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ELECTROLYTIC DEVICE BASED ON A 
SOLUTION-PROCESSED ELECTROLYTE 

BACKGROUND OF INVENTION 

[0001] 1. Technical Field 
[0002] The present disclosure relates to an improved elec 
trolytic device. In particular, according to the present disclo 
sure, a high-quality amorphous metal or metalloid chalco 
genide ?lm obtained by a relatively high throughput/loW 
temperature solution-deposition method is used as the active 
electrolytic layer in the solid-state electrolytic device. The 
present disclosure also relates to a process for fabricating the 
solid-state electrolytic device 
[0003] 2. BackgroundArt 
[0004] In solid-state electrolyte devices, the solid-state 
electrolyte material generally consists of a Ag-, Cu-, Zn- or 
Li-doped amorphous chalcogenide (most typically, GeS2, 
GeSe2, As2S3, As2Se3), Which acts like an excellent conduc 
tor of ions (i.e., Ag", Cu", Zn“, Li", etc). The amorphous 
chalcogenide may be of a binary composition (i.e., GeS2_x, 
GeSe2_x, As2S3, As2Se3) or may contain three or more ele 
ments (i.e., Ge1_xSnxS2_ySey, GeSbxSy, As2_xSbxS3_ySey, 
GeSe2_yTey, etc.). Doping of the amorphous chalcogenide is 
obtained by either co-deposition or by electrical/thermal or 
UV diffusion of the metal or metalloid into the pre-deposited 
amorphous chalcogenide. UV diffusion is normally the pre 
ferred technique and results in a system that has a saturated 
and uniform concentration of the dopant in the material 
(Which depends on the stoichiometry of the starting material). 
Both the undoped and doped chalcogenides have very high 
resistance (typically>1 gigaohms for a 30><30><30 nm region). 
[0005] If such a doped amorphous chalcogenide material is 
sandWiched betWeen tWo metals, one of Which is reactive 
(i.e., containing the dopant Ag, Cu, Zn, Li; henceforth 
referred to as the anode) and the other one of Which is an inert 
material (e.g., W, TiN, TaN, Al, Ni, etc.; henceforth referred to 
as the cathode), then the folloWing electrical effects are 
achieved: 

[0006] (a) On the application of a small positive bias 
(bias being applied to the anode), it is believed that ions 
diffuse from the anode and the solid electrolyte material 
toWards the cathode and form a conducting “metallic” 
?lament that starts at the cathode and builds up toWards 
the anode. This happens as long as the applied bias is 
greater than the “threshold” voltage for formation 
(Which depends on the material and the bottom electrode 
and is generally betWeen 0 and 1 .0V). When the ?lament 
is fully formed, it Will result in a short betWeen the 2 
electrodes. This results in a very loW resistance state 
(typically<1 Mohm). This conducting ?lament stays for 
a period even after the applied bias has been removed. 
The formed ?lament, though nominally permanent, 
tends to diffuse back into the electrolyte (With no applied 
bias), causing the on-state resistivity to increase over 
time (faster at elevated temperature). Typically the ON 
resistance is a function of the steady-state current during 
programming: ROMIVth/IOM, Where Vth is the elec 
trodeposition threshold (typically loWer than the thresh 
old voltage for formation). Typical programming times 
are of the order of 50-100 ns or faster, but may be much 
sloWer depending on various factors including the 
method of deposition of the amorphous chalcogenide. 

[0007] (b) When a negative bias is applied to the anode 
(and a conducting ?lament already exists), then ions 
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move out of the conducting ?lament back into the solid 
electrolyte and eventually into the anode. A break in the 
metallic ?lament can result in high resistance. Typically 
for times<100 ns, the entire metallic ?lament is erased 
and an ultra-high resistance is obtained. 

