wo 2012/118732 A1 [N 00 00O 0O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2012/118732 Al

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

74

7 September 2012 (07.09.2012) WIPO I PCT
International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
GOIK 1/00 (2006.01) GOIK 3/00 (2006.01) kind of national protection available): AE, AG, AL, AM,
. . L. AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
International Application Number: CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
PCT/US2012/026720 DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
International Filing Date: HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
27 February 2012 (27.02.2012) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
) MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
Filing Language: English OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
Publication Language: English SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
Priority Data: . L
13/038.860 2 March 2011 (02.03.2011) ys (84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
Applicant (for all designated States except US): APPLE GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
INC. [US/US]; 1 Infinite Loop, Cupertino, CA 95014 UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,
(US). TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, FE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU
Inventors; and i A P S
Inventors/Applicants (for US ornly): FAIL, Anthony LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, S, SK,
) . . SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
[US/US]; 1 Infinite Loop, Cupertino, CA 95014 (US). GW, ML. MR, NE, SN, TD, TG)
WAKRAT, Nir, Jacob [IL/US]; 1 Infinite Loop, Cuper- i ? T T T ’
tino, CA 95014 (US). SEROFF, Nicholas, C. [US/US]; 1 Published:

Infinite Loop, Cupertino, CA 95014 (US).

Agent: HOOD, Jeffrey, C.; Meyertons, Hood, Kivlin,
Kowert & Goetzel, P.C, P.O. Box 398, Austin, TX 78767-
0398 (US).

with international search report (Art. 21(3))

(54) Title: USING TEMPERATURE SENSORS WITH A MEMORY DEVICE

10!11 1D‘z
NVM Package
s s Mermory 13627 ma—LMamory Die 0
™ Y Coniraller
NYM 140
R Processor(s) L a2
t027 gz Microprocessar(s) || 124 ﬁloCK glock //5-
Host Gontroliar 148 Torporatis i_, [Page ] -age g 142
e 11°Z E Sensor(s) 1
120
Temperature £ )\I Volatile Menary.
Sr;un)sor(s) E 127 i I Temperature Sensor(s)
on-Volati
124 Mamory (NVM) - . L st
Instructions le—| e
ma—d 126“(‘ Vetadats 1y Memory Die N
e 1 140
Temp. NUM
Ambient dd b Info::|ap1ion /r 12
Temperature Eror Block Block /T
P P; 4
= Gorrection Y[ Temperature ] /5_’42
Engine Agottms -
"51 1321 Memory
T N Temperature Temperature Sensoe(s}
P N
Sensor(s) &‘M“
FiG.1

(57) Abstract: In one implementation, a method for performing memory operations includes receiving, at a memory device, a re-
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USING TEMPERATURE SENSORS
WITH A MEMORY DEVICE

BACKGROUND

[0001] This document relates to performing memory operations using
temperature information.

[0002] Various types of non-volatile memory (NVM), such as flash memory
(e.g., NAND flash memory, NOR flash memory), can be used for mass storage.
For example, consumer electronics (e.g., portable media players) use flash
memory to store data, including music, videos, images, and other media or types
of information.

[0003] Temperature sensors have been used in conjunction with various
systems, such as laptop computer systems, to identify temperature conditions
existing in such systems that may be damaging to system components, like
processors. For example, temperature sensors have been placed in or around
processors and used to identify temperature conditions that may cause damage
to a processor and/or to control cooling systems (e.g., fans) or system operations

{e.g., processor speed or level of activity).

SUMMARY

[0004] This document generally describes technologies relating to
performing memory operations using temperature information associated with
NVM. Temperature information associated with NVM can include temperature
measurements from temperature sensors located in and around NVM (e.g.,
embedded on a NVM die) and/or temperature measurements from other
temperature sensors that are associated with other components of a memory

device (e.g., memory controller, ambient temperature sensor).
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[0005] Temperature information can be used in a variety of ways by a
memory device for performing memory operations. For example, information
indicating a temperature of NVM when data is being programmed to the NVM can
be stored and later used {o select appropriate techniques for reading the
programmed data. For instance, temperature information can be used to adjust
one or more voltage thresholds for reading data from NVM. In another example,
temperature information can be used to make adjustments tc how data is stored,
such as redundantly writing data to multiple storage locations instead ofto a
single storage location. A variety of other features related to the use of
temperature information with memory operations are disclosed below.

[0006] in one implementation, a method for performing memeory operations
includes receiving, at a memory device, a request to read data from one or more
non-volatile memory cells; and retrieving stored temperature information
associated with the non-volatile memory cells, wherein the temperature
information is associated with a temperature at approximately at a time when the
data was written o the non-volatile memory cells. The method can further
include reading, by the memory device, the data from the non-volatile memory
celis. The method can also include processing the read data based on, at least,
the retrieved temperature information; and providing the processed data.

[0007] in another implementation, a method for performing memory
operations includes receiving, at a memory device, a request to write data to one
or more non-volatile memory cells; and obtaining, by the memory device,
temperature information from one or more temperature sensors indicating a
current temperature associated with the non-volatile memory celis. The method

can also include determining an adjustment to make {o a write operation based
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on the temperature information. The method can further include writing the data
to the non-volatile memory cells using the determined adjustment to the write
operation based on the temperature information.

[0008] In another implementation, a memory device includes one or more
non-volatile memory cells and one or more temperature sensors configured to
provide temperature measurements associated with the non-volatile memory
cells. The device can alsc include a controller configured to perform memory
operations on the non-volatile memory cells, wherein the memory operations are
adjusted based on the temperature measurements provided by the temperature
sensors.

[0009] in another implementation a system includes one or more non-
volatile memory cells, and one or more temperature sensors configured to
provide temperature measurements associated with the non-volatile memory
cells. The system can also include a controller configured to perform memory
operations on the non-volatile memory cells, wherein the memory operations are
adjusted based on the temperature measurements provided by the temperature
sensors.

[0010] Particular embodiments of the subject matter described in this
specification can be implemented so as to realize one or more of the following
advantages. The integrity of data stored in NVM can be preserved in spite of
changes in the temperature of the NVM. In another example, the temperature of
NVM can be more accurately determined by using temperature sensors located
in and around the NVM. In a further example, memory operations can be

modified (e.g., switch to redundantly programming data) based on current
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temperature conditions within NVM in order to increase the integrity of data
stored in the NVM.

[0011] The details of one or more embodiments are set forth in the
accompanying drawings and the description below. Other features, objects, and
advantages of the invention will be apparent from the description and drawings,

and from the claims.

DESCRIPTION OF DRAWINGS

[0012] FIG. 1 is a diagram depicting an example system that includes a
host controller and a NVM package that is configured to use temperature
information to perform memory operations.

