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When the phase change material Ge2Sb2Te5 melts during the RESET switching of a phase change memory (PCM) device, it is
known that electromigration (elemental segregation under electric field or current) can cause the region near the positively-biased
electrode to become rich in Tellurium. We show that the laser-induced crystallization of deposited films of similarly Telluriumrich GeSbTe (GST) material is 1000  slower than the crystallization of conventional Ge2Sb2Te5 material, and that this material
can readily flow and create voids at temperatures as low as 350 C. AFM and Auger analysis of Te-rich GST films reveals
significant thermal-induced motion and elemental segregation, occurring in the absence of an electrical field and at similarly low
temperatures. This phenomenon, termed crystallization-induced segregation, occurs when material rearrangement within the
poorly-crystallizing, under–cooled–liquid Te-rich GST matrix forms a local stoichiometry which is capable of much more rapid
crystallization. The process of crystallization itself then reinforces this stoichiometry, at the expense of the elements not needed,
with a growth–rate limited by material diffusion. This crystallization-induced segregation — which can readily occur in GSTbased phase change memory (PCM) devices, especially after the onset of electromigration — is an important additional component to understanding both bias-polarity-based phenomena and endurance failure in GST–based PCM devices.
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Phase change materials such as Ge2Sb2Te5 are capable of rapidly
and reversibly switching between a conductive (and highly reflective) crystalline phase and a resistive (and poorly reflective) amorphous phase. This capability, first optimized for rewritable optical
disks,1,2 has since motivated the development of electronic phase
change memory (PCM). PCM is considered to be a promising candidate for future high-density non-volatile memory (NVM) due to its
fast switching speed, robust endurance, and scalability.2–6
The phase change materials community has long sought
additional engineering advantage (faster speed, longer retention,
higher endurance) through either material doping7,8 or stoichiometry
change.9–11 More recently, studies of PCM endurance3,12–15 have
traced device failure to highly local changes in material distribution:
either void-formation (which leaves devices “stuck” in the RESET
state13), or gradual segregation of the elemental Germanium (Ge),
Antimony (Sb), and Tellurium (Te) of the original GST material
to different portions of the device.16,17 While initially this segregation simply shifts the switching characteristics of the device,18 eventually the original RESET pulse is no longer sufficient to switch the
device, leading to a “stuck SET” failure.13,14
Bias-dependent “blown-fuse” failure analysis experiments on
tapered bridge structures (situated well away from any metal electrodes19), and the controlled fast melting of large symmetric bridge
devices20,21 have attributed this elemental segregation within
Ge2Sb2Te5 devices to electromigration. While quite slow within the
solid phase, this electromigration is rapid through the molten phase
inherent in the RESET step.21 In these experiments as well as in failure analysis of heavily-cycled cells,16,17 Te is consistently observed
to move toward the positive electrode (anode), while Sb moves toward the negative electrode (cathode).16,17,19–21 (Note that while
Refs. 16 and 17 do not specify the polarity used for PCM device
operation, the presence of an underlying nFET strongly suggests
that positive voltage must have been applied to the top electrode.)
The observed elemental motion has been attributed to the higher
electronegativity (5.49 eV) of Te compared to Ge and Sb (4.6 and
4.85 eV, respectively).21 Furthermore, experiments on both asymmetric pore–type cells and symmetric bridge structures consistently
show bias-polarity effects: any pulse or pulse-combination that
establishes Te-rich GST at one electrode makes the low resistance
SET state much more difficult to achieve, and can actually induce
significantly higher resistances than any RESET pulse can generate.22–24 However, while single-pulse-failure experiments show Ge
z
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moving together with Sb toward the cathode,19,21 failure analysis of
heavily-cycled cells instead show Ge being depleted near the cathode (bottom electrode).16,17
In this paper, we demonstrate that elemental segregation within
the phase-change material GST can occur in the absence of electrical fields, and at temperatures well below melting. Initially–amorphous deposited thin films of intentionally Te-rich GST are
compared to conventional Ge2Sb2Te5 films with Secondary Ion
Mass Spectrometry (SIMS), and with a two-laser pump/probe optical testing system designed to measure crystallization speed. After
laser-testing, the topography of these thin films was measured with
Atomic Force Microscopy (AFM), and the elemental distribution at
the film surfaces mapped with Auger Spectroscopy. Our results
demonstrate significant motion and much slower crystallization in