[0008] These device characteristics are illustrated in FIG. 
1. FIG. 1 illustrates electrolyic device characteristics for an 
Ag4GeiS device. At a slight positive voltage (V a:0.2 V), 
the device sWitches to the loW resistance state. At Vb:—0.2V, 
the device sWitches to the high resistance state. Va (turn-on 
voltage) and Vb (tum-off voltage) range from 0 to +/—1 V and 
depend on the material and the cathode. The ON resistance of 
the solid electrolyte memory is a function of the program 
current (i.e., ROMIVth/IOM). The OFF resistance is a function of 
the resistivity of the solid electrolyte and of the double layer 
at the interface. The device turns on by forming a thin metallic 
bridge betWeen the inert and oxidiZable electrode. Vth is the 
electrodeposition threshold and Ion is the on-current that is 
used for programming (see KoZicki et al, Programmable Met 
alliZation Cell Memory based on Ag4GeiS and Cu4Gei 
S, NVMTS 2005, pp. 83-9). 
[0009] The folloWing are some potential applications for a 
solid electrolyte material: 
[0010] (a) Use as a memory materialiWhere the loW and 
high resistance states can be labeled as 1 and 0 respectively 
(see KoZicki et al., IEEE Trans. Nanolech. 4, 331 (2005) and 
Terabe et al., J, Appl. Phys. 91, 10110 (2002). 
[0011] (b) As a diode material-especially for high current 
density memory elements. 
[0012] Typically, the amorphous chalcogenide material (ei 
ther doped or pre-doped) is deposited using a vacuum-based 
technique such as sputtering or thermal evaporation. Such 
techniques are relatively costly and time-consuming, since 
they rely on achieving a high-vacuum environment in a con 
?ned space prior to the deposition. In addition, compositional 
control may be dif?cult to achieve due to effects such as 
preferential sputtering in composite targets, the need to bal 
ance evaporation rates for multiple evaporation sources and 
the added dif?culty of vacuum-depositing sulfur compounds 
because of the high vapor pressure of sulfur. Finally, deposi 
tion on complex surfaces (i.e., those containing vias and 
trenches) can be problematic for directional sputtering tech 
niques. 
[0013] Therefore, it Would be highly desirable to develop 
alternative methods for depositing the amorphous chalco 
genide active layer for an electrolytic device. 

SUMMARY OF DISCLOSURE 

[0014] The present disclosure addresses concerns of the 
prior art. In particular, according to the present disclosure, a 
high-quality amorphous chalcogenide ?lm obtained by a 
solution-deposition method is used as the active electrolytic 
layer in a solid-state electrolytic device. 
[0015] In particular, the solid electrolyte device of the 
present disclosure comprises an amorphous chalcogenide 
solid active electrolytic layer; a ?rst metallic layer; and a 
second metallic layer. The amorphous chalcogenide solid 
active electrolytic layer is located betWeen the ?rst and sec 
ond metallic layers. 
[0016] The amorphous chalcogenide solid active electro 
lytic layer is prepared by providing a solution such as a 
hydraZine-based solution of a precursor to a metal chalco 
genide or metalloid-based chalcogenide; applying the solu 
tion onto a substrate; and thereafter annealing the precursor to 
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convert the precursor to the amorphous metal chalcogenide or 
amorphous metalloid-based chalcogenide. For the purpose of 
this disclosure, the term “metal chalcogenide” is used in its 
most general sense, so that it encompasses metals as Well as 
metalloids (e. g., Ge) Within the metal position. 
[0017] The present disclosure also relates to a process for 
fabricating the solid electrolyte device. The process com 
prises: providing a solution, such as a hydrazine-based solu 
tion, of a precursor to a metal or metalloid chalcogenide; 
applying the solution onto a substrate; thereafter annealing 
the precursor to convert the precursor to an amorphous metal 
or metalloid chalcogenide layer; forming a ?rst metallic layer 
and forming a second metallic layer; Wherein the amorphous 
metal or metalloid chalcogenide is betWeen the ?rst and sec 
ond metallic layers. 
[0018] Still other objects and advantages of the present 
disclosure Will become readily apparent by those skilled in 
the art from the folloWing detailed description, Wherein it is 
shoWn and described only in the preferred embodiments, 
simply by Way of illustration of the best mode. As Will be 
realiZed, the disclosure is capable of other and different 
embodiments, and its several details are capable of modi?ca 
tions in various obvious respects, Without departing from the 
spirit of the disclosure. Accordingly, the description is to be 
regarded as illustrative in nature and not as restricted. 

SUMMARY OF DRAWINGS 

[0019] FIG. 1 illustrates electrolytic device characteristics 
for an AgiGeiS device. 
[0020] FIG. 2 is a schematic diagram of a pillar cell 
employing the solid electrolyte (PMC or programmable met 
alliZation cell) of this disclosure. 
[0021] FIG. 3 is a schematic diagram ofa mushroom cell 
employing the solid electrolyte (PMC) of this disclosure. 
[0022] FIG. 4 is a schematic diagram ofa pore cell employ 
ing the solid electrolyte of this disclosure. 
[0023] FIG. 5 is a schematic diagram of a further device 
employing the solid electrolyte of this disclosure. 
[0024] FIG. 6 represents the poWder X-ray diffraction pat 
tern of a GeS,C deposit, prepared according to the method of 
this disclosure. 
[0025] FIG. 7 is a cross-sectional SEM of a GeS2_,C ?lm 
(grey material) prepared on SiO2 (White material). 
[0026] FIG. 8 is a cross-sectional SEM of a GeS2_,C ?lm 
prepared on SiO2. 
[0027] FIG. 9 shoWs RBS spectra for tWo ?lms that are 
coated With 20 nm of Ag (no UV treatment). 
[0028] FIG. 10, Which includes FIGS. 10A and 10B, shoWs 
RBS spectra for tWo ?lms that have been coated WithAg (With 
UV treatment). 
[0029] FIG. 11 is a cross sectional SEM image of a spin 
coated GeS2_,C ?lm on Ag. 
[0030] FIGS. 12 A and B shoW device characteristics for 
tWo electrolytic memory cells (inverted mushroom-type). 