[0013] FIG. 2 is a diagram depicting an example system that includes a
memory device configured to use temperature information to perform memory
operations.

[0014] FIGS. 3A-B depict example mappings between cell voltages and
digital data values for memory cells in single-level cell and multi-level cell modes,
respectively.

[0015] FIG. 4 is a graph that depicts example memory temperature
characteristics.

[00186] FIG. 5 is a flowchart depicting an example process for reading data
from a memory device based on temperature information.

[0017] FIG. 6 is a flowchart depicting an example process for writing data
to a memory device based on temperature information.

[0018] Like reference symbols in the various drawings indicate like

elements.
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DETAILED DESCRIPTION

[0019] Memory operations can be performed using temperature
information associated with NVM. Temperature information can indicate a
temperature of NVM. Temperature information for NVM can be used to adjust
memory operations that are performed on the NVM. Temperature information
can be obtained from temperature sensors located around a memory device,
including temperature sensors located in or around NVM {e.g., located on a
NAND flash memory die).

[0020] The integrity of data stored in NVM can be affected by the
temperature of the NVM. For example, the accuracy with which data is read from
NVM may decrease as the NVM increases in temperature. For instance, a stored
voltage in a memory cell may drift upward or downward as the temperature of the
NVM changes. This can be problematic when translating stored voltage in NVM
into digital data values, which correspond to various ranges of stored voitage.
For instance, a “single-level cell” (SLC) stores a single bit of data, where a first
voltage range corresponds to the data value ‘1’ and a second voltage range
corresponds to the data value ‘0. if a stored voltage drifts from the first range
into the second range due to temperature changes for the NVM, the data value
from the memory cell can be misread as a ‘0" instead ofas a ‘1.’

[0021] To address these and other issues, temperature information for
NVM can be obtained, stored, and used to adjust memory operations.
Temperature information for NVM can be obtained using various temperature
sensors located throughout a memory device, including temperature sensors
located in and around the NVM itself (e.g., located on a NVM die). For
temperature sensors located outside the NVM {e.g., a temperature sensor

located in a memory controller), temperature characteristics can be used to infer
5
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a temperature of the NVM based on measurements from such temperature
sensors that are external to the NVM. Temperature characteristics map
relationships between temperature measurements from one or more temperature
Sensors in a memory device and/or external to the memory device, such as a
temperature sensor in a memory controller, and the approximate temperature of
other components of the memory device, such as NVM.

[0022] Temperature information for NVM can be obtained when
programming the NVM and used to adjust the programming operation. For
example, temperature information for memory cells at or around the time of
programming can be used to adjust voltage threshoids for a programming
operation, data can be redundantly written to multiple storage locations, and/or
memory cells can be changed from SLC mode to “muilti-level cell” (MLC) mode
(multiple bits of data stored in a memory cell), or vice versa.

[0023] Temperature information for NVM celis at or around the time of
programming can be stored and later used for performing read operations for the
NVM cells. For example, in response to receiving a command 1o read data from
NVM, the temperature of the NVM at the time the requested data was
programmed can be retrieved and compared to a current temperature of the
NVM. Such a comparison can be used to approximate voltage drift for the NVM
and, if appropriate, to adjust voitage thresholds used to read and interpret data
values stored in NVM. These and other techniques can be used to provide a
variety of improvements for NVM, such as improved data integrity for NVM.
[0024] FIG. 1 is a diagram depicting an example system 100 that includes
a host confrolier 102 and a NVM package 104 that is configured to use

temperature information to perform memory operations. For instance, the NVM
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package 104 can use temperature information indicating the temperature of NVM
to program data to the NVM and to read data from the NVM in manners that
adapt to temperature variations affecting data integrity. The host controlier 102
and/or the NVM package 104 can be included in any of a variety of host devices
and/or systems (*hosts”™), such as a portable media player, a cellular telephone, a
pocket-sized personal computer, a personal digital assistant (PDA), a desktop
computer, a laptop computer, and/or a tablet computing device, {o name a few
possible examples.

[0025] The host controller 102 can include one or more processors and/or
microprocessors that are configured to perform operations based on the
execution of software and/or firmware instructions. Additionally and/or
alternatively, the host controller 102 can include hardware-based components,
such as ASICs, that are configured to perform various operations. Operations
performed by the host controlier 102 can include retrieving data from and/or
writing data to a NVM of the NVM package 104. For example, the host controller
102 can provide a request for a media file (e.g., audio file) to the NVM package
104. Such a request provided by the host controller 102 can include one or more
logical addresses corresponding to the media file.

[0026] The host controller 102 can include one or more temperature
sensors 106 that are located in or around the host controlier 102 and that provide
temperature measurements for the host controller 102. For example, the
temperature sensors 106 can provide temperature measurements that are can be
used (by the host controller 102 and/or another component of a host system) to

determine whether the host controller 102 is operating within a permissible
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temperature range for the host controller 102 (e.g., a preset temperature
specification for the host controller 102).

[0027] The host controller 102 can also obtain temperature measurements
for a host system from one or more ambient temperature sensors 108 that are
located in and around the host system. For example, the ambient temperature
sensors 108 can be positioned at various locations of a host system, such as on
a board and/or affixed tc a housing of the host system, and can be used by the
host controller 102 (or other component of the host system) to determine
temperature external to the host device and/or whether the system is operating
within a permissible temperature range (e.g., a preset temperature specification
for the host system).

[0028] The host controller 102 can communicate with the NVM package
104 over a host communication channel 110. The host communication channel
110 between the host controlier 102 and the NVM package 104 the can be fixed
(e.g., fixed communications channel) and/or detachable (e.g., a universal serial
bus (USB) port). Interactions with the NVM package 104 can include providing
memory related requests to the NVM package 104, such as requests to retrieve
data stored in the NVM package 104 and/or store data in the NVM package 104.
The host controller 102 can also provide temperature measurements obtained
from the temperature sensors 106-108, and/or measurements from cther
temperature sensors not depicted, to the NVM package 104 for use by the NVM
package 104 for performing memory operations.

[0029] The NVM package 104 can interact with the host controller 102
over the host communication channel 110 using a host interface 112 and a

memory conirolier 114. Like the host controller 102, the memory controlier 114
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can include one or more processors and/or microprocessors 116 that are
configured to perform operations based on the execution of software and/or
firmware instructions. Additionally and/or alternatively, the memory controlier 114
can include hardware-based components, such as ASICs, that are configured to
perform various operations. The memory controller 114 can perform a variety of
operations, including memory operations requested by the host controller 102.
For example, in response to receiving a request specifying a logical address of a
media file to be retrieved, the memory controller 114 can identify one or more
corresponding physical addresses {e.g., information identifying die, block, and/or
page), retrieve the requested data using the identified physical addresses, and
transmit the requested data to the host controller 102 over the host
communication channel 110 using the host interface 112.

