the polarity of the programming pulse. 
0061 FIG. 6 is a simplified cross-sectional view of an 
example of a programmable resistance memory cell 200. A 
conductive plug 208 (bottom electrode) extends through an 
insulating dielectric layer 204, for example a silicon dioxide 
layer. In one embodiment, the conductive plug 208 may 
comprise an adhesion layer 206. The conductive plug 208 on 
one end may be coupled to an access device. Such as a drain 
terminal of an access transistor, a terminal of a diode, or an 
access line. In the embodiment shown, the conductive plugs 
are tungsten plugs and the adhesion layers are TiN liners 
including sidewall portions and bottom portions. A memory 
element 210 is on the conductive plug 208. The memory 
element 210 can be an oxide of the conductive plug 208. On 
top of the adhesion layer 206 is a region of oxidized 
adhesion layer 212. A conductive layer 202 (top electrode) 
is formed over at least the memory element 210. In various 
embodiments, the material of the conductive plugs could be 
other metals such as Ti, Ta, Al, TiN, TaN, Cu, Zr, Gd, Yb, 
and Hf. The adhesion layer can be a conductive metal nitride 
including titanium nitride, tungsten nitride, tantalum nitride, 
titanium, and others. Adhesion layers can also be a metal 
Such as titanium. 

0062. The memory element can comprise materials such 
as a metal oxide, including tungsten oxide (WOX), hafnium 
oxide (H?Ox), titanium oxide (TiOx), tantalum oxide 
(TaOx), titanium nitride oxide (TiNO), nickel oxide (NiOx), 
ytterbium oxide (YbOx), aluminum oxide (AlOx), niobium 
oxide (NbOx), Zinc oxide (ZnOx), copper oxide (CuOx), 
anadium oxide (VOx), molybdenum oxide (MoOx), ruthe 
nium oxide (RuOx), copper silicon oxide (CuSiOx), silver 
zirconium oxide (AgZrO), aluminum nickel oxide (AlNiO), 
aluminum titanium oxide (AITiO), gadolinium oxide 
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(GdCX), gallium oxide (GaCox), Zirconium oxide (ZrOx), 
chromium doped SrZrO3, chromium doped SrTiO3, PCMO, 
or LaCaMnO, etc. 
0063 FIG. 7 is a cumulative probability graph of the 
resistance distribution of the memory array, without repeti 
tions of programming pulses. 
0064 Trace 302 shows the array resistance distribution 
after one reset programming pulse, without further adjust 
ment of resistance values. Trace 304 shows the array resis 
tance distribution after one set programming pulse, without 
further adjustment of resistance values. Slight overlap of 
about 3% exists between the high resistance state following 
the reset pulse, and the low resistance state following the set 
pulse. 
0065 FIGS. 8 and 9 are respectively graphs of the low 
and high resistance state distributions of the memory array. 
0.066 FIG. 8 shows the low resistance state distribution 
of the array after one set programming pulse, without further 
adjustment of resistance values. FIG. 9 shows the high 
resistance state distribution of the array after one reset 
programming pulse, without further adjustment of resistance 
values. Both FIGS. 8 and 9 show Gaussian functions, which 
Suggests the statistical nature of both set and reset program 
ming operations. 
0067 FIG. 10 is a cumulative probability graph of the 
resistance distribution of the memory array, after a set 
programming pulse and after a reset programming pulse, 
showing the absence of a resistance window without pro 
gram Verify. 
0068. The traces indicated generally by 310 shows the 
low resistance state distribution of the array after one set 
programming pulse, without further adjustment of resistance 
values. The traces indicated generally by 312 shows the high 
resistance state distribution of the array after one reset 
programming pulse, without further adjustment of resistance 
values. Trace 314 shows the initial resistance distribution of 
the array. No resistance window exists between the high 
probability portion of traces 310 and the low probability 
portion of traces 312. Thus program verify is required to 
open a resistance windows between the low and high 
resistance states. 
0069 FIG. 11 is a cumulative probability graph of the 
resistance distribution of the memory array, after a set 
programming pulse and after a reset programming pulse, 
showing the degraded resistance State after cycling. 
0070. The traces indicated generally by 316 show the low 
resistance state distribution of the array after set program 
ming. The traces indicated generally by 318 show the high 
resistance state distribution of the array after reset program 
ming. Trace 320 shows the initial resistance distribution of 
the array. In trace groups 316 and 318, ISPP increases the 
strength of programming after each pulse, which stresses the 
resistive memory element of the memory cells. As a result, 
the low probability portion of traces 319 shows damage by 
bending towards the low resistance direction. 
0071 FIGS. 12 and 13 are resistance tracking graphs of 
the SET state resistance after a SET-RESET-SET sequence 
of operations. 
0072 The vertical axis with resistance of the reset state is 
shared between FIGS. 12 and 13. FIGS. 12 and 13 both have 
a horizontal axis with resistance of the set state. The hori 
Zontal axis of FIG. 12 corresponds to the set state before the 
intermediate reset state corresponding to the vertical axis. 
The horizontal axis of FIG. 13 corresponds to the set state 
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after the intermediate reset state corresponding to the Ver 
tical axis. The quantity of memory cells having both the 
particular resistance in the reset state, and the particular 
resistance in the set state, is indicated by the shade of the 
data point. FIG. 12 shows the highest concentration of data 
points indicating large quantities in the center 322. FIG. 13 
also shows the highest concentration of data points indicat 
ing large quantities in the center 324. The variations between 
FIGS. 12 and 13 show that the resistance of any particular 
memory cell in the array is unpredictable. However, FIGS. 
12 and 13 both show a normal, Gaussian distribution con 
tinued through the SET-RESET-SET sequence of opera 
tions. 
(0073 FIG. 14-17 are resistance maps of the array of 
memory cells through a SET-RESET-SET-RESET sequence 