BEST AND VARIOUS MODES FOR CARRYING 
OUT DISCLOSURE 

[0031] The present disclosure is concerned With an 
improved electrolytic memory device employing as the active 
layer in the solid-state electrolytic device a solution-depos 
ited high-quality amorphous metal or metalloid chalcogenide 
?lm. For the purpose of this disclosure, as mentioned above, 
the term “metal chalcogenide” is used in it’s most general 
sense, so that it encompasses metals as Well as metalloids 
(e. g., Ge) Within the metal position. 
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[0032] The solution-deposition is accomplished employing 
a hydraZine-based solvent as Will be discussed beloW. Impor 
tant to the present disclosure is depositing amorphous ?lms as 
contrasted to crystalline ?lms. Amorphous ?lms are required 
for the successful fabrication of an electrolytic device as 
described above. 
[0033] The solution-based deposition process involves 3 
steps: 

[0034] 1) Preparation of the hydraZine-based precursor 
solution. 

[0035] 2) Applying or depositing the solution onto a 
substrate. 

[0036] 3) Annealing the precursor to convert the precur 
sor to the amorphous chalcogenide ?lm. 

[0037] A solution of the metal chalcogenide material can be 
prepared using one of the techniques disclosed in US. Pat. 
Nos. 6,875,661 and 7,094,651; and US. patent application 
Ser. No. 11/0955,976 and Ser. No. 11/432,484, US Patent 
Publication 2005-0009225 and US Patent Application Publi 
cation 2005-0158909. 
[0038] Typically, the process involves dissolving a metal or 
metalloid chalcogenide in a solvent such as hydraZine (or a 
hydrazine-like solvent) at near ambient temperatures, With 
optionally extra chalcogen added to improve solubility. Typi 
cal hydraZine compounds are represented by the formula: 

[0039] Wherein each of R1, R2, R3 and R4 is independently 
hydrogen, aryl such as phenyl, a linear or branched alkyl 
having 1-6 carbon atoms such as methyl, ethyl or a cyclic 
alkyl of 3-6 carbon atoms. The most typical solvent is hydra 
Zine. The present disclosure is not limited to the use of hydra 
Zine, but it can also be used With other solvents including, but 
not limited to, hydrazine-like solvents, as disclosed above, 
such as 1,1-dimethylhydraZine and methylhydraZine or mix 
tures of hydrazine-like solvents With other solvents including, 
but not limited to, Water, methanol, ethanol, acetonitrile and 
N,N-dimethylformamide. HoWever, With certain highly-re 
active metals, e.g., sodium and potassium and other alkali 
metals, it is preferred that the solvent be anhydrous. 
[0040] The solution may also be prepared by directly dis 
solving the corresponding metal or metalloid of the chalco 
genide in hydrazine, With at least enough chalcogen added to 
effect the formation and dissolution of the metal chalco 
genide in solution as described in US. patent application Ser. 
No. 1 1/432,484. Alternatively, the solution may be formed by 
dissolving a preformed hydraZinium-based precursor in a 
non-hydraZine-based solvent, such as a mixture of ethanola 
mine and dimethyl sulfoxide (DMSO), as described in US. 
Pat. No. 7,094,651. Examples of other solvents are n-buty 
lamine, n-propylamine, diethanolamine, alcohols, Water, 
dimethyl formamide (DMF) and mixtures thereof. Also see 
MitZi et al., Adv. Male}: 17, 1285 (2005) for other solvents. 
[0041] In another method of preparing the solution, a chal 
cogenide and an amine are ?rst contacted to produce an 
ammonium-based precursor of the metal chalcogenide, 
Which is then contacted With a hydraZine compound and 
optionally, an elemental chalcogen. This method includes the 
steps of: 
[0042] contacting at least one metal chalcogenide and a salt 
of an amine compound With HZS, H2Se or H2Te, Wherein the 
amine compound is represented by the formula: 