[0030] Various memory management functions, such as wear leveling, can
be performed by the host controlier 102 and the memory controlier 114, alone or
in combination. in implementations where the memory controller 114 is
configured to perform at least some memory management functions, the NVM
package 104 can be termed “managed NVM” (or “managed NAND” for NAND
flash memory). This can be in contrast to “raw NVM” (or “raw NAND” for NAND
flash memory), in which the host controller 102 external to the NVM package 104
performs memory management functions for the NVM package 104.

[0031] The host controller 102 and the NVM package 104 can be part of
the same memory device. Although there can be some overlap, the host
controller 102 and the NVM package 104 can perform different roles on the
memory device. For instance, the host controller 102 can perform and provide

user-facing functionality for the memory device, such as performing operations to
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provide a user-interface (e.g., graphical user interface, text-based user interface,
audio user interface) and responding to user input (e.g., requests {o play a
particular media file). The NVM package 104 can perform and provide memory-
based functionality for the memory device, such as implementing memory access
requests from the host controller 102 {e.g., converting from logical to physical
addressing), performing memory management operations, and/or performing
error correction operations. Some of these roles can be shared, such as the host
controller 102 performing some memory operations, such as memory
management operations.

[0032] In the example system 100, the memory controller 114 is depicted
as including one or more temperature sensors 118, volatile memory 120, and
non-volatile memory 122. The temperature sensors 118 can be located in or
around the memory controller 114 and can provide temperature measurements
for the memory controller 114. These temperature measurements can be used
by the memory controller 114, and/or by another component of the NVM package
104, to determine whether the memory controller 114 (or one or more other
components) is operating within a permissible temperature range (e.g., within a
temperature specification for the memory controller 114). The memory controller
114 can use temperature measurements from the temperature sensors 118 to
perform and adjust memory operations for the NVM package 104, as described in
greater detail below.

[0033] The volatile memory 120 can be any of a variety of volatile memory,
such as cache memory and random access memory (RAM). The volatile
memory 120 can be used by the memory controller 114 to perform memory

operations (including temperature-based adjustments to memory operations), to
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store data that is being read from and/or written to NVM, and to store
temperature information associated with NVM.

[0034] The NVM 122 can be any of a variety of types of NVM and can
store instructions 124 that the memory controller 114 uses to perform various
operations, including temperature-based adjustments to memory operations, as
described in further detail below. The NVM 112 can also store metadata 126
associated with NVM. The metadata includes information that describes, in
various ways, the data stored in the NVM of the NVM package 104. For
example, the metadata 126 can include temperature information 128 that
indicates a temperature of one or more memory cells {e.g., a block of memory
celis) at the time the memory celis were programmed. The temperature
information 128, and/or other portions of the metadata 126, can include a variety
of additional information regarding the NVM of the NVM package 104, such as
timestamp information (e.g., time at which a memory cell was previously
programmed) and/or wear information (e.g., information indicating a number of
times various portions of NVM have been programmed). The temperature
information 128 can be stored using any of a variety of temperature scales, such
as Fahrenheit, Celsius, Kelvin, and raw digital/analog temperature sensor output.
[0035] The NVM 122 of the memory controller 114 can also include
temperature algorithms 130 and/or memory temperature characteristics 132.
Temperature algorithms 130 are algorithms that map the temperature of (or
changes in the temperature of) NVM (and possibly other input data) to the level of
or changes in the charge stored in NVM. For example, the temperature
algorithms 130 can map an amount and direction of voltage drift in NVM memory

cells to temperature changes in the NVM memory cells. The temperature
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algorithms 130 can take as input temperature information (e.g., temperature of
NVM at time of programming, current temperature of NVM, elapsed time since
programming) and other detected conditions and/or metadata and can provide as
output, among other things, information indicating various adjustments to make to
memory operations (e.g., adjust read and/or write voltage thresholds, change
from MLC mode to SLC mode, redundantly program data).

[0036] The NVM 122 of the memory controlier 114 can also include the
memory temperature characteristics 132, which can be used in conjunction with
the temperature algorithms 130. The memory temperature characteristics 132
can be used to infer the temperature of a portion of NVM (e.g., a NVM die, a
NVM page, a NVM block, one or more NVM cells) based on temperature
measurements from various temperature sensors, such as the temperature
sensors 108, 108, 118, and others. The memory temperature characteristics can
map a temperature measurement from one or more temperature sensors to a
temperature of a portion of NVM. The inferred temperature for a portion of NVM
can be stored as metadata (e.g., the temperature information 128) and/or can be
used as input for the temperature algorithms 130. In some implementations, as
will be described in more detail below, temperature sensors may be located in or
around NVM and temperature characteristics may not need to be used to infer
the temperature of such NVM — instead, measurements from such temperature
sensors may provide a sufficiently accurate indication of the temperature of such
NVM.

[0037] The memory controller 114 uses a shared internal bus 134 to
access multiple memory dies 136a-n, which can be integrated circuit (IC) dies.

Although only the single shared bus 134 is depicted with regard to the NVM

12
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package 104, an NVM package can include more than one shared internal bus.
Each internal bus can be connected to multiple (e.g., 2, 3, 4, 8, 32, efc.) memory
dies, as depicted by the multiple memory dies 136a-n. The memory dies 136a-n
can be physically arranged in a variety of configurations (e.g., stacked). The
memory dies 136a-n are depicted as including NVM 138a-n. The NVM 138a-n
can be any of a variety of different types of NVM, such as NAND flash memory
based on floating gate or charge trapping technology, NOR flash memory,
erasable programmable read only memory (EPROM), electrically erasable
programmable read only memory (EEPROM), ferroelectric RAM (FRAM),
magnetoresistive RAM (MRAM), phase change memory (PCM), or any
combination thereof. In some implementations, NVM 122 can be implemented in
one or more of the memory dies 136a-n.

[0038] The NVM 138a-n can be organized (physically and/or virtually) into
one or more sub-units of NVM, such as blocks 140 and pages 142. As depicted
in the example system 100, the blocks 140 each include muitiple pages 142. The
blocks 140 and/or the pages 142 can correspond to portions of the NVM 138a-n
that are programmed, read, and/or erased together. For instance, with NAND
flash memory (an example of the NVM 138a-n), the pages 142 can correspond to
a group of memory cells that are read and/or programmed together {(at the same
time), and the blocks 140 can correspond to a group of pages that are erased
together. The size and configuration of the blocks 140 and the pages 142 can
vary. For example, each of the blocks 140 can include any number of pages
(e.g., 32 pages, 64 pages, thousands of pages), and each page can have an
associated storage capacity from a few bytes (e.g., 512 bytes) and upward.