Te–rich GST films. Local agglomeration of elemental Sb is
observed only for the laser powers and durations that also show the
large reflectivity increases associated with crystallization. This
effect, termed crystallization-induced segregation, can occur in any
GST-based phase change memory (PCM) devices (once electromigration has separated the device into Te-poor and Te-rich regions),
and thus is a very important additional component to the full
understanding of both bias-polarity-based phenomena and the
device failure-modes which limit cycling endurance.
Sample Preparation and Composition
Ge2Sb2Te5 and Te-rich GST were sputter-deposited on 4-inch
Silicon wafers in an Argon atmosphere (0.27 Pa, 40 sccm flow),
with a DC power of 10 W on the compound Ge2Sb2Te5 sputtertarget. For Te-rich GST wafers, two additional Tellurium targets
were added to the chamber. All depositions were carried out at room
temperature, resulting in amorphous-as-deposited films.
Film compositions according to both Rutherford Backscattering
Spectrometry (RBS) and Auger Electron Spectrometry (AES) are
shown in Table I. In contrast to RBS, which can measure elemental
composition through the entire depth of the deposited film, AES is
sensitive only to the Auger electrons excited in the top 1–3 nm of
the film. Qualitative maps of the relative presence of elements are
readily generated with AES. Quantifying the AES signal, however,
involves careful calibration of the relative electron yield using the
sensitivity factors for the various elements involved, as described in
Ref. 25.
Since films were air-exposed for periods ranging from days to
weeks between deposition and Auger quantification, and given the
propensity for Germanium to oxidize to GeO2,26 it is not surprising
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that the AES results show significant Germanium enhancement at
the surface, as well as the presence of 8% oxygen. For better comparison to the RBS numbers, the AES percentages in Table I are
also shown renormalized across just the non-oxygen components.
These results suggest that, as these uncapped films oxidize, the surface becomes more Germanium-rich at the expense of Tellurium
and especially of Antimony, which assumably are displaced deeper
into the film. Both RBS and AES results confirm that the intentionally Te-rich samples contain approximately 20% more Tellurium
than the standard GST sample, and that the standard sample is not
far in composition from the intended Ge2Sb2Te5.
SIMS
After observing polarity-based effects in pore- and bridge-type
devices,22,24 one possible scenario that we investigated involved
interaction between the Ge2Sb2Te5 material in the devices and the
TiN electrodes. Multiple researchers have observed interaction
between Ge2Sb2Te5 and Ti adhesion layers after an anneal,27–29 but
in those experiments TiN layers appeared to be significantly less
prone to interaction.
In order to reveal any interdiffusion between layers, samples
were prepared for SIMS testing, consisting of a 90 nm layer of
Ge2Sb2Te5 or Te-rich GST on 20 nm of TiN, capped with 12 nm
of alumina (Al2O3). For each sample, while a 350  350 lm region
of the film was slowly removed by sputtering with a Cesium-ion
beam, secondary ions were collected from a 50 nm diameter circle
at the center of this larger region. Figure 1a, which plots the Secondary Ion signal as a function of sputter time, reveals relatively distinct
layers of alumina, GST, and then TiN. Both the observed overlap of
the GST and alumina regions, and the long residual tail of alumina
that persists well into the GST layer, are due to alumina non-uniformity. A residual tail is a frequent artifact in SIMS data, and is
caused by the accentuation of non-uniformities through “micromasking,” as small patches of some difficult-to-sputter material
(such as alumina) remain even as sputtering cuts deeply into nearby
regions of an underlying easily-removed material (such as GST).
However, Fig. 1b shows that the SIMS data for a portion of the
Ge2Sb2Te5 sample that underwent a 15 min. anneal at 350 C is
identical to the unannealed sample. Thus, as in earlier experiments,27–29 conventional Ge2Sb2Te5 does not tend to interact with
TiN. Note that the presence of Si together with the alumina in the
top surface and the TiN in the bottom surface could imply some
contamination of the sputter targets.
However, Fig. 2 shows that annealing does have a strong effect
on a sample of Te-rich GST on TiN. The most significant change
induced by the 15 min. anneal at 350 C is clear presence of TiN
(and the residual Si) within the Te-rich GST, and a larger presence
of Ge, Sb, and Te deeper in the film. Examination of SIMS profiles
at other temperatures (not shown) reveal that while some motion of
Ge, Sb, and Te is noticeable after 225 and 300 C anneal temperatures, the significant change in the TiN signal shown in Fig. 2b is
Table I. Stoichiometry of as-deposited samples for Ge2Sb2Te5
and Te-rich GST, according to Rutherford Backscattering Spectroscopy (RBS) and Auger quantification. For better comparison
to the RBS numbers, the AES percentages are also shown renormalized across the non-oxygen components.
RBS

