Simulation for thickness change of PRAM recording layer
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In this study, the phase change behavior of PRAM recording layer during 1 cycle operation was investigated by finite element
method (FEM) simulation. The JMAK equation was used for simulation of phase change behavior of the Ge;Sb,Tes (GST)
recording layer of PRAM. The RESET simulation of the PRAM unit cell of 100 nm thick recording layer model shows that
the amorphous region of the recording layer was partially crystallized after RESET current was removed. This crystallization
may cause the sensing error for data reading operation of PRAM. To avoid this sensing error, a 25 nm thick recording layer
model of PRAM was subjected to simulation. The thin (25 nm) recording layer model shows higher cooling rate than the thick
(100 nm) layer model. Therefore, the crystallization fraction of the thin layer model during RESET operation was decreased
and the difference of electrical resistance between RESET and SET state of thin recording layer model was greater than the

thick recording layer model.
©2009 The Ceramic Society of Japan. All rights reserved.
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1. Introduction

Phase change random access memory (PRAM) is the device
operated by resistance difference between amorphous and crys-
talline state of recording layer of chalcogenide material."?
Applied current makes recording layer into amorphous or crys-
talline state by joule heating. Figure 1 shows PRAM operation.
High current (reset current) makes amorphous mark in recording
layer by heating and quenching. This operation is called reset
operation. Amorphous mark is banished by low current (set cur-
rent) heat treatment. This operation is called set operation.
Typically, Generation of heat in semiconductor device causes
negative effect such as degradation of material. Therefore, excess
heat must be removed through heat sink. However, feature of
PRAM is using joule heating for writing operation. In PRAM
reset operation, low cooling rate increases heating rate of the
recording layer. However, insufficient cooling rate during quench
process makes reset operation fail by enough time for crystalli-
zation of amorphous area. High cooling rate makes amorphous
area more easily, but reset operation needs high reset current by
loss of heat. Therefore, balancing of cooling rate is important
point for PRAM unit cell design.
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Fig. 1. Basic operation of PRAM.
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2. Simulation model

2.1 The JMAK equation for non-isothermal calcu-
lation
In this study, crystallization behavior of recording layer
material of PRAM (Ge,Sb,Tes, GST) was calculated by follow-
ing IMAK (Johnson-Mehl-Avrami—Kolmogorov) equation.

2.5
2.11eV
t,T)=1—exp|—| 1.07x10*" x r xexp| —

Where, x means the crystalline volume fraction, ¢ is the heat
treatment time, 7 is the temperature and Kg is the Boltzmann’s
constant. Frequency factor of 1.07 x 10?', Avrami’s constant of
2.5 and activation energy of 2.11 eV were used in this study.
Basically, the JMAK equation was designed for isothermal heat
treatment;>® however, operation of PRAM is a non-isothermal
process. To apply the JMAK equation to non-isothermal process
simulation modeling, it is assumed that the temperature is con-
stant in a unit increment. Therefore, the crystalline volume frac-
tion was calculated from the current temperature and summation
of current increment time and the time which was calculated
back from JMAK equation using crystalline volume fraction of
previous increment. Figure 2 shows the crystallization volume
fraction calculated by above method during quenching the
recording layer material (GST). As shown in Fig. 2, the calcu-
lated result indicates that the crystallization rate increases with
decreasing cooling rate. This result reflects the real crystalliza-
tion phenomenon. Also, this result is comparable with reported
quenching rate value” (10" °C/min) for obtaining amorphous
GST. Therefore, it can be concluded that the JMAK equation can
be applicable to simulation of non-isothermal process for
PRAM.

2.2 The modeling
The commercial finite element method program ABAQUS/
standard 6.6—1 was used for simulation. Unit cell structure pro-
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posed by one of the authors was used for analysis with modifi-
cation.® Figure 3 shows 100 nm and 25 nm recording layer mod-
els of PRAM structure analyzed in this study. Reset and set
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Fig. 2. Calculated crystalline volume fraction along the temperature
during quenching.
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Fig. 3.  Models for simulation; (a) 100 nm recording layer model, (b) 25
nm recording layer model.