Other divisions of the NVM 138a-n into sub-units are also possible.
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[0039] The memory dies 136a-n can also each include one or more
temperature sensors 144a-n that are located in or around the NVM 138a-n. For
example, the memory die 136a can include one or more temperature sensors
that are included in, on, or spaced throughout the die 136a and that provide
temperature measurements corresponding to the NVM 138a-n. The temperature
measurements from the temperature sensors 144a-n can be provided fo the
memory controller 114 over the internal bus 134 and/or one or more other
internal channels (not depicted) between the memory dies 136a-n and the
memory controller 114. The temperature measurements from the temperature
sensors 144a-n can be used to determine the temperature of a portion of NVM,
which can used in a variety of ways, for instance, {0 store temperature
information 128 and/or to adjust various parameters {e.g., threshold voltage
levels) of a memory operation (e.g., program, read, erase).

[0040] The temperature information 128 can include data that indicates
temperatures of various portions of the memory dies 136a-n, such as the NVM
138a-n, the blocks 140, the pages 142, and/or individual memory cells. For
example, if one of the pages of the NVM 138a is programmed while the
temperature of the page is 90° F (e.g., as indicated by the temperature sensor
144a), the memory controller 114 can record such temperature information as
metadata 128 corresponding to the programmed page. For instance, the
temperature information 128 for the programmed page can include the
temperature {(S80° F), an identifier for the programmed page (e.g., physical
address for the page, logical address range corresponding to the page), and/or a

timestamp corresponding tc a time at which the page was programmed.
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[0041] The NVM package 104 can also include one or more temperature
sensors 146 that are part of the package 104 without a specific association with
the memory controller 114 and/or the memory dies 136a-n. The temperature
sensors 146 can be associated with other components of the NVM package 104
and/or can serve as ambient temperature sensors for the NVM package 104.
Like temperature measurements from the other temperature sensors not
specifically associated with the NVM 138a-n (e.g., ambient temperature sensors
108, temperature sensors 106, temperature sensors 118), temperature
measurements from the temperature sensors 146 can be used to determine the
temperature of a portion of NVM, which can used in a variety of ways, for
instance, to store temperature information 128 and/or to adjust various
parameters {e.g., threshold voltage levels) of a memory operation (e.g., program,
read, erase).

[0042] The NVM package 104 can also include an error correction engine
148 (e.g., an error-correcting code engine) that corrects errors in data read from
the NVM 138a-n. The error correction engine 148 can be implemented in
hardware and/or software, and can be part of or separate from the memory
controller 114. The error correction engine 148 can be used to determine
whether the temperature algorithms 130 are providing accurate temperature-
based adjustments to voltage thresholds used to interpret voltage levels detected
in the NVM 138a-n. The memory controller 114 can adjust the temperature
algorithms 130 based on whether errors are detected by the error correction
engine 148. In some implementations, the error correction engine 148 (or a
separate error correction engine) can be used to perform other types of error

correction operations.
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[0043] For example, if a page of the NVM 138a is programmed at a first
temperature and then read at a second temperature, the memory controlier 114
can adjust one or more of the voltage thresholds used to interpret voltage levels
stored in the page as digital data values {e.g., 0, 1) based on one or more of the
temperature algorithms 130, and the first and second temperatures. The error
correction engine 148 can determine whether there are any errors in the digital
data values resulting from interpretation of the voltages stored in the page using
the adjustments to the voltage thresholds. If there are at least a threshold
number of errors (e.g., raw number, percentage) and/or if there are uncorrectable
errors (e.g., errors for which the error correction engine 148 is unabile to
determine a correct data value), the memory controller 114 may adjust the one or
more of the temperature algorithms 130 used to read the page (e.g., to alter the
amount of adjustment to detected values based on temperature variations
between the time of programming data into the memory and the time of reading
data from the memory) and then may perform the read and error checking
operation again to determine whether the encountered errors are resolved. This
dynamic adjustment of the temperature algorithms 130 can be performed
iteratively until at least a threshold number of the detected errors are resolved
and/or until a threshold number of iterations are reached.

[0044] Although not depicted, various techniques and/or components
described in association with the memory controller 114 can be performed by
and/or included in the host controlier 102. For example, some or all of the
metadata 126 and/or the temperature information 128 can be stored in NVM
associated with the host controller 102 (not depicted). In such an

implementation, the host controller 102 can provide to and/or receive from the
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NVM package 104 relevant temperature information to in association with
memory operations (e.g., program, read, erase).

[0045] FIG. 2 is a diagram depicting an example system 200 that includes
a memory device 202 configured {o use temperature information to perform
memory operations. The memory device 202 can be any of a variety of memory
devices, such as a portable media player, a cellular telephone, a pocket-sized
personal computer, a personal digital assistant, a desktop computer, a laptop
computer, a tablet computing device, and/or a removable/portable storage device
{e.g., a flash memory card, a USB flash memory drive).

[0046] The example memory device 202 is depicted as including a host
controller 204 and NVM 206. The host controller 204 can be similar to the host
controller 102 described above with regard to FIG. 1. The host controller 204
includes one or more processors 208, volatile memory 210, and one or more
temperature sensors 211. The processors 208 can be any variety of processors,
such as microprocessors, central processing units (CPUs), graphics processing
units (GPUs), or any combination thereof. The volatile memory 210 can be
similar to the volatile memory 120 described above with regard to FIG. 1. The
volatile memory 210 can be used by the processors 208 {o perform various
operations, such as retrieving and processing data stored in the NVM 206. The
temperature sensors can be similar to the temperature sensors 106 described
above with regard to FiG. 1.

[0047] The NVM 206 can include one or more NVM packages 212a-b.
The NVM packages 212a-b can each be similar to the NVM package 104
described above with regard to FIG. 1. For instance, the NVM packages 212a-b

can each include a plurality of memory dies with NVM {(e.g., memory dies 138a-n
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and NVM 140a-n) and one or more memory controllers {e.g., memory controlier
114) that are configured to use temperature information associated with the NVM
packages 212a-b to perform memory operations. Each of the NVM packages
212a-b (alone, or in association with each other and/or the host controiler 204)
can collect, maintain, and use temperature information to perform memory
operations associated with each respective package. The NVM 206 can include
any number of NVM packages (e.g., 2, 3, 4, 8, 16, etc.).