of operations with vertical and horizontal positions corre 
sponding to word line and bit line positions. 
0074 FIG. 14 is a resistance map of a first set state. Then 
reset programming is performed on the memory array. As a 
result, FIG. 16 shows the resistance map of a first reset state. 
Then set programming is performed on the memory array. 
As a result, FIG. 15 shows the resistance map of a second set 
state. Then reset programming is performed on the memory 
array. As a result, FIG. 17 shows the resistance map of a 
second reset state. In the resistance maps of FIGS. 14-17, the 
vertical and horizontal positions in the maps corresponding 
to word line and bit line positions. The resistances of 
memory cells at particular intersections of word lines and bit 
lines are indicated by the color at the particular intersections. 
The same memory cells in the same resistance state are 
indicated by 326 of FIG. 14 and 328 of FIG. 15, 330 of FIG. 
16 and 334 of FIG. 17, and 332 of FIG. 16 and 336 of FIG. 
17. Each of these pairs shows multiple magnitudes of order 
of difference, despite being the same memory cell in Sup 
posedly the same resistance state. 
0075. Many of the figures generally indicate that the 
resistance of a particular memory cell which results from a 
particular programming operation is unpredictable. Many of 
the figures also generally indicate that the resistance distri 
bution of the overall memory array which results from a 
particular programming operation is predictable. 
0076 Accordingly, when program verify indicates a 
failed programming attempt, the cause is understood to be 
not so much a defective memory cell, but an unfavorable 
statistical result. So ISPP with increasing magnitudes of 
programming pulses is unnecessary, as opposed to applying 
nonincreasing magnitudes of programming pulses. 
0077 FIG. 18 is an example flowchart of the program 
program verify cycle of operations. At 350 the programming 
operation starts. At 352 the operation parameters of the 
programming operation are fixed, whether for set or reset. 
An example set of parameters for the programming pulse 
can include rise time, falling time, pulse width, and ampli 
tude. At 354, the initial cycle beings with a program pulse on 
the selected memory cell. At 356, the initial cycle continues 
with a program verify read on the selected memory cell. At 
358, depending on whether or not the result of the program 
verify read shows that the selected memory cell was pro 
grammed Successfully, the programming operation ends at 
364, or Subsequent programming cycles are performed. At 
360, a Subsequent programming cycle begins with an oppo 
site polarity pulse 360 applied to the selected memory cell. 
The opposite polarity pulse has a polarity which is opposite 
to the polarity of the programming pulse, whether the 
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programming pulse is for set or reset. At 362, the operation 
parameter for the program pulse magnitude is not increased, 
because further strengthening the program conditions is 
unnecessary. However, this is optional, and in some embodi 
ments ISPP may be performed. Subsequent steps from 354 
are similar to the initial programming cycle. An alternative 
at 358 is to stop programming with a failure result of 
program verify, due to a maximum number of programming 
cycles having been attempted. 
0078 FIGS. 19-21 are graphs of the resistance distribu 
tion following each program pulse in a sequence of program 
pulses. The strength of the program pulse in the Subsequent 
cycles of programming and program verify does not 
increase, despite failure of program verify in prior cycles. 
0079. In FIG. 19, resistance distribution 370 corresponds 
to a memory array which undergoes an initial cycle of 
programming and program verify. Program verify threshold 
376 separates an upper distribution 372 which passes pro 
gram verify, from a lower distribution 378 which fails 
program verify. 
0080. In FIG. 20, resistance distribution 380 corresponds 
to a memory array which undergoes a Subsequent cycle of 
programming and program verify. An arrow connects lower 
distribution 378 in FIG. 19 with resistance distribution 380 
in FIG. 20. The arrow indicates that the memory cells which 
fail program verify in the initial cycle of programming and 
program verify in FIG. 19, are also the memory cells which 
undergo the Subsequent cycle of programming and program 
verify in FIG. 20. Program verify threshold 386 separates an 
upper distribution 382 which passes program verify, from a 
lower distribution 388 which fails program verify. 
I0081. In FIG. 21, resistance distribution 390 corresponds 
to a memory array which undergoes another Subsequent 
cycle of programming and program verify. An arrow con 
nects lower distribution 388 in FIG. 20 with resistance 
distribution 390 in FIG. 21. The arrow indicates that the 
memory cells which fail program verify in the Subsequent 
cycle of programming and program verify in FIG. 20, are 
also the memory cells which undergo another Subsequent 
cycle of programming and program verify in FIG. 21. 
Program verify threshold 396 separates an upper distribution 
392 which passes program verify, from a lower distribution 
398 which fails program verify. 
0082 Each graph of the resistance distribution in FIGS. 
19-21 has a mean resistance. FIG. 19 has mean resistance 
374, FIG. 20 has mean resistance 384, and FIG. 21 has mean 
resistance 394. Because the strength of the program pulse in 
the Subsequent cycles of programming and program verify 
does not increase, the mean resistance does not increase 
from cycle to cycle. 
0083 FIG. 22 is a graph of the resistance distributions 
following each program pulse in a sequence of program 
pulses. In contrast with FIGS. 19-21, in FIG. 22 the strength 
of the program pulse in the Subsequent cycles of program 
ming and program verify does increase, after failure of 
program verify in the prior cycle. 
0084. A lower program verify threshold 402 separates 
memory cells which pass program verify 408, from memory 
cells which fail program verify 406. A higher program verify 
threshold 404 separates memory cells which pass program 
verify 410, from memory cells which fail program verify 
412. 