NR5R6R7 

[0043] Wherein each of R5, R6, and R7 is independently 
hydrogen, aryl such as phenyl, a linear or branched alkyl 
having 1-6 carbon atoms such as methyl, ethyl or a cyclic 
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alkyl of 3-6 carbon atoms, to produce an ammonium-based 
precursor of the metal chalcogenide; 
[0044] contacting the ammonium-based precursor of the 
metal chalcogenide With a hydrazine compound represented 
by the formula: 

[0045] Wherein each of R1, R2, R3 and R4 is independently 
hydrogen, aryl such as phenyl, a linear or branched alkyl 
having 1-6 carbon atoms such as methyl, ethyl or a cyclic 
alkyl of 3-6 carbon atoms, and optionally, an elemental chal 
cogen, such as S, Se, Te or a combination thereof, to produce 
a solution of a hydrazinium-based precursor of the metal or 
metalloid chalcogenide in the hydrazine compound. 
[0046] Typically, the amine compound is NH3, CH3NH2, 
CH3CH2NH2, CH3CH2CH2NH2, (CH3)2CHNH2, 
CH3CH2CH2CH2NH2, phenethylamine, 2-?uorophenethy 
lamine, 2-chlorophenethylamine, 2-bromophenethylamine, 
3 -?uorophenethylamine, 3 -chlorophenethylamine, 3 -bro - 
mophenethylamine, 4-bromophenethylamine, 2 ,3 ,4, 5, 6-pen 
ta?uorophenethylamine or a combination thereof. 
[0047] Examples of suitable metals for the metal chalco 
genide are the transition and non-transition metals and met 
alloids including tin, germanium, lead, indium, antimony, 
mercury, gallium, thallium, potassium, copper, iron, cobalt, 
nickel, manganese, tungsten, molybdenum, zirconium, 
hafnium, titanium, and niobium or a combination thereof. 
The chalcogen is typically S, Se, Te or a combination thereof. 
[0048] The concentration of the metal chalcogenide precur 
sor in the hydrazine compound is typically no more than 
about 10 molar and more typically about 0.01 molar to about 
10 molar, even more typically about 0.05 to about 5 molar, or 
about 0.05 to about 1 molar. 

[0049] In one embodiment, the metal chalcogenide can be 
represented by the formula MX, MX2 or M2X3, Wherein M is 
a main group or non-transition metal or metalloid, such as 
potassium, germanium, tin, lead, antimony, bismuth, gallium, 
and indium, or a transition metal such as copper, iron, cobalt, 
nickel, manganese, tungsten, molybdenum, zirconium, 
hafnium, titanium, and niobium or a combination thereof and 
Wherein X is a chalcogen, such as, S, Se, Te or a combination 
thereof. 
[0050] In another embodiment, the metal chalcogenide can 
be represented by the formula MX or M2X3, Wherein M is 
lanthanum or a lanthamide-metal, such as lanthanum, 
yttrium, gadolinium and neodymium or a combination 
thereof, and Wherein X is a chalcogen, such as, S, Se Te or a 
combination thereof. 
[0051] In yet another embodiment, the metal chalcogenide 
can be represented by the formula M2X, Wherein M is a metal 
such as Cu or K, and Wherein X is a chalcogen, such, as S, Se, 
Te or a combination thereof. 

