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’ INTRODUCTION

Phase change materials have at least two different solid phases,
normally one amorphous and one crystalline, exhibiting distinct
properties, i.e., optical and/or resistance disparities, due to the
differences in structure.1-3 Application of phase changematerials
for optical storage utilizing differences in optical constants, have
been successfully commercialized.1 Researchers are now focusing
on the use of phase change materials to make nonvolatile electr-
onic storage, as some phase change materials show differences in
resistance and “threshold point”, in addition to differences in
optical properties.1,4-6 When the potential applied to an amor-
phous phase change material is higher than the threshold point,
the current increases dramatically, generating heat and so a phase
change. Phase change materials may facilitate the formation of
nonvolatile electronic storage as a possible replacement in flash
drives, or in applications in dynamic random access memory and
reconfigurable logic (cognitive computing).2,7 Among those
materials, GexSbyTez is promising as it has shown large optical
and resistance differences between amorphous and crystalline
states, fast phase transition speed, good scalability, and high
stability.3,8 Its properties can be modified by adjusting the com-
position for different applications.9-12 For example, increases in
Ge result in increased stability, resistance and crystallization
temperature.

Sputtering has been the preferred deposition method for
fabricating optical storage, as it is a well established deposition
method with good scalability, reproducibility, and uniformity. It
is also capable of high rates and good composition control.
However, sputtering becomes limited in the formation of elec-
tronic storage, where the material must be deposited in trenches
or vias with high aspect ratios. Sputtering is line of sight, which
presents problems for the formation of conformal deposits. To

improve trench filling, other deposition methods have been
proposed and studied, e.g., metal organic chemical vapor deposi-
tion (MOCVD),13-15 solution phase deposition16 and electro-
deposition.17,18

Electrodeposition has excellent trenching filling capability,
and is typically operated near room temperature and ambient
pressure. In addition, electrodeposition is compatible with pat-
terned resist technology, and therefore may be easily scaled.2

Two electrodeposition methodologies with possible applications
here are electrochemical codeposition19-22 and electrochemical
atomic layer deposition (E-ALD).23,24 Co-deposition is known
to be a cost-effective methodology, though E-ALD has more
control over the deposition process and film composition. Films
made by E-ALD tend to have crystalline structures, whereas films
formed by codeposition do not.17,19,25 Better crystallinity can
help minimize or eliminate defects in the films, resulting from
volume shrinkage and void formation.18 In addition, E-ALD is
well suited for conformal deposition. In the development of
GexSbyTez for electronic storage applications, workers have, in
order to lower the programming current, designed cells with
specific patterns,26,27 which will require conformal deposition.

E-ALD involves the sequential electrodeposition of atomic
layers of elements to form nanofilms of a material. Note that
“atomic layer” referrers to an elemental layer no more than an
atom thick, but of an undefined coverage. E-ALD is based on the
use of electrochemical surface limited reactions, frequently
referred to as underpotential deposition (UPD). UPD is a
phenomenon where an atomic layer of one element deposits
on a second at a potential prior to (under) that needed to deposit
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the bulk element. UPD is a manifestation of the negative free
energy of formation for a surface compound or alloy.23,28-31

E-ALD results in atomic layer control over the formation of
nanofilms deposits.

IBM has investigated both electrochemical codeposition and
E-ALD for the formation of GexSbyTez.

18,32 In their codeposition
patent, they demonstrated the capability for codepositing Ge, Sb
and Te, onto patterned structures, on different substrates. They
claim that they were able to synthesize GexSbyTez within the
ranges: 0 < x < 0.4, 0 < y < 0.8, and 0 < z < 0.8. The samples
shown in their patent were Ge8Sb62Te30, Ge11Sb59Te30, and
Ge12Sb60Te28, all rich in Sb, with little variation in Ge and Te
percentages. In their E-ALD patent application, they described a
detailed study of Sb2Te3, and stated that Ge does not deposit on
the Te covered substrate.32 They suggested that GexSbyTez
could be deposited by forming a sequence of elemental films:
Te, followed by Sb, followed by Ge. No data consistent with that
process were shown.

The purpose of this study was to fill current gaps in the E-ALD
chemistry needed to electrodeposit GexSbyTez. The ability to
form GexSbyTez in aqueous solution, via electrodeposition,
should facilitate applications of GexSbyTez, and so development
of nonvolatile phase change memory. The report further demon-
strates the potential of E-ALD as a technique for the fabricating
electronic storage, given its ability to form conformal deposits,
while maintaining control over composition and improving
crystallinity. This report describes how the composition of
GexSbyTez can be manipulated with the E-ALD cycle and a
superlattice program based on the binary compounds: SbxTey
and GexTey. A number of deposits demonstrating control over
the GexSbyTez composition are reported.