[0048] As described above with regard to FIG. 1, management of the NVM
can be performed by the host controller 204 and/or controllers of the NVM
packages 212a-b. Forinstance, the host controller 204 can be configured to
adjust operation of the NVM packages 212a-b (e.g., switch from MLC mode to
SLC mode) based on the temperature information provided to and/or stored by
the host controller 204. In implementations where controllers of the NVM
packages 212a-b controi at least a portion of the memory management
operations (e.g., error correction, wear leveling, etc.), the NVM packages 212a-b
may be considered o be “managed” NVM.

[0049] The memory device 202 can also include one or more ambient
temperature sensors 213. The ambient temperature sensors 213 can be similar
to the ambient temperature sensors 108 described above with regard to FIG. 1.
[0050] The system 200 is depicted as also including an external device
214 that can be communicatively connected (directly and/or indirectly) to the
memory device 202. Communication between the external device 214 and the
memory device 202 can include the transmission of data and/or instructions
between the two devices. The external device 214 can be any of a variety of

electronic devices, such as a desktop computer, a laptop computer, and a media
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computing device (e.g., a media server, a television, a stereo system). The
memory device 202 can communicate with the external device 214 through a
physical and/or wireless connection using an external device interface 216 (e.g.,
wireless chip, USB interface, etc.).

[0051] For instance, in one example implementation, the memory device
202 can be a portable media player and the external device 214 can be a
desktop computer that can transmit media files (e.g., audio files, video files, etc.)
to each other over a physical connection {e.g., USB cable).

[0052] FIGS. 3A-B depict example mappings between cell voltages and
digital data values for memory cells in SLC and MLC modes, respectively. As
described above with regard to FIG. 1, temperature information can be used to
determine whether to switch memory celis between SLC mode and MLC mode.
[0053] FIG. 3A depicts an example digital data value distribution 300 for a
memory cell operating in SLC mode (one bit of data stored per memory celf). in
this example, voltage distribution curve 302 represents the digital value 0 and
voltage distribution curve 304 represents the digital value 1. Forinstance, a
voltage read from the memory cell that falls within the range bounded by the
voltage distribution curve 302 will be interpreted as the digital data value 0.
Voltage thresholds can be used to determine the boundaries of the distribution
curves 302 and 304. For instance, the distribution curve 302 can be bounded by
a lower voltage threshold (defining the minimum voltage of the distribution curve
302) and an upper voltage threshold (defining the maximum voltage for the
distribution curve 302).

[0054] The area between the distribution curves 302 and 304 is depicted

as grey space 306. Voltages falling within the grey space 306 can be interpreted
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as having uncertain data values, for which various techniques may be used to
determine a correct data value, such as using error-correcting code (ECC).
[0055] A voltage stored in the example memory cell depicted in FIG. 3A
can drift (change) in response to fluctuations in the temperature of the memory
cell. Voltage distribution curves 308 and 310 depict an example voltage drift
corresponding to the voltage distribution curves 302 and 304, respectively. For
example, voltage values criginally falling within the distribution curve 304 have
drifted upward, based on temperature changes in the memory cell (e.g.,
increased temperature, decreased temperature), such that those voltage values
now fall within the distribution curve 310. The voltage drift in this example is
depicted as AVy (312) and AV, (314). Voltage drift can be uniform and/or non-
uniform across the voltage range stored in a memory cell. In this example, the
voltage drift is depicted as being non-uniform — AV, (314) is presented as being
greater than AV; (312). In addition {o the voltage distribution curves shifting, the
grey space 306 in this example drifts to grey space’ 316.

[0056] if, in light of temperature-based voltage drift, the voltage thresholds
that correspond to the distribution curves 302 and 304 are not adjusted to
correspond (within a threshold margin) to the distribution curves 308 and 310,
respectively, stored voltage levels within this example memory cell can be
misinterpreted. For instance, stored voltage 318 may drift to voltage 320 and,
using the voltage thresholds defining the distribution curves 302 and 304, the
voltage 320 will be interpreted as an uncertain data value. This uncertainty may
trigger a variety of operations, like error correction, that can consume cycles from
an associated processor/microprocessor (e.g., the processor/microprocessor

316). However, using the techniques described in this document, knowledge of
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the temperature at the time of programming, knowledge of the temperature at the
time of reading, and/or a comparison of the temperature at the time the voltage
318 was programmed and the temperature when reading voltage 320 can allow
for voltage thresholds corresponding to the distribution curves 302 and 304 to be
adjusted to correspond to the distribution curves 308 and 310, respectively.
[0057] FIG. 3B depicts an example digital data value distribution 350 for a
memory cell operating in MLC mode (more than one bit of data stored per
memory cell). In this example, the memory cell is configured to store 4-bits of
data, as indicated by the voltage distribution curves 352-362. The voliage
distribution curves 352-362 in MLC mode can be smaller than the voltage
distribution curves 302-304 in SLC mode, as depicted in FIG. 3A — small amounts
of voltage drift may more likely cause data values to be misread in MLC mode
than in SLC mode. Temperature information can be used to determine when to
switch between MLC and SLC modes. For instance, if a large temperature
change is detected for a memory cell in MLC mode and a corresponding
temperature algorithm (e.g., temperature algorithms 130), taking the temperature
change as input, provides output indicating that the voltage stored in the memory
cell is likely to drift by at least a threshold amount, then the memory cell may be
switched from MLC mode to SLC mode.

[0058] FIG. 4 is a graph 400 that depicts example memory temperature
characteristics 402-406. As described above with regard to FIG. 1 and the
memory temperature characteristics 132, the memory temperature characteristics
402-406 can be used to infer the temperature of a portion of NVM (e.g., a NVM

die, a NVM block, a NVM page) based on a temperature measurement from a
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temperature sensors that are located in, around, and/or external to the portion of
NVM.

[0059] For example, the temperature characteristic 402 could correspond
to the temperature sensor 146 that is part of the NVM package 104, and could be
used to infer a temperature of the NVMs 138a-n, different temperatures among
the NVMs 138a-n, or different temperatures of the various sub-units of the NVM
138a-n, such as the blocks 140 and the pages 142, based on temperature
measurements from the temperature sensor 146.

[0060] The temperature characteristics 402-406 can be developed through
a variety of techniques, such as analyzing empirical evidence correlating various
temperature sensor measurements and NVM temperatures. The behavior of
each NVM 138a-n may vary depend on the measured temperature or the inferred
temperature in ways that can be modeled or otherwise represented by
temperature algorithms that are used to interpret data based on temperature at
the time of programming, temperature at the time of reading, and/or temperature
differences between the time of programming and the time of reading.

[0061] FIG. 5 is a flowchart depicting an example process 500 for reading
data from a memory device based on temperature information. The process 500
can be performed by a variety of memory devices, such as the NVM package 104
and/or the host controller 102 described above with regard to FIG. 1, and/or the
memory device 202 described above with regard to FIG. 2.