[0052] The hydrazine-based precursor may either be an 
ionic solid comprised of metal or metalloid chalcogenide 
anions and hydrazinium cations or a more covalent com 
pound comprised of an extended metal chalcogenide frame 
Work With covalently-bonded hydrazine molecules. 
Examples of ionic precursors include (N 2H5)4Sn2S6, (N2H4) 
3(N2H5)4Sn2Se6 and (N2H5)4Ge2Se6, each ofWhich consists 
of dimers of edge-sharing MX44_(M:Sn or Ge; XIS or Se) 
tetrahedra, separated by hydrazinium cations. An example of 
a covalent precursor is (N 2H4)2ZnTe. 
[0053] The metal or metalloid chalcogenide precursor ?lms 
are deposited on a substrate using the solutions prepared as 
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disclosed above. Suitable substrates for ?lm deposition 
include: silicon, quartz, glass, sapphire, metal, gallium 
nitride, gallium arsenide, germanium, silicon-germanium, 
indium-tin-oxide, alumina (A1203), and plastic (e. g., Kapton, 
polycarbonate). The substrate may be rigid or ?exible. Using 
high-throughput techniques such as spin-coating, stamping, 
dip coating, doctor blading, drop casting, or printing, solu 
tions are applied to the substrate and transformed into thin 
?lms of the precursor upon evaporation of the solvent. Some 
of the solution processing techniques (e.g., printing, stamp 
ing) enable simultaneous ?lm deposition and patterning. The 
key point in this step is to have chosen a solvent that Will Wet 
the appropriately prepared substrate (i.e., an oxidized silicon 
surface can be prepared to be either hydrophilic or hydropho 
bic to promote solution Wetting, depending upon the nature of 
the solvent used), thereby facilitating the formation of a uni 
form ?lm upon drying. 
[0054] The substrate desirably is typically free of contami 
nants, and may be prepared for solution deposition by clean 
ing and/ or surface pretreatment. Cleaning can be accom 
plished by sonication in a variety of solvents, such as ethanol, 
methanol or acetone and/or by heating in various cleaning 
solutions, such as sulfuric acid/hydrogen peroxide (Piranha) 
or ammonium hydroxide solutions. The cleaning can also be 
carried out using UV-ozone or oxygen plasma treatment. 
[0055] A loW-temperature thermal treatment is used to 
decompose the resulting metal chalcogenide precursor ?lm 
on the substrate, resulting in the formation of a metal chalco 
genide amorphous ?lm. The substrate coated With the precur 
sor ?lm can be heated by placing it on a hot plate, or in a box 
or tube fumace under an appropriate inert atmosphere such as 
nitrogen, forming gas or argon. Alternatively, the heating may 
take place by laser-based or microWave-based annealing for 
much more rapid processing. Heating is performed at a tem 
perature high enough and for a time long enough to enable 
complete decomposition of the hydrazine-based precursor 
into the targeted metal chalcogenide, but loW enough and for 
a short enough time that substantial crystallization does not 
occur. Preferably the heating is carried out at a temperature of 
about 100 to about 4000 C. and more typically about 100 to 
about 3500 C. and for an amount of time from about 0.2 to 
about 60 minutes. Additionally, the choice of the metal chal 
cogenide may be used to promote the formation of amor 
phous ?lms. The particular temperatures used to obtain an 
amorphous ?lm depends upon the chalcogenide precursor, 
Which can be determined by those skilled in the art Without 
undue experimentation in vieW of this disclosure. For 
instance, metal or metalloid chalcogenides based on the 
lighter metals or metalloids have less of a tendency to crys 
tallize and therefore temperatures at the higher end of the 
range can be used While still maintaining an amorphous ?lm. 

[0056] Solution-based techniques are particularly attrac 
tive because of the array of available options for high 
throughput ?lm deposition, including spin coating, dip coat 
ing, doctor blading, ink-jet printing, stamping, etc. These 
techniques have the advantage of being potentially loW-cost, 
high-throughput techniques and are readily compatible With 
roll-to-roll processing. Prior to this disclosure, the active 
layer Was typically deposited using a sloWer and more costly 
vacuum-based technique such as sputtering or evaporation. 
[0057] Advantages of this process are that it alloWs for 
potentially loW-cost, very high-throughput deposition of 
amorphous metal chalcogenide ?lms for use in electrolytic 
devices, Without the requirement of vacuum conditions or 
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specialized CVD reactors. The solution-proces sing technique 
is also a relatively loW-temperature process and is compatible 
With selected higher-temperature ?exible plastic substrate 
materials, such as Kapton and other polyimide-based plastics. 
Additionally, solution-processing provides a natural mecha 
nism for ?lling vias and trenches on a substrate, Which can be 
dif?cult to achieve using more directional deposition tech 
niques such as sputtering (see US. patent application Ser. No. 
1 1/ 556,385, entitled Method for Filling Holes With Metal 
Chalcogenides, ?led Nov. 3, 2006, the disclosure of Which is 
incorporated herein by reference). Finally, the solution pro 
cessing mechanism provides a convenient means of doping 
the amorphous metal chalcogenide layer, since the corre 
sponding dopant metal can be dissolved in the solution With 
the targeted metal chalcogenide prior to solution processing 
(i.e., Without the need for UV diffusion). 
[0058] Examples of representative electrolytic device 
structures in Which the solution-processed solid electrolyte 
(SE) layers (deposited as described above) can be employed 
are schematically shoWn in FIGS. 2-5. For instance, FIG. 2 
illustrates a pillar cell. This structure can be fabricated using 
many sequences, one of Which is described beloW: 

[0059] (a) Bottom electrode is deposited and patterned 
either directly or via a damascene process. The bottom 
electrode 1 is shoWn as W or TiN, but could alternatively 
be Cu or Ag or some other metal With a TiN/TaN barrier 
layer. 

[0060] (b) The second step is ILD 2 (inter-level dielec 
tric) deposition and via formation, With a stop on the 
bottom metal. 

[0061] (c) Next the solid electrolyte is spin coated onto 
the substrate (either co-doped during spin coating or UV 
doped to saturation after deposition). The PMC 3 (pro 
grammable metalliZation cell) in FIG. 2 represents the 
solution-processed amorphous metal chalcogenide or 
solid electrolyte (SE). 