’EXPERIMENTAL SECTION

The E-ALD hardware has been described previously33 (Electro-
chemical ALD L.C., Athens GA), and consisted of pumps, valves, an
electrochemical flow cell and a potentiostat, all computer-controlled via
a specialized program. Solutions, valves and tubing were confined inside
a nitrogen purged Plexiglas box, to exclude oxygen. The flow cell was
similar to that described previously,33 though the auxiliary electrode was
a Au wire, rather than ITO. The reference electrode was Ag/AgCl (3 M
NaCl) (Bioanalytical systems, inc., West Lafayette, IN). Substrates were
300 nm thick gold films formed on a 10 nm adhesion layer of Ti, on a
glass slide. The deposits were annealed at 400 �C for 12 h, under a a 1�
10-6 Torr vacuum. The resulting films displayed a predominant [111]
habit.
Solution flow rates were 18 mL/min. Cyclic voltammetry of the gold

substrates in 0.1MH2SO4 was used to clean the substrates, and to check
cleanliness before each experiment. The solutions were formed using
high purity oxides, which hydrolyzed in water (eqs 1-3): 5 mMHGeO3

-

(pH 9.4), 0.2 mM TeO3
2- (pH 9.4) and 0.05 mM SbO2

- (pH 9.4).
The following are the hydrolysis reactions at pH 9.4

GeO2 þOH- ¼ HGeO3
- ð1Þ

Sb2O3 þ 2OH- ¼ 2SbO2
- þH2O ð2Þ

TeO2 þ 2OH- ¼ TeO3
2- þH2O ð3Þ

All solutions contained 0.5 MNa2SO4 as a supporting electrolyte and
50 mM Na2B2O4 as a buffer. The blank solution contained only the
electrolyte and buffer. Water used for solutions was supplied from a
Nanopure water filtration system (Barnstead, Dubuque, IA). Chemicals
were reagent grade or better. All solutions were purged with nitrogen

before and during experiments, to minimize oxygen levels in the solu-
tions.

A Scintag PAD-V diffractometer, with Cu KR radiation (λ = 1.5418 Å),
was used to obtain glancing-angle XRD patterns. Electron probe
microanalysis (EPMA) was run on a Joel 8600 wavelength dispersive
scanning electron microprobe for composition analysis. Annealing was
done in a quartz tube, in a nitrogen atmosphere, using a Lindberg BlueM
tube furnace. Atomic force microscopy (Molecular Imaging picoscan)
was used under intermittent contact mode to characterize deposit
morphology. Images were processed and analyzed with WSXM soft-
ware. A Jenavert optical metallographic microscope was used to initially
check homogeneity and morphology.

’RESULTS AND DISCUSSION

Elements. Figure 1 shows a cyclic voltammogram (CV) for a
Au substrate in the pH 9.4 HGeO3

- solution. A previous study,
by this group, concerned Ge deposition on Au from aqueous
solutions, and showed a strong dependence on pH. pH 9.4
(Figure 1) resulted in the most deposition and the best defined
CV peaks.23 The 10 mV/s scan started negatively from 300 mV,
and displayed three reduction peak features (C1, C2a, and C2b)
prior to hydrogen evolution. Two primary oxidation features (A1
and A2), were evident in the subsequent positive going scan.
Peak C1 (eq 4) corresponds to the formation of a Au(111)(3 �
3)-GeOH surface structure, at 4/9 ML coverage, while C2a
(eq 5) corresponds to an increase in coverage and transformation
to a hydride structure displaying a moir�e pattern.23 Both C1 and
C2a have surface limited character. The third peak, C2b,
corresponds to some bulk Ge deposition. The left oxidation
peak, A2, was oxidation of bulk Ge, leaving the (3 � 3)-GeOH
structure, while A1 is the oxidation of the (3 � 3)-GeOH
structure to soluble HGeO3

-. From those results, it was con-
cluded that an atomic layer of Ge might be deposited using
potentials between -800 and -1070 mV, in surface limited
reactions.23 The amount of Ge deposited was adjustable, the
coverage increasing the more negative the potential.