AES(renormalized)

GST

Ge: 21.2 6 0.5%
Sb: 28.4 6 5%
Te: 50.4 6 5%

Ge: 40.4 6 4.5%
Sb: 13.4 6 5%
Te: 46.2 6 5%

Te-rich
GST

Ge: 11.7 6 0.5%
Sb: 17.5 6 5%
Te: 70.8 6 5%

Ge: 28.6 6 4.5%
Sb: 7.9 6 5%
Te: 63.5 6 5%

AES
Ge: 37.1 6 4.5%
Sb: 12.3 6 5%
Te: 42.5 6 5%
O: 8.1 6 5%
Ge: 25 6 4.5%
Sb: 7 6 5%
Te: 55.5 6 5%
O: 12.5 6 5%

Figure 1. (Color online) Secondary Ion Intensity corresponding to the elements Aluminum, Oxygen, Silicon, Tellurium, Antimony (Sb), Germanium,
Titanium, and Nitrogen as a function of sputter time (indicative of depth into
the film), for a standard sample of 12 nm of Al2O3 on 90 nm of Ge2Sb2Te5
on 20 nm of TiN (a) as-deposited, and (b) after a 15 min anneal at 350 C.
The similarity of the two datasets implies that the Ge2Sb2Te5 and the underlying TiN film do not interact at elevated temperatures.

only seen after the 350 C anneal (very little change after even a
300 C anneal). It is also clear that the Te-rich GST layer, while similar in thickness to the Ge2Sb2Te5 material of Fig. 1, sputters much
more rapidly.
While these results could suggest that the interface between the
TiN and the underlying Te-rich GST has become blurred through
some sort of interaction, examination of the annealed films with
Scanning Electron Microscopy (SEM) suggests void formation
within the Te-rich GST as a more likely explanation. As shown in
the SEM of a highly-oblique FIB-cut shown in the inset of Fig. 2,
significant changes have occurred in large patches, constituting
about 10–15% of the film area, associated with a macroscopicallyobservable non-uniform appearance of the films after anneal.
Although the SEM suggests delamination of material, the absence
of any elements other than Aluminum and Oxygen during the first
3–4 min of the SIMS measurement of these films implies that the
top surface must still be alumina. In fact, the trace levels of Ge, Sb,
and Te present during the first few minutes of sputtering are lower
in the 350 C anneal sample, yet the Ti and N signals are markedly
higher once the alumina is removed. This suggests that there are
numerous defects in the top surface, where the alumina is either
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Thus it is clear that Te-rich GST can and will readily flow at temperatures as low as 350 C, well under the minimum melting point in
the Ge-Sb-Te system for compositions between Ge2Sb2Te5 and pure
Tellurium [400 C for 85% Te Ref. (30)]. However, it is not at all
clear that TiN and Te-rich GST interact to a degree sufficient to
account for the polarity-based phenomena observed in pore- and
bridge-type phase change memory devices.22,24 For instance, Electron Energy Loss Spectroscopy mapping of devices (similar to the
data shown in Refs. 22 and 24) revealed no presence of Ti outside
the electrode regions, and devices fabricated with Tungsten rather
than TiN bottom electrodes also showed similar polarity effects. But
the fluid nature of “under-cooled” Te-rich GST at elevated temperatures will turn out to have an important role, as optical experiments
will show.
Optical Testing and AFM