[0062] (d) The surface is planariZed (e.g., by CMP or 
chemical mechanical polishing) of the material, stop 
ping on the dielectric. 

[0063] (e) The top electrode 4 is deposited and patterned 
either using a regular (conventional litho+metal pattern) 
process or a damascene process (Which refers to an 
inverse process involving creating patterns in the ILD, 
then ?lling them up With metal and then polishing the 
metal). The top electrode 4 could beAg/Cu/W/Al or any 
other metal With any appropriate barrier layers. In addi 
tion, the entire stack could be ?ipped 

[0064] FIG. 3 illustrates a mushroom cell. This structure 
can be fabricated using many sequences, one of Which is 
illustrated beloW: 

[0065] (a) Bottom electrode 1 patterning and planariZa 
tion (With ILD 2, represented by the grey region). 

[0066] (b) Spin-on of the solid electrolyte material 3 
(either co-doped With Ag/Cu during spin coating or UV 
doped to saturation after deposition). Note that the solid 
electrolyte 3 (denoted SE or PMC) need not be patterned 
in this case. 

[0067] (c) Top electrode 4 deposition and pattemingi 
either using a regular or a damascene process. 

[0068] FIG. 4 illustrates a pore cell. This is very similar to 
the pillar cell (FIG. 2) except that, although the PMC is 
planariZed, the planariZation is not stopped on the oxide but 
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rather earlier. Note the need to ?ll a via or trench in this 
structure (as for FIG. 2) during the deposition of the SE (or 
PMC). 
[0069] FIG. 5 illustrates a further embodiment. In this 
embodiment, the solid electrolyte material 3 is planar and is 
deposited betWeen 2 layers of metals 1 and 4 (one above and 
one beloW that are patterned). The bottom layer consists of the 
ILD 2 (could be oxide, nitride or loW-K material; represented 
in grey), With imbedded metal 1 (could be W, Cu, TiN, for 
example; represented inblack). The solid electrolyte 3 may or 
may not be patterned. Ideally, the solid electrolyte 3 is a 
continuous layer. But patterning may help reduce interfer 
ence betWeen adjacent cells. 
[0070] In order to increase the density of memory technolo 
gies (both volatile and nonvolatile), a crosspoint design is one 
desirable option. In such an optimiZed design, the Wordline 
and bitlines (henceforth referred to as memory lines) run at 
minimum pitch and in perpendicular directions. A storage 
element is placed at the sandWich of these perpendicularly 
oriented lines. TWo possible designs exist: 
(a) A nano-crossbar design, Where the memory lines run at 
sublithographic pitches. This decreases memory cell area 
from 4F2 to 4Fs2 Where 2Fs is the nanoscale pitch. Typically 
Fs<<F Where F is the lithographic pitch. Disclosures that refer 
to hoW to interface these sublithographic features to litho 
graphically de?ned Wordline and bitline driver/decoder cir 
cuits can be found in US. patent application Ser. No. 11/679, 
785 ?led Feb. 18, 2007 to Soundararajan and assigned to 
International Business Machines Corporation, the assignee of 
this application. The entire disclosure of Which is incorpo 
rated herein by reference. 
(b) A 3D design, Where the memory lines run at lithographic 
pitches, but having multiple layers of these memories. The 
effective cell siZe decreases as 4F2/n, Where n is the number of 
3D layers (n21). 
[0071] In both cases, at the intersection of the memory 
lines, tWo device components are needed, a memory element 
and a diode. The solution-processed solid electrolyte materi 
als described herein may apply to both of these compo 
nentsiie, in certain embodiments, it may be used as a 
memory element and in certain other embodiments, it may be 
used as a diode: 

[0072] (a) A memory element that is used to store data/ 
information. Many options exist here (including Phase 
Change Memory, MRAM, Solid Electrolyte Memory and 
FeRAM for example). In the case of the current disclosure, 
the use of solid electrolyte materials based on solution-pro 
cessed amorphous metal chalcogenides is being referenced. 
[0073] (b) Since a transistor does not exist at every cross 
point, also needed is a device that can rectify (exhibit nonlin 
earity). This ensures that cells that lie on unselected Wordlines 
and bitlines are not inadvertently programmed or shorted to 
each other. 
[0074] While several representative examples of improved 
electrolytic device structures that employ the solution-pro 
cessed amorphous metal chalcogenides as the active layer 
have been exempli?ed, many others can be envisioned by 
those skilled in the art and are also included Within the scope 
of this disclosure. 
[0075] The folloWing non-limiting examples are presented 
to further illustrate the present disclosure. 