HGeO3
- þ 3e- þ 2H2O ¼ GeOHðadÞ þ 4OH- ð4Þ

GeOHðadÞ þ 2e- þH2O ¼ GeHðadÞ þ 2OH- ð5Þ
An alternative Ge atomic layer deposition strategy is to first
deposit a Ge atomic layer using an overpotential, producing the
atomic layer with a small amount of bulk Ge. The bulk Ge could

Figure 1. Cyclic voltammogram of Au in a solution containing: 0.5 M
Na2SO4 þ 50 mM Na2B2O4 þ 5 mM HGeO3

-, at pH 9.40. The
electrode area was 3.3 cm2 and the scan rate was 10 mV/s).
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then be oxidatively stripped at a potential just positive of the
formal potential Ge oxidation. In that way, only an atomic layer of
a Ge species, Ge UPD, would be left. As can be seen in Figure 1,
bulk oxidation (peak A2) and UPD oxidation (peak A1) are
resolved, allowing bulk oxidation without stripping the UPD.
The resulting coverage can be adjusted using the potential
selected for oxidative stripping. In general, direct UPD is prefer-
able, unless the kinetics are slow and require an overpotential.
The measured formal potential under the stated conditions for
bulk Ge deposition was -1.1 V (vs Ag/AgCl).
Figure 2 shows window opening CVs for a Au substrate in the

pH 9.4 SbO2
- solution: the substrate was cycled to increasingly

negative potentials. All CVs started negative from 200 mV at 10
mV/s. In addition, the CVs were held fixed at the negative
potential limits for 100 s, except for the scan reversed at -850
mV. The window opening confirmed that the reduction peak
marked UPD was surface limited, even though it was formed at a
slight overpotential.34-36 Between-400 and-750 mV, holding
for 100 or 200 s resulted in essentially the same coverage, deter-
mined from the resulting oxidation charges, further indicating the
surface limited nature of the reaction. However, the coverage did
increase with increasing time held at -800 mV, suggesting bulk
Sb formation. Equation 6 describes Sb reduction, for which a
formal potential of-0.75 V (vs Ag/AgCl) was measured for the
stated conditions. Bulk andUPDSboxidation overlap in Figure 2,
suggesting direct reductive UPD at a potential between -400
and -750 mV should work better then oxidative stripping step.

SbO2
- þ 3e- þ 2H2O ¼ Sbþ 4OH- ð6Þ

Figure 3 shows a CV for Au in the pH 9.4 TeO3
2- solution,

starting negative from 500 mV. C1a and C1b have been
previously reported as surface limited features, similar to UPD,
though formed at overpotentials.33,37-40 C2a and C2b are
associated with bulk Te deposition (eq 7), and C3 is reduction
of bulk Te to Te2- (eq 8). The measured potential for bulk Te
formation, under the conditions stated here, was -0.53 V (vs
Ag/AgCl). No formal potential can be stated, based on these
studies, for eq 7 due to the slow kinetics. The oxidation peak A2
in the subsequent positive going scan corresponds to bulk Te
oxidation to TeO3

2-, and A1 corresponds to oxidation of a
surface limited Te atomic layer.28,40 Deposition at potentials
from C1a to C2b resulted in different Te atomic layer coverages.
Bulk Te deposition began near C2a, though only slowly, reaching

amaximum at C2b. Further reduction, C3, forms Te2- from bulk
Te and TeO3

2- impinging on the surface. The last Te atomic
layer is difficult to reductively strip as Te2-, because of the
stability of Au-Te bonding.

TeO3
2- þ 4e- þ 3H2O ¼ Teþ 6OH- ð7Þ

Teþ 2e- ¼ Te2- ð8Þ
There are a couple electrochemical methodologies for the
formation of a Te atomic layer.17,28 Deposition at a potential in
the surface limited region (C1b to C2a) should form an atomic
layer, thoughwith a trace of bulk Te. The actual bulk potential for
eq 7 is believed, by these authors, to be near -150 mV, though
due to the slow kinetics, little bulk Te is formed until C2a. If other
component elements are stable at positive potentials, oxidative
stripping of the bulk Te can be performed between A2 and A1,
leaving an atomic layer. If other elements present are not stable at
such positive potentials, reductive stripping can be used, where
the TeO3

2- solution is exchanged for a blank. A negative
potential is applied to reductively strip bulk Te as Te2-, leaving
only a Te atomic layer. This third Te atomic layer formation
method was used in the present studies, to avoid oxidation of Sb
and Ge during Te deposition, and to avoid formation of even a
trace of bulk Te.
Binary Systems. SbxTey. Stoichiometric electrodeposition of

Sb2Te3 has been formed using codeposition, atom by atom
codeposition and E-ALD.19,22,25,41,42 Venkatasamy used E-ALD
to form crystalline deposits that filled high-aspect-ratio
trenches.17 Yang also reported the E-ALD formation of crystal-
line Sb2Te3 on Au and Pt substrates.41,43 The present report
describes approaches for controlling the composition of SbxTey
formed using E-ALD. The starting points were the conditions
determined from the CVs described above.
Sb UPD was performed between -400 and -750 mV,

whereas Te atomic layers were formed at an overpotential,
producing a surface limited Te layer with a little bulk, as
described above, with the bulk removed by reductive stripping
at a negative potential in blank. More Te deposition resulted
from the use of more negative Te deposition potentials, which
then required more bulk to be removed to form an atomic layer.
Te atomic layer coverages proved sensitive to the potential used
for reductively stripping bulk Te. The more negative the strip-
ping potential, the lower the resulting Te atomic layer coverage.