[0062] A request to read data from NVM is received at 502. For example,
the host controller 102 can transmit a command to read data from the NVM 138a-
n to the NVM package 104 over the host communication channel 110. Such a

command can include one or more logical addresses to be read from the NVM
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138a-n, which the NVM package 104 can transiate into corresponding physical
addresses in the NVM 138a-n.

[0063] In response to receiving the request, stored temperature
information associated with the requested data and the NVM is retrieved at 504.
As described above with regard to FIG. 1, stored temperature information can be
metadata that describes the temperature of one or more portions of NVM (e.g.,
die, block, page, memory celis) at or around the time data was most recently
written to the portions of the NVM. For example, the memory controlier 114 can
retrieve temperature information associated with the portion of NVM that is
storing the requested data from the temperature information 128.

[0064] Current temperature information for the NVM can be received from
one or more temperature sensors at 506. For example, if the requested data is
stored in the NVM 138a, temperature measurements can be obtained from the
temperature sensor(s) 144a that are located in or around the NVM 138a. in
another example, temperature measurements can be obtained from other
temperature sensors, such as the temperature sensor(s) 148 that are part of the
NVM package 104 and/or the ambient temperature sensor(s) 108. The
temperature measurements can be used in conjunction with a memory
temperature characteristic (e.g., memory temperature characteristics 132}, which
maps temperature measurements of various temperature sensors to temperature
values for portions of the NVM, to determine a current temperature for the NVM
from the received temperature measurements.

[0065] Voltage thresholds that are used to interpret voltage levels stored in
the NVM can be adjusted based on the stored temperature information and the

current temperature information at 508. Such adjustments can be made using
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one or more temperature algorithms (e.g., the temperature algorithms 130) that
map temperature changes to voltage drift in the NVM.

[00686] For example, referring to FIG. 3A, a memory cell is charged to
voltage level 318, which corresponds to data value 0 (as interpreted using
voltage distributions 302 and 304) while the memory cell is at a first temperature.
As the memory celi changes temperature, the stored voltage level 318 may drift
up or down. As depicted in the example in FIG. 3A, a change in temperature can
cause the voltage 318 to drift to voltage 320, which is in grey space 306 (when
using the voltage distributions 302 and 304). One or more temperature
algorithms that correlate relationships between temperature changesin a
memory cell and voltage drift within a memory cell can be used to determine how
to adjust the voltage thresholds for the voltage distributions 302 and 304 so that
the data value stored within the memory cell can be properly interpreted. Based
on application of such an algorithm to the state of the memory cell (e.g., previous
temperature at programming, current temperature at reading), the voltage
thresholds can be adjusted and can result in voltage distributions 308 and 310.
Such temperature algorithms can take a variety of information as input, such as
the temperature of a memory cell at programming, the temperature of the
memory cell at reading, the difference between the two temperatures, the wear
on the memory cell (e.g., number of times programmed, erased, and read), a
type of memory cell (e.g., NOR flash memory cell, NAND flash memory cell),
and/or previous errors associated with the cell.

[0067] The requested data can be read using the adjusted voltage

thresholds at 510. For example, referring to FIG. 3A, the adjusted voltage
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thresholds (which can define the bounds of the voltage distributions 308 and 310)
can be used to read and interpret the stored voitage 320.

[0068] One or more error checking operations can be performed on the
read data at 512. For example, the NVM package 104 can use the error
correction engine 148 to determine whether there are any errors in the read data.
If the data is determined to have been read correctly (514), then the read data
can be used by and/or provided to the requesting entity at 516. For example, if
the host controller 102 requests data from the NVM package 104, then the
correctly read data can be provided to the host controller 102.

[0069] if the data is not read correctly (514), then the temperature
algorithm that is being used to adjust the voltage thresholds can be modified at
520 (e.qg., replaced by a different algorithm, adjust coefficients defining the
relationship between temperature and voltage drift). With the modified algorithm,
another iteration of obtaining the current temperature of the NVM (506), adjusting
the voltage thresholds (508), reading the data using the adjusted thresholds
(510), and/or performing an error checking operation (512) can be performed.
This iterative process can continue unit the requested data is read correctly at
514 (e.g., within a threshold margin of being correct) and/or until a threshold
number of iterations has been reached at 518. Such iterative adjustments to the
temperature algorithms can allow for the temperature algorithms to dynamically
adapt to changes in the NVM, such as degradation over time.

[0070] If the threshold number of iterations has been reached without
having correctly identified the stored data value, then the error can be reported
and/or logged at 522. For example, the memory controller 114 can log such as

error as a part of the metadata 126 associated with one or more portions of the
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NVM 138a-n. In another example, a read error can be provided to the host
controller 102 in response to a request from the host controller 102 for the data.
[0071] FIG. 6 is a flowchart depicting an example process 600 for writing
data to a memory device based on temperature information. The process 600
can be performed by a variety of memory devices, such as the NVM package 104
and/or the host controller 102 described above with regard to FIG. 1, and/or the
memory device 202 described above with regard to FIG. 2.

[0072] A request to write data to NVM is received at 602. For example, the
host controller 102 can transmit a write command to the NVM package 104 over
the host communication channel 110.

[0073] Temperature information associated with the NVM to which the
requested data will be written is obtained at 604. For example, if the memory
controller 114 determines that there is sufficient available storage capacity in the
NVM 138a, temperature information associated with the NVM 138a can be
obtained. For instance, temperature measurements can be received from the
temperature sensors 144a and/or other temperature sensors, like the
temperature sensors 146 of the NVM package 104.

[0074] A determination can be made regarding whether to adjust the
requested write operation based on the obtained temperature information at 606.
A variety of adjustments to the write operation can be made. For example,
voltage thresholds that are used to define voltage distributions corresponding to
data values can be adjusted based on the obtained temperature information.
One or more temperature algorithms can be used to determine the adjustments
to the voltage thresholds, similar to the adjustments discussed above with regard

to FIG. 5 and step 508.
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[0075] in another example, if the obtained temperature information
exceeds a threshold level (or is less than a threshold level), then the data can be
written redundantly to muitiple locations in the NVM. For instance, if the NVM
has a high temperature that may potentially result in inaccurate programming of
the NVM, then the data can be written redundantly to muitiple locations of the
NVM so as to improve the likelihood that one or more of the locations will be
accurately programmed.

[0076] in a further example, the data can be written in SLC mode or MLC
based on the obtained temperature. For instance, if the temperature of the NVM
exceeds a threshold level above which MLC mode is less reliable, then the data
can be written in SLC mode. In contrast, if the temperature of the NVM is below
a threshold level at which MLC programming is sufficiently reliable, then the data
can be written in MLC mode.