0085. Resistance distribution 414 corresponds to a 
memory array which undergoes an initial cycle of program 
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ming and program verify. Resistance distribution 416 cor 
responds to a memory array which undergoes a Subsequent 
cycle of programming and program Verify. Resistance dis 
tribution 416 is composed of the memory cells which fail 
program verify in resistance distribution 414. Resistance 
distribution 418 corresponds to a memory array which 
undergoes another Subsequent cycle of programming and 
program verify. Resistance distribution 418 is composed of 
the memory cells which fail program verify in resistance 
distribution 416. 
0.086 Each resistance distribution in FIG. 22 has a mean 
resistance. Resistance distribution 414 has mean resistance 
420, resistance distribution 416 has mean resistance 422, 
and resistance distribution 418 has mean resistance 424. 
Because the strength of the program pulse in the Subsequent 
cycles of programming and program Verify does increase 
with each cycle, the mean resistance increases from cycle to 
cycle. The stronger program pulses cause resistance distri 
bution 418 as a whole to shift upwards. Accordingly, the 
upper part of resistance distribution 418 exceeds upper 
program verify threshold 404. Thus, a disproportionately 
large share of the memory cells in resistance distribution 418 
fail due to having a resistance that is too high. This problem 
of disproportionately high failure due to an overly high 
resistance does not characterize FIGS. 19-21, because the 
nonincreasing program pulses in the Subsequent program 
verify cycles do not tend to shift the resistance distribution 
upwards. 
I0087 FIG. 23 is a cumulative probability graph of the 
resistance distribution of the memory array, after Successful 
program verify. 
0088 Traces 430 and 432 show the low resistance state 
distribution of the array after set programming. Trace 430 
shows the low resistance state resistance distribution prior to 
program Verify, and trace 432 shows the low resistance State 
resistance distribution after program verify. Due to program 
verify, the high resistance portion of trace 430 is adjusted 
downwards to below lower program verify threshold 438. 
I0089 Traces 434 and 436 show the high resistance state 
distribution of the array after reset programming. Trace 434 
shows the high resistance state resistance distribution prior 
to program verify, and trace 436 shows high low resistance 
state resistance distribution after program verify. Due to 
program verify, the low resistance portion of trace 434 is 
adjusted upwards to above higher program verify threshold 
440. The program verify thresholds, or resistance trimming 
boundaries, are 30 kilohms and 100 kilohms, so the resis 
tance window is 70 kilohms wide. 
0090 FIG. 24 is a graph of pass bit numbers and cumu 
lative pass rate for SET and RESET programming opera 
tions after each program-verify loop. 
0091. The left vertical axis shows pass bit number, which 
indicates the number of memory cells that pass program 
verify after a particular shot, or cycle of programming and 
program verify. The left vertical axis supports the bar chart 
of memory cells which pass program verify after SET and 
RESET cycles. Bars 450 and 458 show, for set and reset 
programming respectively, the number of memory cells that 
pass program verify after shot #1. Bars 452 and 460 show, 
for set and reset programming respectively, the number of 
memory cells that pass program verify after shot #2. Bars 
454 and 462 show, for set and reset programming respec 
tively, the number of memory cells that pass program verify 
after shot #3. Bars 456 and 464 show, for set and reset 
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programming respectively, the number of memory cells that 
pass program verify after shot #4. Because most of the 
memory cells Successful pass verify after a particular shot, 
each Successive shot is applied to fewer and fewer remaining 
memory cells which have not been programmed Success 
fully yet, as indicated by the decreasing bar heights in the log 
scale. 
0092. The right vertical axis shows the cumulative pass 
rate after a particular shot, or cycle of programming and 
program verify. The right vertical axis corresponds to the 
curves 466 and 468 which are the cumulative pass rates for 
set and reset shots respectively. FIG. 24 shows that the pass 
rates remain stable from shot to shot, which supports the 
statistical treatment of program verify introduced in con 
nection with FIGS. 8 and 9. 