Figure 2. CVs of Au in a solution containing 0.5 M Na2SO4 þ 50 mM
Na2B2O4þ 0.05 mM SbO2

-, at pH 9.4. The electrode area was 3.3 cm2,
whereas the scan rate was 10 mV/s.

Figure 3. Cyclic voltammogram of Au in a solution containing 0.5 M
Na2SO4þ 50 mMNa2B2O4þ 0.2 mM TeO3

2-, pH 9.4. The electrode
area was 3.3 cm2, whereas the scan rate was 10 mV/s.
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Figure 4a is a diagram for a SbxTey E-ALD cycle, whereas
Figure 4b is a corresponding scheme. Solid lines in Figure 4a
indicate when a solution flowed, whereas dashed lines
(Figure 4a) indicate stagnant solution. Step 1 was introduction
of the TeO3

2- solution for 10 s at -700 mV. In step 2, the
solution was held at -700 mV for 20 s, no flow, for Te
deposition. In step 3, the blank was flushed in at -700 mV for

10 s to remove extra TeO3
2- ions. In Step 4 the potential was

stepped to-920 mV, to convert bulk Te to Te2-, with the blank
flowing. In step 5, the SbO2

- solution was flowed for 10 s at
-700 mV (step 5), followed by step 6, where the potential was
held at-700 mV for 20 s more, without flowing, to deposit a Sb
atomic layer. Step 7 was a blank flush to remove SbO2

-. Deposi-
tion times can be reduced significantly with faster pumps.
Figure 4c displays potentials, currents, and charges for three
consecutive cycles, showing reproducibility.
Each cycle can be broken into three sections: Te deposition,

bulk Te stripping, and Sb UPD. Te controlling the SbxTey
composition.
Figure 5 shows a nearly constant Sb/Te ratio for the short-

range of potentials used for Te deposition, between -700 and
-740 mV. Steps 4 through 7 were kept constant (Te stripping at
-920 mV and Sb deposition at-700 mV), only steps 1-3 were
modified. Deposits were formed using 50 cycles.
In contrast to Figure 5, Figure 6 displays significant changes in

deposit composition and elemental coverages as a function of the
Te reductive stripping potential (Step 4). As in Figure 3, reduc-
tion of Te to Te2- became significant below-900 mV, with Te
deposition at -700 mV and Sb deposition at -720 mV. The
presence of excess Te was visible as 3D black crystal clusters,
using optical microscopy. Below -900 mV, bulk Te was re-
moved, leaving only a Te atomic layer each cycle, and facilitating
conformal growth. No roughening was observed using optical or
atomic force microscopy. At the more negative stripping poten-
tials, only strongly bound Te atoms remained, most likely those
highly coordinated to Sb. The Te atomic % from EPMA (a rough
indication of the relative coverage of Te in the deposit) dropped

Figure 4. (a) An example of a SbxTey deposition cycle. Solid lines
indicate solution flowing and dashed lines indicate stagnant solutions.
(b) Deposition cycle scheme for SbxTey binary layer deposition. (c)
Deposition potential, current, and charge for three consecutive SbxTey
deposition cycles.

Figure 5. SbxTey composition as a function of Te deposition potential.

Figure 6. SbxTey composition as a function of Te reductive stripping
potential.
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from 9% to about 0.3%, as the stripping potential shifted from
-900 mV to -1150 mV (Figure 6). EPMA atomic % was
calculated based on a homogeneous alloymodel, rather than a Au
substrate, with a thin film of SbxTey on top. The atomic % of Au
was generally the largest. The atomic %, however, does give a
roughly linear relation with coverage, for low atomic % elements.
In Figure 6, the Sb% is seen to drop as well as that for Te, at lower
potentials, although not as rapidly as the Te. The Sb % drops
because Sb UPD only occurs on Te. Overall, the Sb/Te ratio
(Figure 6) increased from 0.62 to 7.73, as the Te reductive
stripping potential was changed from -900 mV to -1150 mV,
though almost no Te was deposited as the potential approached
-1150 mV. The Te stripping potential mediated Te stability on
the surface, as positive potentials allowed less strongly held Te
atoms to remain, whereas more negative Te stripping potentials
left only the most stable Te.