[0076] Amorphous germanium (IV) sul?de, GeS2_x, is one 
of the prime candidates for use in electrolytic cells, because of 
the ease With Which it forms a glass and the stability of the 
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resulting glass With respect to crystallization. In addition, 
metals (e.g., Ag, Cu, Li) can readily be diffused into ?lms of 
this material. As a ?rst demonstration of the disclosure, ?lms 
of GeS2_,C are deposited from solution and characterized. In 
this case, the metal chalcogenide ?lms Will be depositedusing 
spin coating, although they could also be deposited using 
other solution-based techniques such as stamping, printing, 
dip coating or doctor blading. Note that the formula for ger 
manium(lV) sul?de is Written here as GeS2_x, to re?ect the 
fact that there is some range of sulfur stoichiometry that can 
be accommodated by this system. 
[0077] A solution of GeS2 is created by dissolving 0.164 g 
of GeS2 (1.2 mmol) in 4.8 mL of as-received anhydrous 
hydraZine (98%). The reaction and resulting solution is main 
tained in an inert atmosphere (e.g., nitrogen or argon). The 
dissolution is relatively quick at room temperature, requir 
ing<0.5 hr With stirring to produce a clear essentially color 
less solution. The solution is ?ltered through a 0.2 pm syringe 
?lter, While being dispensed onto a substrate for the spin 
coating process. Some of the solution is also evaporated on a 
glass slide and decomposed under nitrogen at 3500 C. for ~1/ 2 
hr, yielding an amorphous material, as indicated by X-ray 
diffraction (FIG. 6). This demonstrates the nominally amor 
phous nature of GeS,C materials prepared from the hydraZine 
based precursors, at least for annealing temperatures up to 
3500 C. 

[0078] FIG. 6 represents the poWder X-ray diffraction pat 
tern of a GeS,C deposit, formed by evaporating the germanium 
sul?de precursor solution on a glass slide and then decom 
posing the precursor at a temperature of 3500 C. on a hot plate 
(in an inert atmosphere). The amorphous nature of the deposit 
is indicated by the lack of sharp X-ray peaks in the diffraction 
pattern. 

EXAMPLE 1 

GeS2 on Si/SiO2 

[0079] A ?lm of the GeS2 precursor is readily deposited on 
a clean thermally-oxidized silicon substrate using a spin 
coating technique and the solution described above. Each 
substrate is pre-cleaned by ?rst using a soap scrub, folloWed 
by sequential sonication in ethanol and dichloromethane, and 
?nally using a Piranha clean (hydrogen peroxide: sulfuric 
acid) With a deioniZed (DI) Water rinse. Thin ?lms of the GeS2 
precursor are formed by depositing 2-3 drops of the above 
mentioned GeS2 solution onto the substrate, alloWing the 
solution to spread on the substrate for about 10 sec and spin 
ning the substrate at 2000 rpm for about 2 min in a nitrogen 
?lled drybox. 
[0080] The resulting precursor ?lms are dried on a hot plate 
at 100° C. for about 5 minutes in an inert atmosphere, fol 
loWed by a decomposition heat treatment at 2500 C. for about 
10 minutes on the same hot plate (gradual heating to this 
temperature over 1/2 hr). The latter decomposition heat treat 
ment yields thin ?lms of amorphous GeS2. Thickness of the 
?lm canbe controlled by choice of solution concentration and 
spin speed during deposition. Additional control over solu 
tion properties and ?lm stoichiometry can be provided by 
adding extra S to the spin coating solution. Using the condi 
tions described above, ?lm thicknesses and compositions are 
achieved (determined using Rutherford Backscattering Spec 
troscopy iRBS) as folloWs: 
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Film [Ge] at. % [s] at. % thickness (A) 