Figure 2. (Color online) Secondary Ion Intensity for Al, O, Si, Te, Sb, Ge,
Ti, and N as a function of sputter time (indicative of depth into the film), for
a sample of Al2O3 on Te-rich GST on TiN (a) as-deposited, and (b) after a
15 min anneal at 350 C. The noticeable increase in Titanium within the Terich GST layer indicates the formation of voids at elevated temperature over
10–15% of the sample area. The inset shows a highly-oblique FIB crosssection through the annealed film, clearly showing that this occurs in large
patches. However, the presence of just Al and O during the first 3–4 min of
sputtering of the annealed sample implies that the Al2O3 layer remained contiguous over these voids. Once the Cesium sputter beam removes this top
Al2O3 layer, it encounters TiN over 10–15% of the sample area and Te-rich
GST everywhere else.

missing or thin. For a lower-temperature anneal, the Te-rich GST
remains contiguous even at these occasional weak points, so that
trace amounts of Ge, Sb, and Te are present when the alumina film
is initially sputtered during the first moments of the SIMS measurement. However, during the long 350 C anneal, the Te-rich GST
must have become fluid, allowing it to volatilize into the ambient
atmosphere at these occasional points where the alumina film is defective. Although the defects are small, large amounts of nearby Terich GST are apparently evacuating through them — but without
disrupting the overlying alumina layer, since the SIMS data clearly
shows that the first-encountered layers after the 350 C anneal (Fig.
2b) are nearly 100% alumina. The 350 C anneal then must be creating either voids between the alumina and TiN, or more likely based
on the SEM, the alumina has collapsed directly onto the TiN. In either case, when the sputtering within the SIMS measurement clears
through the alumina layer, TiN is immediately exposed over about
10–15% of the area, and is thus detected by SIMS.

Samples for optical testing were deposited uncapped, with a 30
nm layer of Ge2Sb2Te5 or Te-rich GST on 30 nm of alumina on
4-in diameter silicon wafers. A custom pump/probe optical materials tester31,32 was used to heat a 1 lm diameter area of the phase
change material while measuring the reflectivity change at that spot
with a 632 nm probe laser. By varying the power and duration of the
658 nm pump laser pulse, the crystallization characteristics of any
phase-change material can be investigated over a matrix of successive laser pulses at nearby positions on the film. The thickness of
the alumina underlayer was chosen so that the film could be heated
efficiently yet still cooled off rapidly. Too thin a layer would have
strongly suppressed the maximum achievable temperature, due to
the strong heat transfer to the underlying silicon; too thick a layer
would have introduced a long thermal time-constant, masking the
true speed of the phase-change material.
Figure 3 shows the normalized reflectivity change of our
Ge2Sb2Te5 sample as a function of laser power from 1 to 25 mW,
and of pulse duration from 50 ns to 100 ls. This measurement corresponds to the first crystallization of an amorphous-as-deposited sample, which for a nucleation-dominated material such as Ge2Sb2Te5
is nearly as rapid as the recrystallization of an amorphous spot.33
This rapid speed of crystallization (100 ns) is one of the features
that made Ge2Sb2Te5 such an attractive material for both optical34
and PCM applications.2–6
In marked contrast, Fig. 4 shows that Te-rich GST, with just
20% more Tellurium, is much slower to crystallize. In fact, the
entire power and duration regime represented by Fig. 3 leads
to almost no detectable change for Te-rich GST material. The full
characterization of its crystallization characteristics requires a