Figure 7 shows the composition as a function of the Sb
deposition potential, while keeping the Te deposition potential
at -700 mV and the stripping potential at -920 mV. The Sb
UPD potential was changed from -740 to -650 mV. Clearly,
the Sb and Te coverages follow each other, though the ratio of
Sb/Te decreased as the potential for Sb UPD shifted positive.
The positive shift, as expected, resulted in lower coverage Sb
atomic layers. The Te coverage decreased with decreasing Sb, as
there was less to bond with.
The above study of SbxTey deposition parameters resulted in

conformal deposits, with Sb/Te ratios of from 10 to 0.45. The
parameter space was: Te deposition potentials from -650 to
-800 mV; Te reductive stripping potentials from -900 to
-1150 mV, and Sb deposition potentials from -650 to -750 mV.
Films made with those conditions showed no signs of roughen-
ing. Figure 8 displays AFM images for both a Au substrate and
an as deposited Sb0.64Te film, formed with 100 cycles, on a piece
of the same Au substrate. EPMA indicated a homogeneous
distribution across the surface. Figure 9a displays an X-ray
diffraction pattern for the as deposited Sb0.64Te film. The
(015) peak for Sb2Te3, as well as the Au(111) and (200) are
present.17 An XRD pattern for a Sb rich deposit is shown in
Figure 9b, for Sb9Te. Pattern displays a convolution of peaks for
Sb2Te3 and crystalline Sb, or possibly Sb2nTe3.

44 Figure 9c
displays the XRD pattern of a Sb0.5Te film. It appears that Sb
rich films were more readily formed than Te rich films. A small
extra peak, possibly Te(100), showed up just above noise level,
on the right side of the Sb2Te3(015) peak. Those XRD patterns
were all recorded for as-deposited, unannealed SbxTey samples,
and demonstrate how E-ALD tends to form more crystalline
deposits than most other room temperature deposition processes,
such as electrochemical codeposition.19

GexTey. To this point, GexTey has been synthesized using
chemical vapor deposition,45,46 but not electrodeposition. Devel-
opment of an E-ALD cycle for the formation of GexTey
proceeded similarly to that for SbxTey. From Figures 1 and 3,
the potentials needed to deposit Ge and Te are evident, as is that

Figure 7. SbxTey composition as a function of Sb deposition potential.

Figure 8. AFM images of a Au substrate and an as-deposited 100-cycle
Sb0.64Te film deposited on a piece of the same Au substrate.

Figure 9. X-ray diffraction patterns of as deposited SbxTey films.
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needed to reduce Te to telluride. Solutions made using GeO2 at
pH 4.7, 9.4, and 11.85 were investigated with the intent of finding
a Ge deposition potential positive of Te reductive stripping.
However, both reactions are pH dependent, and their potentials
shifted similarly with pH, Te reductive stripping always occurring
positive of Ge deposition. The pH 9.4 showed the smallest
potential difference.
Te and Ge deposition on each other had to be investigated in

order to better understand the chemistry needed to design a
GexTey cycle. Figure 10 displays CVs for Te deposition (blue
line) and Ge deposition on a Te covered Au substrates (pink,
orange and green lines). The blue line (Figure 10) was deposi-
tion of the initial Te atomic layer. For the subsequent Ge
deposition studies, the initial Te atomic layer was formed by
scanning the Au substrate to -530 mV in the TeO3

2- solution
and then holding for 50 s. The resulting Te coverage was
equivalent to the maximum surface limited Te coverage, plus
about 0.2 ML of bulk, determined from coulometry during a
subsequent oxidative scan, assuring a complete Te atomic layer
on the Au surface.
After covering the surface with Te, the HGeO3

- solution was
introduced and the substrate was scanned to different potentials
for Ge deposition. The potential was held at the negative
potential limit in each case for 100 s. The pink and orange scans
are two examples of Ge deposition on a Te layer, and its
subsequent stripping. In the initial negative going scan, peak
C1 corresponded to reduction of weakly bound Te to Te2-,
leaving an atomic layer of more strongly bound Te. The increase
in reductive current negative of C1 was due to the hydrogen
evolution reaction (HER), Ge deposition, and reduction of a
small amount of the strongly bound Te. The green line was a
continuation of the orange line, after reversing at-150mV.Note
that no C1 feature was evident in the green line, as weakly bound
Te had been stripped during the orange scan.
Attempts to deposit Ge at potentials positive of-1060mV did

not appear to work, as no Ge oxidation features (A1a or A1b)
were evident in the positive going scan. However, deposition at
-1080 mV, or negative, did result in oxidation features in the
anodic scan, indicating Ge had deposited. The deposition
potential for Ge on Te appears to have shifted negative by 250
mV, compared with Ge deposition on Au. Those results suggest a

lower affinity of Ge for Te than Au, or slower Ge deposition
kinetics on Te. As expected, the amounts of Ge deposited
increased at more negative potentials (-1130 mV for the green
line in Figure 10).
In the green line, positive of Ge stripping, the amount of Te