0093 FIG. 25 is a graph of reset and set resistances with 
increasing cycles. With a 1 kilobit array, trace 470 shows the 
array resistance median and standard deviations in the reset 
state, with an increasing number of reset-set cycles. With the 
1 kilobit array, trace 472 shows the array resistance median 
and standard deviations in the set state, with an increasing 
number of reset-set cycles. 
0094 FIG. 26 is a cumulative probability graph of the 
resistance distribution of the memory array, after a set 
programming pulse and after a reset programming pulse, 
showing the absence of a resistance window without pro 
gram verify. 
0.095 Trace 484 shows the low resistance state distribu 
tion of the array after set programming. Due to program 
verify, the trace 484 is below lower program verify threshold 
490. Trace 486 shows the high resistance state distribution 
of the array after reset programming. Due to program verify, 
trace 486 is above higher program verify threshold 492. The 
program verify thresholds, or resistance trimming boundar 
ies 490 and 492 leave a resistance window 494. The resis 
tance window 494 is open tail-to-tail, or for over 99.99% of 
the array. 
0096 FIG. 27 is a simplified block diagram of an inte 
grated circuit array in accordance with an integrated circuit 
embodiment 510 including a cross-point memory array of 
memory cells 500. A word line decoder 514 is coupled to and 
in electrical communication with a plurality of word lines 
516. A bit line (column) decoder 518 is in electrical com 
munication with a plurality of bit lines 520 to read data from, 
and write data to, the memory cells in the array 500. 
Addresses are supplied on bus 522 to word line decoder and 
drivers 514 and bit line decoder 518. Sense amplifiers and 
data-in structures in block 524 are coupled to bit line 
decoder 518 via data bus 526. Data is supplied via a data-in 
line 528 from input/output ports on integrated circuit 510, or 
from other data sources internal or external to integrated 
circuit 510, to data-instructures in block 524. Other circuitry 
530 may be included on integrated circuit 510, such as a 
general purpose processor or special purpose application 
circuitry, or a combination of modules providing system 
on-a-chip functionality supported by memory array 100. 
Data is supplied via a data-out line 532 from the sense 
amplifiers in block 524 to input/output ports on integrated 
circuit 510, or to other data destinations internal or external 
to integrated circuit 510. 
0097. A controller 534 implemented in this example, 
using a bias arrangement state machine, controls the appli 
cation of bias arrangement Supply Voltages 536, Such as read 
Voltages, program Voltages such as set and reset, and pro 
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gram verify voltages such as for set and reset. Controller 534 
may be implemented using special-purpose logic circuitry as 
known in the art. In alternative embodiments, controller 534 
comprises a general-purpose processor, which may be 
implemented on the same integrated circuit to execute a 
computer program to control the operations of the device. In 
yet other embodiments, a combination of special-purpose 
logic circuitry and a general-purpose processor may be 
utilized for implementation of controller 534. 
0098. While the present technology is disclosed by ref 
erence to the preferred embodiments and examples detailed 
herein, it is to be understood that these examples are 
intended in an illustrative rather than in a limiting sense. It 
is contemplated that modifications and combinations will 
readily occur to those skilled in the art, which modifications 
and combinations will be within the spirit of the technology 
and the scope of the following claims. 
What is claimed is: 
1. An integrated circuit, comprising: 
a programmable element comprising metal oxide; and 
circuitry coupled to the programmable element, the cir 