currents were supplied from tungsten bottom electrode. Outside
boundary temperature of the model was maintained at 25°C. The
modeling for 100 nm recording layer was consisted of 20 ns
heating, 200 ns cooling with quenching, and cell resistance read-
ing steps. The modeling for 25 nm recording layer was consisted
of 20 ns heating, 200 ns cooling with quenching, cell resistance
reading and second heating (set process) for 15 ns. The material
properties used for simulation are given in Table 1. Figure 4
shows the sheet resistance (from which electrical conductivity
can be obtained) and crystalline volume fraction of GST accord-
ing to temperature. Figure 4 was obtained by in-situ reflectivity
method” and ex-situ 4-point probe measurement. The recording
layer material was assumed to have the crystalline phase in the
initial condition. Reset current was supplied by 5.1-5.6 mA for
100 nm layer model and 7.1-7.5 mA for 25 nm layer model dur-
ing 20 ns. Set current was 6.3—6.5 mA for 25 nm model during
15 ns.

Table 1. Material Properties Used for Simulation

Density 6.2 g/cm’ (crystalline)
5.8 g/cm’ (amorphous)
Melting point 623°C
Ge,Sb,Tes 0.018 J/(mKs) (crystalline)
Thermal conductivity
0.003 J/(mKs) (amorphous)
specific heat 1.93 J/(cm*/K)
Electrical conductivity Ref. Fig. 4
Density 19.3 g/em?
Thermal conductivity 1.78 J/(mKs)
W specific heat 2.58 J/(cm*/K)
Electrical conductivity 1.75 x 107/Qm
Density 2.33 g/cm?®
S0, Thermal conductivity 0.014 J/(mKs)
specific heat 3.1 J/(cm¥/K)
Electrical conductivity 1.0 X 10-14/Qm
Density 5.4 g/em®
) Thermal conductivity 0.13 J/(mKs)
TN specific heat 3.235 J/(cm*/K)
Electrical conductivity 1.0 x 10%Qm
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Fig. 4. Variation of sheet resistance and crystalline volume fraction of
Ge,Sb,Tes as a function temperature.
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3. Result and discussion

3.1 Reset operation result for 100 nm recording
layer model

Figure 5 shows the simulation results of amorphous area dis-
tribution in recording layer after 20 ns heating and after 200 ns
cooling for 100 nm recording layer model. As shown in Fig. 5,
all reset current results have the hemisphere shapes of amor-
phous areas after the reset current was applied for 20 ns. How-
ever, after 200 ns cooling, all of the amorphous area distribution
results show partial crystallization. Especially, the largest amor-
phous area was observed after 5.6 mA of the reset current was
applied; however, the amorphous area was mostly crystallized
during cooling process. Reasons of these phenomena are
assumed as followings. While amorphous area neighboring with
TiN bottom electrode contact remained amorphous itself, the
upper area of amorphous hemisphere which occurred in 20 ns
result was mostly changed to crystalline. This is because thermal
conductivity of GST recording layer material was ten times lower
than that of TiN bottom contact material. The heat generated
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Fig. 5. Amorphous area distributions in recording layer after 20 ns
reset current applied and after 200 ns cooling.
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Fig. 6. Maximum temperature of the recording layer and the ratio of
the resistance of initial state to reset state according to the reset current.
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under side of the recording layer is considered to pass through the
TiN bottom contact but the heat generated at upper or center of
the recording layer is considered to pass through GST material
that has poorer thermal conductivity than TiN. Therefore, cooling
rate of the upper or the center of the amorphous in the recording
layer was lower than the amorphous area of the under position
neighboring with TiN bottom electrode contact. Figure 6 shows
the maximum temperature of the recording layer and the ratio of
resistance of initial state to reset state according to the reset cur-
rent. As shown in Fig. 6, it can be understood that the largest
resistance ratio was obtained at 5.4 mA. Above 5.5 mA reset cur-
rent, it is considered that quite much electric energy was used to
recrystallize the amorphous phase compared with 5.4 mA reset
current was supplied. The best resistance ratio 5.94 was obtained
at 5.4 mA. However, this is not sufficient for smooth reading
operation in real device that needs resistance ratio at least higher
than 10. These results mean that 100 nm recoding layer model has
insufficient cooling rate for formation of amorphous mark. To
solve this problem of crystallization of amorphous area, cooling
rate of the recording layer must be increased by moditying the
PRAM unit cell structure model.