stripping was down from the blue line, indicating that some Te
was removed during Ge deposition. Te loss was evident from the
decrease in A3, and indirectly, because of the increase in A2. A3 is
oxidation of the Te atomic layer, and its decrease indicates loss of
Te. The Te loss increases with decreasing potentials used for Ge
deposition, suggesting Te was slowly reductively stripping during
Ge deposition. Peak A2 has been observed in previous studies of
Ge atomic layer formation on Au, and correspond to oxidation of
a 4/9ths coverage Au(111)(3� 3)-Ge atomic layer, observed via
STM.23 A2 is not evident in the pink and orange scans, as the Au
surface was covered with Te. After scanning as far negative as
-1130 mV (green line) A2 appears, however, indicating that
some of the Te coating Au surface had been lost, and some Ge
was present directly on the Au surface. That some of the Te was
still present on the surface, as well, can be concluded from the
presences of an A3 peak in the green line, though significantly
diminished compared with the pink line. Apparently, by-300 mV,
domains of Ge on Au and Te on Au exist simultaneously on the
surface (green line).
As the dependence of Te atomic layer coverage has been

discussed, with respect to the Te deposition potential and the Te
reductive stripping potential, with regard to GexTey formation,
the discussion below will focus more on Ge deposition. Experi-
ments were performed to study the effect of the Ge deposition
potential on composition, by first forming a self-limited Ge layer,
equivalent to about 3.5 ML,23 on the Au surface. E-ALD of
GexTey was then performed on that surface, using a cycle
consisting of one atomic layer of Te followed by one of Ge,
and repeating (Figure 11). In Figure 11, as in Figure 4a, solid
lines indicate flow while dashed lines indicate stagnant solutions.
The cycle started by flowing TeO3

2- solution through the cell for
10s at a fixed potential of -700 mV (step 1). In step 2, the
potential was held for 20 s with the solution stagnant, allowing Te
UPD and a small amount of bulk. In step 3, the blank was flowed
for 10 s to remove excess TeO3

2-, followed by stepping the
potential to-920 mV to reductively strip bulk Te in the flowing
blank (Step 4). In step 5, the HGeO3

- solution was flowed
through for 10 s, still at -920 mV (step 5), followed by a
potential step to-1200 mV for 10 s, without flowing (step 6), to

Figure 10. CVs of Te on Au (blue line) and Ge on the resulting Te
layer, to different negative potential limits, where the potential was held
for 100 s.

Figure 11. Example of a GexTey deposition cycle. Solid lines indicate
solution flowing and dashed lines indicate stagnant solutions.
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deposit a Ge atomic layer. Step 7 was a blank flush, to remove
excess HGeO3

- ions.
As previously report by this group, the amount of Ge that can

be directly electrodeposited from an aqueous solution is self-
limited, and a function of pH.23 The maximum coverage at pH
9.4 was about 3.5 ML. In order to deposit more Ge, alternation
with Te deposition, in a cycle, was required (Figure 11). The
converse was true as well; Ge was required to prevent Te loss
from reduction to Te2- at the negative Ge deposition potentials.
The potential range over which Ge deposition could be per-
formed was thus limited. A reproducible cycle for GexTey
deposition was developed, as can be seen in Figure 12, where
the current time traces for the sixth through 10th cycles are
displayed.
Oxidation charges for stripping Ge and Te were used to

determine the elemental composition of films formed using
E-ALD cycles, for up to 10 cycles (Figure 13). There are four
main peaks in Figure 13. Peaks A1a is oxidation of the top layer of
Ge, and overlaps peak A1b, which is oxidiation of interior Ge,
under Te. Peaks A2a is bulk Te oxidation, while A2b is oxidation
of the last atomic layer of Te. Peak A1b is large, as it also contains
the 3.5 ML of Ge, formed during the initial Ge reduction on the
Au substrate, described above and in a previously article.23 Thus,
to study the composition of the GexTey film formed using the
E-ALD cycle, the difference between oxidation after fifth cycle
and 10th cycle was determined (Figure 13), avoiding the
contribution from the initial 3.5 ML deposit of Ge. The validity
of Ge/Te ratios determined from the coulometry difference for

the fifth and 10th cycle deposits (Figure 13) was supported by
equivalent results from EPMA of deposits formed with signifi-
cantly more cycles.
Figure 14 shows how the Ge/Te ratio changed as a function of