cuitry configured to execute a program-verify operation 
including: 
(i) an initial program-verify cycle including: 

applying an initial program pulse having a first 
polarity to the programmable element to establish 
a cell resistance of the programmable element; and 
then 

determining whether the cell resistance of the pro 
grammable element is within a target resistance 
range; and then 

(ii) Subsequent program-verify cycles performed if the 
cell resistance of the programmable element is not 
within the target resistance range, iterated until the 
cell resistance of the programmable element is 
within the target resistance range, 

wherein at least one of the Subsequent program-verify 
cycles to establish the cell resistance of the program 
mable element within the target range includes: 
applying an opposite polarity pulse having a second 

polarity to the programmable element, the first 
polarity and the second polarity having opposite 
polarities; and 

applying a Subsequent program pulse having the first 
polarity to the programmable element; and then 

determining whether the cell resistance of the pro 
grammable element is within the target resistance 
range. 

2. The integrated circuit of claim 1, wherein the initial 
program pulse and the Subsequent program pulse are reset 
pulses. 

3. The integrated circuit of claim 1, wherein the initial 
program pulse and the Subsequent program pulse are set 
pulses. 

4. The integrated circuit of claim 1, wherein a first 
magnitude of the initial program pulse is at least as large as 
a later magnitude of the Subsequent program pulse. 

5. The integrated circuit of claim 1, wherein another 
program-verify operation includes another initial program 
verify cycle followed by further subsequent program-verify 
cycles. 

6. The integrated circuit of claim 1, wherein the program 
mable element has a programmable resistance. 
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7. The integrated circuit of claim 1, wherein the subse 
quent program-verify cycles are iterated until the cell resis 
tance of the programmable element is within the target 
resistance range or a maximum number of program-verify 
cycles is performed. 