Figure 3. (Color online) Normalized optically-induced reflectivity change
of a standard Ge2Sb2Te5 sample as a function of laser-pulse duration and
power. As expected, rapid crystallization occurs at moderate powers for
pulses as short as 100 ns.
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Figure 4. (Color online) Normalized optically-induced reflectivity change
of a Te-rich GST sample as a function of laser-pulse duration and power,
measured immediately after deposition. Unlike Ge2Sb2Te5, crystallization
only occurs for pulses longer than 1 ms, in a moderately-high power regime
where Atomic Force Microscopy (inset) shows that significant material
motion has occurred. An arc, stretching from 10 ls at 55 mW down to 100
ms at 10 mW, separates a region of constant or slightly increased reflectivity
and smoothly varying topography from a region of much more pronounced
reflectivity change and significant material motion. The increases in reflectivity associated with crystallization are only found for long pulse durations
where significant material motion has also occurred.

two-fold increase in pump power and 1000  longer pulse durations.
The most striking feature of Fig. 4 is the arc stretching from 10 ls at
55 mW down to 100 ms at 10 mW, separating a region of constant
or slightly increased reflectivity from a region of much more pronounced reflectivity change.
Atomic Force Microscopy (AFM) performed on the matrix of
optically-heated spots reveals a marked change at this arc, where
material motion becomes significant. Long exposure to high power
inevitably leads to a completely “ablated” spot, where the phase
change material has completely left the heated region and the final
reflectivity is markedly lower (blue regions on Fig. 4). This material
motion is driven by large horizontal and vertical thermal gradients,
produced by the strong absorption of the focused laser beam (with
Gaussian spatial profile) within the topmost layers of the Te-rich
material. The interdependence between threshold power and duration suggests that the onset of this strong material motion depends
on the temperature at the bottom interface, between the Te-rich GST
and the underlying alumina. Interestingly, for long exposure to moderate powers between 20 and 30 mW, significant material motion
across the full heated diameter is still observed (as shown by the
AFM scan), but the final reflectivity can in fact be significantly
higher. This suggests that the Te-rich GST material, previously
unable to crystallize despite long exposure, is somehow capable of
crystallizing once significant material motion is present, although
there is significant variation in the actual reflectivity change from
one pulse to the next.
The data shown in Fig. 4 was taken the same day as deposition.
Figure 5 shows that air exposure of such a Te-rich GST sample
modifies its crystallization characteristics to some degree. While the
material is still incapable of crystallizing rapidly at any power level,
and while the characteristic arc delineating the onset of ablation is
still present, the crystallization region has moved lower in power. At
these lower powers, instead of the smooth deformation across the
entire spot shown at the bottom of the AFM inset in Fig. 4, the AFM
inset in Fig. 5 shows that significant material motion is occurring
within the heated optical spot, even at powers as low as 5 mW. And
as before, the increased reflectivity signifying crystallization is only
observed at spots where noticeable material motion is also present.
While this sample was measured two weeks after deposition, we
have observed the same trends across a number of different samples

Figure 5. (Color online) Normalized optically-induced reflectivity change
of a Te-rich GST sample as a function of laser-pulse duration and power,
measured after two weeks of air exposure. The arc is still present and crystallization is still ultra-slow, yet occurs at much lower powers. The change
from Fig. 4 is attributed to the effective stoichiometry change induced by
oxidation of Germanium at the sample surface.

under varying amounts of air-exposure. In addition, Te-rich
GST samples capped with 8 nm of Al2O3 also show low power,
ultra-slow crystallization characteristics very similar to Fig. 5.
This suggests that the alumina deposition modifies the top of the Terich GST film in the same way as prolonged room-temperature airexposure. Together with earlier observations that capping layers
modify the crystallization times of undoped Ge2Sb2Te5 by less than
a factor of two,35 our capped-film results make it clear that the ultraslow crystallization observed here depends only on stoichiometry
and not on the presence or absence of capping layers.
By combining the data from the fastest crystallizing power in
Figs. 3 and 5 and normalizing to the maximum induced reflectivity
change, we can directly compare the crystallization speed of Te-rich
GST with conventional Ge2Sb2Te5. As shown in Fig. 6, the addition
of 20% more Tellurium has increased the median crystallization
time from 100 ns to 3 ms, a change of 4.5 orders of magnitude.