the Ge deposition potential (step 6 in Figure 11). At-1050 mV,
the amounts of Ge and Te were both zero, as the potential was
sufficiently positive that no Ge could deposit, and thus Te had no
Ge to bind with. At a slightly more negative potential, -1100
mV, Ge was deposited, and so was Te, stabilized by the Ge,
preventing its reductive stripping. The Ge/Te ratio (0.72) was
low, as were the coverages of both elements. At-1200mV,more
Gewas deposited, though it became easier to reductively strip Te,
so the Ge/Te ratio increased significantly. The same justifica-
tions can be applied to deposits formed using-1300 and-1400
mV, Ge deposition wasmore facile, as was Te reductive stripping,
leading to further increases in the Ge/Te ratio (Figure 14). By
-1500 mV, the potential was sufficiently negative, that all Te
stripped, leaving none for Ge to deposit on.
Figure 15 shows how the Ge oxidative stripping potential can

be used to adjust the deposition ratio. In that study, only the
potential of Step 7 was changed, while the rest were kept as
shown in Figure 11. As can be seen in Figure 13, Ge oxidation
began around -700 mV, well below the -100 mV needed to
oxidize Te. By using more positive potentials for the Ge oxidative
stripping step, the Ge/Te ratio was lowered as only the Ge most
stabilized by Te remained. By-550 mV, all the Ge was oxidized,
and no deposit was formed (Figure 15).
The GexTey nanofilms formed in these studies were smooth,

and displayed Ge/Te ratios from 6 to 0.9, using deposition

Figure 12. Current time curves for the 6th through 10th deposition
cycles.

Figure 13. Oxidation of deposited GexTey films.

Figure 14. Ge and Te deposition amount per cycle as a function of Ge
deposition.

Figure 15. Amounts of Ge and Te deposition per cycle as a function of
the Ge oxidative stripping potential (step 7 in Figure 11).
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conditions in the following ranges: Te deposition between-650
and-800mV, Te reductive stripping between-900 and-1150
mV, Ge deposition between -1100 and -1400 mV, and Ge
oxidative stripping between-700 and-570 mV. Ge deposition
times were from 5 to 20 s.
GexSbyTez. Studies of the binary systems, SbxTey and GexTey,

demonstrated film compositions controllable over a wide range
using E-ALD, with each cycle step representing a degree of
control freedom over the deposit composition. All trends ob-
served for control over composition of the binary films were
maintained in the formation of the ternary system, GexSbyTez.
To form the ternary compound GexSbyTez, the binary cycle

chemistries were combined using a “superlattice” program.47,48 A
superlattice is a structure composed of alternating nanofilms of
two or more materials. By maintaining homogeneous nanofilm
thicknesses from cycle to cycle, the deposit becomes periodic
normal to the surface. A unique new lattice constant results, in

essences producing a new material.31,49-52 The E-ALD software
being used allowed superlattice formation with a variety of
periods. The period describes how the superlattice was formed.
In the present study, the period was the sum of the number of
SbxTey cycles, together with the number of GexTey cycles
performed. Each period can then be repeated, with the number
of repetitions determining the deposit thickness. The simplest
superlattice program was one cycle of each (Figure 16a), a
1SbxTey:1GexTey period. Figure 16b displays a 4SbxTey:1Gex-
Tey period, designed to decrease the amount of Ge in the deposit.
Figure 17 is a ternary phase diagram for GexSbyTez, displaying

deposit compositions achieved using a variety of different E-ALD
period programs. Red dots are deposits where the cycle programs
for SbxTey and GexTey were held constant, and only the relative
numbers of cycles for each in a period were changes. Red dots
from left to right display a decreasing Te percent. The left red dot
was grown using a 5:1 period of SbxTey and GexTey cycles, the
middle was a 3:1, and the right (top) dot was a 2:1 period. The
atomic % of Ge was systematically increased, and that for Te
decreased, by decreasing the number of SbxTey cycles per period.
The systematic decrease in Te atomic % resulted from the higher
proportion of % of GexTey cycles, where some Te reduced away
during Ge deposition, as described for GexTey formation above.
The purple squares (Figure 17) were a function of the Ge

deposition potential. All were formed using a 2:1 period of
SbxTey and GexTey. All parameters were constant except the Ge
deposition potential. From the top to the bottom, the atomic %
of Ge decreased as the deposition potential increased (-1250 to

Figure 16. Schemes for two different GexSbyTez superlattice programs
(a) a 1SbxTey:1GexTey and (b) a 4SbxTey:1GexTey.

Figure 17. Dashed red line delineates the region over which the
composition of GexSbyTez appears adjustable using E-ALD and the
superlattice program. Examples: red circles differ in the ratio of the # of
cycles of SbxTey and GexTey performed in the period; purple squares
differ in the Ge deposition potential; yellow diamonds differ in the Ge
deposition time; green triangles, random samples (Table 1).

Figure 18. AFM images of a Au substrate and an as-deposited
Ge31Sb24Te45 film, deposited on the substrate.