3.2 Reset operation result of 25 nm recording
layer model

By the simulation result for 100 nm recording layer model, it
was confirmed that an amorphous area neighboring with TiN
bottom contact remained as amorphous state after cooling step
due to the good thermal conductivity of TiN. Therefore, it is
expected that if the generated heat can pass through TiN upper
electrode contact, it is possible to obtain greater cooling rate for
entire recording layer. The thinner 25 nm recording layer model
was designed to decrease the distance from the amorphous area
to the upper TiN electrode. In this model, reset current was
increased above 7 mA because 25 nm recording layer model has
larger heat loss than 100 nm recording layer model. Figure 7
shows the amorphous area after heating-cooling process for 25
nm model. Figure 8 shows the maximum temperature of the
recording layer and the ratio of resistance of initial state to reset
state according to the reset current for 25 nm model. As shown
in Fig. 7, a little crystallization occurred at the center of the
amorphous area but the entire amorphous area remained for all
currents. As can be seen in Fig. 8, the ratios of resistance of ini-
tial state to reset state are proportional to the reset current in 25
nm model. Also, it can be seen in Fig. 8 that the reset currents
above 7.3 mA give sufficient resistance ratio for smooth reading
operation in real device. From these results, it is concluded that
the 25 nm model has higher potential to show normal operation
in real device than 100 nm model because 25 nm model has suf-
ficient cooling rate. However, heat loss is a severe problem for
25 nm model compared with 100 nm model. Therefore, it is con-
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Fig. 7. Amorphous area distributions in recording layer after 200 ns
cooling for 25 nm model.
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cluded that thickness of the recording layer should be decided
between 25 nm to 100 nm.

3.3 Set operation result for 25 nm recording layer
model

To evaluate set operation, the reset current of 7.3 mA was cho-

sen for 25 nm recording layer model, because this condition

showed the appropriate ratio of resistance of initial state to reset
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Fig. 8. Maximum temperature of the recording layer and the ratio of
the resistance of initial state to reset state according to reset current for
25 nm model.
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Fig. 9.  Amorphous area distribution in recording layer after according
to set currents were applied for 15 ns.

state for reading operation and 7.3 mA is relatively small reset
current. Set current was 6.3—6.5 mA for 15 ns. Figure 9 shows
amorphous area distribution in the recording layer after the set
current was applied for 15 ns. As shown in Fig. 9, all set current
conditions show entire crystallization after 15 ns. This set time
is similar to a previous report.” Set operation is basically crys-
tallization process; therefore, set operation needs higher temper-
atures than the crystallization temperature and sufficient time. It
is expected that normal set operation will be easily performed
even at lower set current than 6.3 mA.

4. Conclusions

The simulation method was used to evaluate operation of
PRAM unit cell. Crystallization behavior of GST recording layer
of PRAM was calculated by JMAK equation. Reset operation of
PRAM was seriously affected by unit cell structure and cooling
rate. Thick recording layer was found to cause crystallization in
amorphous area by quenching during reset operation due to the
poor cooling rate. To avoid this problem, the recording layer
should be between 25 and 100 nm. However, too thinner record-
ing layer may cause higher reset current. Therefore, the cooling
rate and the reset current must be balanced when PRAM unit cell
is designed.

References

1) J. Maimon, E. Spall, R. Quinn and S. Schnur, IEEE Aerospace
Conf. Proc., 5, 2289-2294 (2001).

2) S.Tyson, G. Wicker, T. Lowrey, S. Hudgens and K. Hunt, IEEE
Aerospace Conf. Proc., 5, 385-390 (2000).

3) M. Avrami, J. Chem. Phys., 7, 1103—-1112 (1939).

4) M. Avrami, J. Chem. Phys., 8, 212-224 (1940).

5) M. Avrami, J. Chem. Phys., 9, 177-184 (1941).

6) M. C. Wdinberg, D. P. Birnie III and V. A. Shneidman, J. Non-
Cryst. Solids, 219, 89-99 (1997).

7) V. Weidenhof, I. Friedrich, S. Ziegler and M. Wuttig, J. Appl.
Phys., 89, 3168-3176 (2001).

8) S.S. Kim, S. M. Jeong, K. H. Lee, Y. K. Park, Y. T. Kim, J.
T. Kong and H. L. Lee, Jpn. J. Appl. Phys., 44, 5943-5948
(2005).

591




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 350
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [596.000 795.000]
>> setpagedevice