Figure 6. (Color online) Crystallization speed of Te-rich GST as compared
to conventional Ge2Sb2Te5, at the fastest crystallizing power in Figs. 3
and 5, respectively, normalized to the maximum induced reflectivity change.
The addition of 20% more Tellurium has increased the median crystallization
time from 100 ns to 3 ms — by 4.5 orders of magnitude.
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To estimate the temperatures involved in this slow crystallization,
we used optical constants for Te-rich GST obtained from an multiwavelength ellipsometer (Fig. 7a) and our in-house finitedifference opto-thermal simulator32 to estimate the temperature profile throughout the optically-heated spot 50 ns after illumination.
Here the unknown thermal coefficients (specific heat and thermal
conductivity) for Te-rich GST are assumed to be similar to
Ge2Sb2Te5, which may or may not be appropriate. Figure 7b shows
such a profile for a 12 mW pulse, indicating that the temperatures for
which this Te-rich GST is crystallizing are far below the melting
point (640 C) of Ge2Sb2Te5.30 However, the melting point in the GeSb-Te system decreases sharply as the composition moves from
Ge2Sb2Te5 towards pure Tellurium, reaching a local minimum
around 400 C when the Te percentage is near 85%.30 GST that is
70% Tellurium should have a reduced melting point of approximately
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560 C.30 Longer simulations show that temperatures throughout the
optical spot continue to increase slowly during long pulses — Fig. 7c
shows that the bottom interface between the Te-rich GST and alumina experiences a slow 15 C increase, starting after 1 ls of optical
exposure and continuing over the next 100 ls. The temperature
increase at the top surface can exceed 30 C (not shown). Thus it is
quite reasonable to expect that the surface of the Te-rich GST could
be exceeding its glass transition temperature even in this low optical
power regime, allowing the material to flow freely. The SIMS data of
Fig. 2, showing void formation at only 350 C, also strongly supports
this. Clearly, comparing the data of Figs. 4 and 5, the change in effective stoichiometry — as the Germanium at the surface of the originally deposited material oxidizes — has a strong influence on the optical power required for the material at the surface to flow. However,
whether this is due to the introduction of a vertical gradient in stoichiometry through the film, a change in the effective heating due to
increases in thermal conductivity or decreases in reflectivity, a change
in the effective glass transition temperature, or some combination of
these, is unclear.
In any case, these optical and AFM results clearly show that
crystallization in Te-rich GST is only present together with material
redistribution (as indicated by the correlated significant increase in
local topography), and that crystallization occurs at power levels
much lower than that needed to initiate either melting or ablation. It
is almost as if the Te-rich material must move around before crystallization can even proceed.
Auger Mapping
To investigate this further, we performed AES mapping of the
(surface) elemental distributions across small matrices of optically–
heated spots. In order to avoid artifacts related to carbon accumulation under the electron beam, multiple instances of each matrix were
laser–written, so that higher-resolution Auger-scans could each be
performed on an as-yet-untouched matrix of optically heated spots.
Figure 8 shows a typical set of results for the conventional
Ge2Sb2Te5 sample: a map of the reflectivity changes and the corresponding Tellurium AES map for a small matrix of low power
pulses, applied for a wide variety of different pulse durations. In

Figure 7. (Color online) (a) Optical constants for Te-rich GST as obtained
by ellipsometry, and (b) resulting 3–D temperature profile for a 12 mW
laser pulse of 1 lm diameter after 50 ns of exposure, according to a finitedifference opto-thermal simulator.32 Thermal coefficients (specific heat and
thermal conductivity) used for Te-rich GST are identical to Ge2Sb2Te5. Longer simulations show that temperatures continue to rise slowly, both at the
top (not shown) and (c) at the center of the bottom interface between Te-rich
GST and alumina.