1750 dx.doi.org/10.1021/cm102672j |Chem. Mater. 2011, 23, 1742–1752

Chemistry of Materials ARTICLE

-1120 mV). The orange diamond deposits (Figure 17) were
grown with a 5:5 period, with the only variable being the time for
Ge deposition. The upper diamond used 20s and the lower was
5s for Ge deposition. Clearly the Ge deposition step was not a

fully surface limited reaction. The deposit lower in Ge was also
higher in Te, than the upper orange diamond. As noted above, in
the discussions of GexTey formation, the Ge deposition potential
was negative enough for Te reductive stripping, therefore the less
time for Ge deposition, the less time to reductively strip Te.
Overall, the step appears to be controlled by the kinetics for Ge
deposition and Te stripping. To keep the Ge coverage up, a
period including more GexTey cycles and longer Ge deposition
times should be used. To increase the Te coverage, more positive
Ge deposition potentials would keep Te reductive stripping
down and its coverage up. Te on the exterior of the SbxTey
nanofilms, could be reductively stripped, as well, during Ge
deposition. Extra cycles of SbxTey each period might help protect
Te from stripping. The green triangles in Figure 17 were from
films formed using a variety of other conditions (Table 1).
Conditions were sought that would result in deposits high in
Te and Ge, as deposits high in Sb were relatively easy to
achieve.32 The binary SbxTey can be made with a Sb/Te ratio
ranging from 10 to 0.45, whereas GexTey can be made within a
Ge/Te ratio ranging from 6 to 0.9. Theoretically, deposits
anywhere within the red dashed region of Figure 17 can be
formed.
No sign of roughening was observed for the films grown for

the construction of Figure 17. Figure 18 displays AFM images of
a Au substrate and an as deposited 100 cycle Ge31Sb24Te45 film.
X-ray data suggests that the films were more crystalline, the less
Ge they contained. Figure 19a (lower pattern) displays a glancing
incidence X-ray diffraction pattern for an as deposited
Ge20Sb32Te48 film. The broad peak near 29� is probably overlap
of peaks for several similar compounds. Vapor deposition has
normally resulted in a large bump around 29�, as well.10,14,19,53
After the sample was annealed at 150 �C for 20 min in nitrogen,
the peak shifted slightly to the right and became a little more
defined. Possible stoichiometries responsible for the features are
noted in Figure 19. For films with a higher Ge atomic %,
Ge31Sb24Te45 for example (Figure 19b), as deposited they did
not display a peak, just a large bump. Annealing to 250 �C for
20 min in nitrogen resulted in the resolution of several peaks, and
possible stoichiometries were again noted (Figure 19b).

’CONCLUSION

The phase change material GexSbyTez was conformally de-
posited using electrochemical atomic layer deposition (E-ALD).
These results showed wide latitude in the deposit compositions
formed, including those desirable for memory applications.
Deposition parameters and applicable potential ranges included:
Te deposition from -650 to -800 mV, Te reductive stripping
from-900 to-1150mV,Gedeposition from-1100 to-1400mV,

Table 1. Main Deposition Parameters for the Green Triangles in Figure 17,a

period of SbxTey:GexTey

Te deposition

potential mV

Te stripping

potential mV

Sb deposition

Potential mV

Ge deposition

Potential mV

Ge deposition

Time s

Ge oxidative stripping

potential mV

1 5:5 -700 -910 -680 -1100 3 -910

2 2:1 -700 -920 -720 -1200 5 -620

3 2:1 -720 -950 -680 -1200 5 -620

4 5:5 -700 -910 -680 -1120 10 -910

5 2:1 -720 -950 -720 -1250 5 -660
a 1 is the bottom green triangle, which has the lowest Ge amount, and 5 is the top green triangle, which has the highest Ge amount. The times for Te
deposition, Te stripping and Sb deposition are all 20s and the times can be used variables too.

Figure 19. (a) X-ray diffraction patterns of a Ge20Sb32Te48 film, before
and after annealing. (b) X-ray diffraction patterns of Ge31Sb24Te45 film
before and after annealing.
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Ge oxidative stripping from -700 to -570 mV, and Sb deposition
from-650 to-750mV.Changing the deposition conditions for one
element generally had a secondary, though predictable, effect on
another. pH 9.4 was selected for GexSbyTez deposition because it
minimized issues between Ge deposition and Te reductive stripping.

E-ALD tends to form deposits with better crystallinity than
those formed by vapor deposition or electrochemical codeposi-
tion, at room temperature.10,14,17,19,53 Advantages of E-ALD
include room temperature and ambient pressure growth, and
use of simple low concentration aqueous solutions. ALD in
general provides atomic level control over deposit thickness, and
conformal deposition. In addition, E-ALD affords numerous
parameters for optimization and the low cost of an electroche-
mical process, making it a promising nanofilms deposition meth-
odology.
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