[0077] in another example, programming of the requested data can be
delayed until the temperature of the NVM to which the data will be written has
fallen below and/or raised above a threshold level. For instance, if the
temperature of the NVM is so hot that data is unlikely to be accurately
programmed, then the write operation can delayed until the temperature has
fallen below the threshold level at which programming accuracy improves to an
acceptable level. In a further example, programming of the requested data can
be changed by adjusting varicus programming parameters, such as current
and/or timing.

[0078] The requested data can be written to the NVM using the adjusted
write operation at 608. The temperature information for the NVM at the time of

programming can be stored at 610. Such stored temperature information can be
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later retrieved and used to read data from the programmed memory cells, as
described above with regard to FIG. 5.

[0079] Embodiments of the subject matter and the operations described in
this specification can be implemented in digital electronic circuitry, or in computer
software, firmware, or hardware, including the structures disclosed in this
specification and their structural equivalents, or in combinations of one or more of
them. Embodiments of the subject matter described in this specification can be
implemented as one or more computer programs, i.e., one or more modules of
computer program instructions, encoded on computer storage medium for
execution by, or to control the operation of, data processing apparatus.
Alternatively or in addition, the program instructions can be encoded on an
artificially generated propagated signal, e.g., a machine-generated electrical,
optical, or electromagnetic signal, that is generated to encode information for
fransmission to suitable receiver apparatus for execution by a data processing
apparatus. A computer storage medium can be, or be included in, a computer-
readable storage device, a computer-readable storage substrate, a random or
serial access memory array or device, or a combination of one or more of them.
Moreover, while a computer storage medium is not a propagated signal, a
computer storage medium can be a source or destination of computer program
instructions encoded in an artificially generated propagated signal. The computer
storage medium can alsc be, or be included in, one or more separate physical
components or media (e.g., multiple CDs, disks, or other storage devices).
[0080] The operations described in this specification can be implemented
as operations performed by a data processing apparatus on data stored on one

or more computer-readable storage devices or received from other sources.
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[0081] The term “data processing apparatus” encompasses ail kinds of
apparatus, devices, and machines for processing data, including by way of
example a programmable processor, a computer, a system on a chip, or multiple
ones, or combinations, of the foregoing. The apparatus can include special
purpose logic circuitry, e.g., an FPGA (field programmable gate array) or an ASIC
(application specific integrated circuit). The apparatus can also include, in
addition to hardware, code that creates an execution environment for the
computer program in question, e.g., code that constitutes processor firmware, a
protocol stack, a database management system, an operating system, a cross-
platform runtime environment, a virtual machine, or a combination of one or more
of them. The apparatus and execution environment can realize various different
computing model infrastructures, such as web services, distributed computing
and grid computing infrastructures.

[0082] A computer program (also known as a program, software, software
application, script, or code) can be written in any form of programming language,
including compiled or interpreted languages, declarative or procedural languages,
and it can be deployed in any form, including as a standalone program or as a
module, component, subroutine, object, or other unit suitable for use in a
computing environment. A computer program may, but need not, correspond to
a file in a file system. A program can be stored in a portion of a file that holds
other programs or data (e.g., one or more scripts stored in a markup language
document), in a single file dedicated to the program in question, or in multiple
coordinated files (e.g., files that store one or more modules, sub programs, or

portions of code). A computer program can be deployed to be executed on one
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computer or on muitiple computers that are located at one site or distributed
across multiple sites and interconnected by a communication network.

[0083] The processes and logic flows described in this specification can be
performed by one or more programmable processors executing one or more
computer programs to perform actions by operating on input data and generating
output. The processes and logic flows can also be performed by, and apparatus
can aiso be implemented as, special purpose logic circuitry, e.g., an FPGA (field
programmable gate array) or an ASIC (application specific integrated circuit).
[0084] Processors suitable for the execution of a computer program
include, by way of example, both general and special purpose microprocessors,
and any one or more processors of any kind of digital computer. Generally, a
processor wilt receive instructions and data from a read only memory or a
random access memory or both. The essential elements of a computer are a
processor for performing actions in accordance with instructions and one or more
memory devices for storing instructions and data. Generally, a computer will also
include, or be operatively coupled to receive data from or transfer data to, or
both, one or more mass storage devices for storing data, e.g., magnetic, magneto
optical disks, or optical disks. However, a computer need not have such devices.
Moreover, a computer can be embedded in another device, e.g., a mobile
telephone, a personal digital assistant (PDA), a mobile audio or video player, a
game console, a Global Positioning System (GPS) receiver, or a portable storage
device (e.g., a universal serial bus (USB) flash drive), to name just a few.
Devices suitable for storing computer program instructions and data include all
forms of non-volatile memory, media and memory devices, including by way of

example semiconductor memory devices, e.g., EPROM, EEPROM, and flash
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memory devices; magnetic disks, e.g., internal hard disks or removable disks;
magneto optical disks; and CD ROM and DVD-ROM disks. The processor and
the memory can be supplemented by, or incorporated in, special purpose logic
circuitry.

[0085] Simitarly, while operations are depicted in the drawings in a
particular order, this should not be understood as requiring that such operations
be performed in the particular order shown or in sequential order, or that all
llustrated operations be performed, to achieve desirable results. In certain
circumstances, multitasking and parallel processing may be advantagecus.
Moreover, the separation of various system components in the embodiments
described above should not be understood as requiring such separation in all
embodiments, and it should be understood that the described program
components and systems can generally be integrated together in a single
software product or packaged into multiple software products.

[0086] Thus, particular embodiments of the subject matter have been
described. Other embodiments are within the scope of the following claims.
Moreover, other mechanisms for using temperature information to perform
memory operations may be used. In some cases, the actions recited in the
claims can be performed in a different order and stili achieve desirable resuits. In
addition, the processes depicted in the accompanying figures do not necessarily
require the particular order shown, or sequential order, to achieve desirable
results. In certain implementations, multitasking and parallel processing may be

advantageous.
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WHAT IS CLAIMED IS:

A method for performing memory operations, the method comprising:

receiving, at a memory device, a request to read data from one or
more non-volatile memory cells;

retrieving stored temperature information associated with the non-
volatile memory cells, wherein the temperature information is associated
with a temperature at approximately at a time when the data was written to
the non-volatile memory celis;

reading, by the memory device, the data from the non-volatile memory
cells;

processing the read data based on, at least, the retrieved temperature
information; and

providing the processed data.

The method of claim 1, wherein processing the read data from the non-
volatile memory cells based on the retrieved temperature information
includes adjusting one or more voltage thresholds used fo interpret data
stored in the non-volatile memory cells based on the retrieved temperature

information.

The method of claim 2, wherein the voitage thresholds are adjusted using an
algorithm that maps voltage drift in the non-volatile memory cells based on

temperature.