Figure 8. (Color online) Normalized optically-induced reflectivity change
(top) and corresponding Auger map for Tellurium (bottom), for a small matrix of optically-heated spots on a standard Ge2Sb2Te5 sample. The other elements tracked simultaneously during the same scan (Sb, Ge, and O, not
shown) are almost completely featureless. Even for conventional Ge2Sb2Te5,
Tellurium will readily volatilize from a uncapped film upon heating
(Ref. 36).
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contrast to the Tellurium map shown here, maps of the other elements tracked simultaneously during the same scan (Sb, Ge, and O,
not shown) are almost completely featureless, and the spots of the
laser-written matrix are indiscernible. As has been observed earlier,36 these results reiterate that even with conventional Ge2Sb2Te5,
Tellurium will readily volatilize from a uncapped film upon heating.
Figure 9 shows four simultaneously accumulated Auger maps
for a matrix of low-power optically-heated spots on a Te-rich GST
sample, again across a wide range of pulse durations. Here something is clearly happening for each element. As before, Tellurium is

Figure 9. (Color online) Auger maps for Tellurium, Antimony, Germanium,
and Oxygen, for a small matrix of optically-heated spots on a Te-rich GST
sample. While Tellurium is readily leaving the film, both Germanium and
Oxygen are enhanced, strongly suggesting formation of GeO2 at the film surface in the heated spots. The overall amount of Sb is decreasing in the spots,
but not to the same extent as Tellurium. In order to investigate this more
clearly, higher-resolution Auger scans (Fig. 10) were performed at the two
powers and three short (long) durations indicated by the dotted (dashed)
boxes on a identical, nearby matrix of laser-spots, in order to avoid artifacts
from carbon accumulation.