8. An integrated circuit, comprising: 
an array of memory cells having programmable elements 

comprising metal oxide; and 
circuitry coupled to the memory cells in the array, the 

circuitry configured to execute a program-verify opera 
tion on at least a first memory cell in the array, 
including: 
(i) an initial program-verify cycle including: 

applying an initial program pulse having a first 
polarity to the first memory cell to establish a cell 
resistance of the memory cell; and then 

determining whether the cell resistance of the first 
memory cell is within a target resistance range; 
and then 

(ii) Subsequent program-verify cycles performed if the 
cell resistance of the memory cell is not within the 
target resistance range, the Subsequent cycles iter 
ated until the cell resistance of the first memory cell 
is within the target resistance range, 

wherein at least one of the Subsequent program-verify 
cycles to establish the cell resistance of the program 
mable element within the target range includes: 
applying an opposite polarity pulse having a second 

polarity to the first memory cell, the first polarity 
and the second polarity having opposite polarities; 
and 

applying a Subsequent program pulse having the first 
polarity to the first memory cell; and then 

determining whether the cell resistance of the first 
memory cell is within the target resistance range. 

9. The integrated circuit of claim 8, wherein a first subset 
of the array of memory cells is programmed to within the 
target resistance range after only the initial program-verify 
cycle, and 

wherein a second subset of the array of memory cells is 
programmed to within the target resistance range after 
the initial program-verify cycle and at least one of the 
Subsequent program-verify cycles, and 

wherein a first mean resistance of the first subset of the 
array of memory cells is at least as large as a second 
mean resistance of the second Subset of the array of 
memory cells. 

10. The integrated circuit of claim 8, wherein, a first 
magnitude of the initial program pulse is at least as large as 
a later magnitude of the Subsequent program pulse, and a 
cumulative pass rate for the memory cells in the array 
increases with an additional one of the Subsequent program 
verify cycles. 

11. The integrated circuit of claim 8, wherein the initial 
program pulse and the Subsequent program pulse are reset 
pulses. 

12. The integrated circuit of claim 8, wherein the initial 
program pulse and the Subsequent program pulse are set 
pulses. 

13. The integrated circuit of claim 8, wherein a first 
magnitude of the initial program pulse is at least as large as 
a later magnitude of the Subsequent program pulse. 
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14. The integrated circuit of claim 8, wherein another 
program-verify operation includes another initial program 
verify cycle followed by further subsequent program-verify 
cycles. 

15. The integrated circuit of claim 8, wherein the memory 
cells of the array have a plurality of programmable resis 
tances. 

16. A method, comprising: 
executing a program-verify operation on at least a first 
memory cell comprising a programmable element com 
prising metal oxide in a memory array of an integrated 
circuit, including: 
(i) performing an initial program-verify cycle includ 

ing: 
applying an initial program pulse having a first 

polarity to the first memory cell to establish a cell 
resistance of the first memory cell; and then 

determining whether the cell resistance of the first 
memory cell is within a target resistance range; 
and then 

(ii) performing Subsequent program-verify cycles if the 
cell resistance of the first memory cell is not within 
the target resistance range, the Subsequent program 
verify cycles iterated until the cell resistance of the 
first memory cell is within the target resistance 
range, 

wherein at least one of the Subsequent program-verify 
cycles to establish the cell resistance of the program 
mable element within the target range includes: 
applying an opposite polarity pulse having a second 

polarity to the first memory cell, the first polarity 
and the second polarity having opposite polarities; 
and 

applying a Subsequent program pulse having the first 
polarity to the first memory cell; and then 

determining whether the cell resistance of the first 
memory cell is within the target resistance range. 

17. The method of claim 16, wherein the initial program 
pulse and the Subsequent program pulse are reset pulses. 

18. The method of claim 16, wherein the initial program 
pulse and the Subsequent program pulse are set pulses. 

19. The method of claim 16, wherein the first memory cell 
has a programmable resistance. 

20. The method of claim 16, wherein a first magnitude of 
the initial program pulse is at least as large as a later 
magnitude of the Subsequent program pulse. 

21. The integrated circuit of claim 1, wherein the at least 
one Subsequent program-verify cycle includes only one step 
to determine whether the cell resistance of the first memory 
cell is within the target range. 

22. The integrated circuit of claim 8, wherein the at least 
one Subsequent program-verify cycle includes only one step 
to determine whether the cell resistance of the first memory 
cell is within the target range. 

23. The method of claim 16, wherein the at least one 
Subsequent program-verify cycle includes only one step to 
determine whether the cell resistance of the first memory 
cell is within the target range. 
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