The method of claim 3, further comprising:

performing an error checking operation on the data read from the non-
volatile memory cells;

based on the error checking operation, determining whether the
adjustments to the voltage thresholds resulted in an acceptable
interpretation of the data; and

updating the algorithm based on the determination of whether the

adjustments resuited in the data being correctly interpreted.
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10.

The method of claim 1, further comprising:

receiving current temperature information from one or more
temperature sensors indicating a current temperature associated with the
non-volatile memory cells; and

wherein the data is read from the non-volatile memory celis

additionally based on the current temperature information.

The method of claim 5, further comprising:
determining a difference between the current temperature and the
temperature when the data was written to the non-volatile memory cells; and
wherein the data read from the non-volatile memory cells is processed
based on the determined difference between the current temperature and

the temperature when the data was written to the non-volatile memory cells.

The method of claim 1, wherein the non-volatile memory cells include flash

memory cells.

A method for performing memory operations, the method comprising:

receiving, at a memory device, a request to write data to one or more
non-volatile memory cells;

obtaining, by the memory device, temperature information from one or
more temperature sensors indicating a current temperature associated with
the non-volatile memory celis;

determining an adjustment {o make to a write operation based on the
temperature information; and

writing the data to the non-volatile memory cells using the determined

adjustment to the write operation based on the temperature information.

The method of claim 8, wherein the adjustment to the write operation
includes an adjustment to one or more voltage thresholds that define

representations of data values stored in the non-volatile memory cells.

The method of claim 9, wherein the adjustment to the voltage thresholds is
determined using an aigorithm that maps voltage drift in the non-volatile
memory cells according to the current temperature associated with the non-

volatile memory cells.
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12.

13.

14.

15.

16.

17.

The method of claim 8, wherein the adjustment to the write operation
includes redundantly writing the data when the current temperature, as

indicated by the temperature information, exceeds a threshold level.

The method of claim 8, wherein the adjustment to the write operation

includes changing the write operation (i) from writing more than one bit of
data per memory cell to writing one bit of data per memory cell, or (ii) from
writing one bit of data per memory cell to writing more than one bit of data

per memory cell.

The method of claim 12, wherein the write operation is changed from writing
more than one bit of data per memory cell to writing one bit of data per
memory cell when the write operation is determined to have less than a

threshold level of accuracy at the current temperature.

The method of claim 8, wherein the adjustment to the write operation
includes waiting to perform the write operation untii the current temperature

has changed over a period of time by at least a threshold amount.

The method of claim 8, wherein the non-volatile memory cells are located on
a memory die, and wherein at least one of the temperature sensors is

located on the same memory die.

The method of claim 8, wherein the non-volatile memory cells are located on
a memory die, and wherein the temperature sensors are part of the memory
device but are not located on the memory die;

the method further comprising inferring the current temperature
associated with the non-volatile memory cells based on one or more
temperature characteristics that model temperatures of the non-volatile
memory cells based on temperature measurements from other parts of the

memory device.

The method of claim 16, wherein at least one of the temperature sensors is
located in the memory device to provide temperature measurements of a

memory controller.
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23.

The method of claim 16, wherein at least one of the temperature sensors is
located in the memory device {o provide ambient temperature

measurements.

A memory device comprising:

one or more non-volatile memory cells;

one or more temperature sensors configured to provide temperature
measurements associated with the non-volatile memory cells; and

a controller configured to perform memory operations on the non-
volatile memory cells, wherein the memory operations are adjusted based

on the temperature measurements provided by the temperature sensors.

The memory device of claim 19, wherein, for memory operations to read
data from at least a portion of the memory cells, the controlier is configured
{o retrieve temperature information indicating a temperature associated with
the portion of the non-volatile memory celis at the time the data was
programmed to the portion of the non-volatile memory cells; and

wherein one or more voltage thresholds used by the controller to
interpret data read from the portion of the non-volatile memory celis are

adjusted based on the retrieved temperature information.

The memory device of claim 20, further comprising non-volatile memory
storing the temperature information in association with the portion of the

non-volatile memory cells.

The memory device of claim 19, wherein, for operations to write data to at
least a portion of the non-volatile memory cells, the controller is configured
to obtain a current temperature measurement associated with the portion of
the non-volatile memeory cells and to adjust the write operations based on

the current temperature measurement.

The memory device of claim 22, wherein adjusting the write operations
includes one or more of the following:

adjusting one or more voltage thresholds that define representations of
data values stored in the non-volatile memory cells;

redundantly writing the data when the current temperature
35
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24.

25.

26.

27.

28.

measurement exceeds a threshold level;

changing the write operation from writing more than one bit of data per
memory cell to writing one bit of data per memory cell;

changing the write operation from writing one bit of data per memory
cell to writing more than one bit of data per memory cell; or

waiting to perform the write operation until the current temperature
measurement has changed over a pericd of time by at least a threshold

amount.

The memory device of claim 19, wherein the non-volatile memory cells

include flash memory cells.

A system comprising:

one or more non-volatile memory cells;

one or more temperature sensors configured to provide temperature
measurements associated with the non-volatile memory cells; and

a controller configured to perform memeory operations on the non-
volatile memory cells, wherein the memory operations are adjusted based

on the temperature measurements provided by the temperature sensors.

The system of claim 25, wherein, for memory operations o read data from
at least a portion of the memory cells, the controller is configured to retrieve
temperature information indicating a temperature associated with the portion
of the non-volatile memory cells at the time the data was programmed to the
portion of the non-volatile memory cells; and

wherein one or more voltage thresholds used by the controller to
interpret data read from the portion of the non-volatile memory cells are

adjusted based on the retrieved temperature information.

The system of claim 26, further comprising non-volatile memory storing the
temperature information in association with the portion of the non-volatile

memory cells.

The system of claim 25, wherein, for operations to write data to at least a
portion of the non-volatile memory cells, the controller is configured to obtain

a current temperature measurement associated with the portion of the non-
36
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29.

30.

volatile memory cells and to adjust the write operations based on the current

{emperature measurement.

The system of claim 28, wherein adjusting the write operations includes one
or more of the following:

adjusting one or more voltage thresholds that define representations of
data values stored in the non-volatile memory celis;

redundantly writing the data when the current temperature
measurement exceeds a threshold level;

changing the write operation from writing more than one bit of data per
memory cell to writing one bit of data per memory cell;

changing the write operation from writing one bit of data per memory
cell to writing more than one bit of data per memory cell; or

waiting to perform the write operation until the current temperature
measurement has changed over a pericd of time by at least a threshold

amount.

The system of claim 25, wherein the non-volatile memory cells include flash

memory cells.
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