leaving the film, while both Germanium and Oxygen are enhanced,
strongly suggesting formation of GeO2 at the film surface in the
heated spots. At this scale, it is clear that the overall amount of Sb is
decreasing in the spots, but not to the same extent as Tellurium. In
order to investigate this more clearly, higher-resolution Auger scans
were performed for the spots indicated by dotted (dashed) boxes on
the figure, corresponding to short (long) pulse durations. As mentioned earlier, these scans are not performed on the same laser-spot
matrix measured for Fig. 9 but on an identical matrix prepared a
short distance away on the same sample, in order to avoid artifacts
from carbon that can build up during the Auger scans.
Figure 10 shows the resulting Auger maps for Tellurium and Antimony. Although Te readily and continuously leaves the locally
heated film,36 the Sb near the heated surface is relatively unaffected
after pulses of short duration. Only for long optical pulses — those
for which we observed both the significant reflectivity increase associated with crystallization and significant topography change — do
we find that Sb has agglomerated within the optically-heated spot.
We observed this phenomena on several different Auger scans of
different matrices, always for optical powers and pulse durations
where the induced reflectivity increase and surface topography
changes were also significant.
We attribute this agglomeration of Antimony to crystallizationinduced segregation. Shortly after the optical heating of a laser–
illuminated spot on a Te-rich sample begins, very little is happening.
While the surface is hot, no local stoichiometries are capable of
rapid crystallization. However, as the illumination continues, several things happen that slowly change the local stoichiometry. Since
Tellurium is continuously being lost to the surrounding ambient,
and Germanium is readily oxidizing, the relative proportion of available Antimony increases. However, these must not be the primary
factors, since crystallization is observed to occur after long exposures for both uncapped films immediately after deposition (in
which much less Germanium oxidation has occurred), as well as for
capped films (from which Tellurium loss is assumably limited to the
same occasional weak points in the alumina capping layer that
played a role in the SIMS experiment). Thus we conclude that, as
the lower portions of the film continue to slowly rise in temperature
(after their initially rapid equilibration as shown in Fig. 7c), the
material at the surface, heated over the glass-transition temperature
of the material, slowly begins to move around.
This motion, driven by the strong horizontal and even stronger
vertical thermal gradients, will inevitably lead to slight random fluctuations in stoichiometry from the initial configuration, in addition
to any Te– and Ge–loss from volatilization and oxidation, respectively. We can consider a region within this spot where the local
stoichiometry has been briefly changed by these driving forces to a
configuration that is capable of rapid crystallization. At this point
crystallization itself can drive an expansion of this region. While the
surrounding matrix is still a fluid, under–cooled liquid, this local
region has crystallized, locking in the crystallization-capable stoichiometry. At the boundaries of the growing crystalline grain, this
“favorable” configuration is reinforced: any elements in short supply
in the vicinity are pulled in, at the expense of those which are not
needed. This is what leads to the clear agglomeration of Sb shown
in Fig. 10, resulting in crystallized patches that are (moderately)
rich in Sb, separated by regions from which the Sb has left and not
been replaced. The expected complementary local pattern in Te is
masked by its much stronger global depletion from the uncapped
film, while the role of Ge (not shown) is masked by its tendency to
oxidize at the exposed surface.
Conclusions
The process of crystallization–induced segregation can occur
whenever the initial stoichiometry does not support rapid crystallization yet local temperatures are sufficient to make the material
somewhat fluid. As the local stoichiometry is modified through slow
material migration, any configuration capable of rapid crystallization
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Figure 10. (Color online) High-resolution Auger analysis shows that while (a,b) Te continuously leaves an uncapped Te-rich GST film during optical exposure,
after short pulses (c) Sb is only slightly affected. However, for long pulses in the power regime where both significant material motion (as measured by AFM)
and the significant reflectivity increase associated with crystallization are observed, (d) Sb is consistently observed to agglomerate within the optically-heated
region. We attribute this phenomenon to crystallization–induced segregation of Sb within Te-rich GST: the rearrangement of material within the poorlycrystallizing, under–cooled–liquid Te-rich GST matrix until a local stoichiometry is formed which is capable of much more rapid crystallization. The process of
crystallization itself then reinforces this stoichiometry, at the expense of the elements not needed, with a growth–rate limited by material diffusion.

will do so. Although the effective growth rate is limited by diffusion
of required elements to the boundaries of the growing crystalline
grain, the crystal growth acts to reinforce the favored stoichiometry
and thus can segregate elements within either a optically–heated
spot or within an operating PCM device. This crystallization–induced
segregation can help explain the initial conditioning observed
in PCM devices over the first few thousand programming cycles,18
the changes in stoichiometry observed after heavy cycling,16,17 the
slow evolution of RESET condition leading eventually to a stuckSET device failure,13,14 and the creation of high resistance and
voids when the “bad” polarity is applied to an asymmetric PCM
device.22–24
We have shown that the laser-induced crystallization of deposited films of Tellurium-rich GST material is 1000  slower than for
conventional Ge2Sb2Te5 material. AFM and Auger analysis of these
films revealed significant thermal-induced motion and elemental
segregation, occurring in the absence of an electrical field and at
temperatures well below melting. This phenomenon, termed crystallization-induced segregation, occurs when material rearrangement
within a fluid and poorly-crystallizing phase-change material such
as Te-rich GST forms a local stoichiometry capable of rapid crystallization. The process of crystallization itself then reinforces this
stoichiometry, at the expense of those elements not needed for that
stoichiometry. This crystallization-induced segregation can readily
occur in GST-based phase change memory (PCM) devices,
especially after electromigration has caused the region near the positively-biased electrode to become rich in Tellurium. Crystallizationinduced segregation is thus an important additional component to
understanding both bias-polarity-based phenomena and overall endurance failure in GST–based PCM devices.
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