A 42.7 10.5 57.3 10.5 261120 
B 34.7 1 0.5 65.3 1 0.5 349 1 20 

C 34.2 10.5 65.8 10.5 389 120 
D 33.7 1 0.5 66.3 1 0.5 400 1 20 

[0081] Several representative cross sectional SEM (scan 
ning electron microscope) images of the resulting ?lms are 
given beloW: 
[0082] FIG. 7 is a cross-sectional SEM of a GeS2_,C ?lm 
(grey material) prepared on SiO2 (White material). The bot 
tom surface is Si. 
[0083] FIG. 8 is a cross-sectional SEM of a GeS2_,C ?lm 
(grey material) prepared on SiO2 (White material). The bot 
tom surface is Si. 
[0084] Ag is deposited (~20 nm) on top of tWo representa 
tive ?lms (Film A and C). RBS of the resulting composite 
?lms yields the folloWing RBS spectra: 
[0085] FIG. 9 shoWs a RBS spectra for tWo ?lms (A and C) 
that are coated With 20 nm of Ag. The large peak centered 
around 2.05 MeV corresponds to Ag; the peak centered at 
~1.9 MeV corresponds to Ge; the peak centered at ~1.6 MeV 
corresponds to S. 
[0086] Note that the Ag-coated ?lm C Which Was nominally 
stoichiometric GeS2 before Ag deposition, exhibits more asy 
metrical RBS peaks, indicative of interaction betWeen the Ag 
overlayer and the GeS2_,C under?lm. The arroWs (FIG. 9) 
indicate the interaction and it seems more pronounced for Ag 
and S peaks than for the Ge peaks. This may indicate that the 
S is reacting only With the Ag cations and that the Ge is more 
of a “spectator”. This Would be consistent With the fact that 
only ?lm C, With higher [S], is interacting substantially With 
the Ag overlayer. 
[0087] After RBS analysis, the tWo ?lms are then subjected 
to a UV exposure. The exposure consists of 7 mW/cm2 treat 
ment (measured With a 253.7 nm detector head on an OAI 
poWer meter) in a nitrogen environment for three consecutive 
15 minute intervals. The total exposure, therefore, is 18,900 
mJ/cm2. As evident in FIG. 10, ?lm C substantially interacts 
With the Ag during the UV treatment, Whereas ?lmA does not 
change substantially as a result of exposure. For ?lm C, 
UV-treatment resulted in about 30 at. % Ag uniformly spread 
throughout the GeS2_,C ?lm. These data suggest that the exact 
?lm stoichiometry can substantially impact the ability of Ag 
to diffuse in the solution processed amorphous GeS2_,C ?lms. 
Given that metal diffusion is critical for the operation of 
electrolytic devices, control over ?lm stoichiometry (as 
described above) may be important for the formation of 
operational and optimiZed devices. 
[0088] FIG. 10 shoWs RBS spectra for tWo ?lms that have 
been coated With 20 nm of Ag. The black curves correspond 
to ?lms that have just had the Ag deposition (same as in FIG. 
9), While the gray curves have been UV-treated. 
[0089] The doped and undoped GeS2 ?lms described in 
Example 1 could be used in any of the device geometries 
described above. 

EXAMPLE 2 

GeS2 on Ag-Coated Si/SiO2 W/Device Results 

[0090] A solution of GeS2 is created by dissolving 0.055 g 
of GeS2 (0.4 mmol) in 1.6 mL of anhydrous hydraZine (same 
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concentration as in Example 1). The solution is stored about 
4 Weeks before use for this example. The reaction and result 
ing solution are maintained in an inert atmosphere (e. g., nitro 
gen or argon). The solution is ?ltered through a 0.2 pm 
syringe ?lter, While being dispensed onto a substrate for the 
spin coating process. 

[0091] A ?lm of the GeS2 precursor is readily deposited 
onto anAg-coated (about 200 nm; deposited by e-beam 
evaporation) p+silicon substrate using a spin-coating 
technique and the solution described above. Each Ag 
coated substrate is cleaned in an ammonium hydroxide/ 
Water mixture for approximately 10 min, rinsed With DI 
Water and bloWn dry With compressed air before spin 
coating. Thin ?lms of GeS2 precursor are formed by 
depositing 2-3 drops of the above-mentioned GeS2 solu 
tion onto the substrate, alloWing the solution to spread 
on the substrate for about 10 seconds and spinning the 
substrate at 2000 rpm for 2 min in a nitrogen-?lled 
drybox. 

[0092] The resulting precursor ?lms are dried on a hot plate 
at 120° C. for 5 minutes in an inert atmosphere, folloWed by 
a decomposition heat treatment at 260° C. for 10 minutes on 
the same hot plate (preheated hotplate rather than gradual 
heating). The latter decomposition heat treatment yields thin 
?lms of amorphous GeS2 W/the Ag undercoat (see cross sec 
tional SEM in FIG. 11). Thickness of the ?lm can be con 
trolled by choice of solution concentration and spin speed 
during deposition. Using the conditions described above, a 
?lm thickness of about 36 nm and a [S]/[Ge] ratio of~1.75 
(i.e., slightly S de?cient relative to ideal GeS2) is achieved, as 
determined by RBS. HoWever, as for the UV-treated GeS2 
?lm described in Example 1, there is a substantial concentra 
tion (>30 at. %) ofAg (more accurate Ag content is dif?cult to 
derive from RBS data due to the thick Ag layer underneath the 
relatively thin metal chalcogenide layer) in the amorphous 
chalcogenide ?lm. Since these ?lms have not been subjected 
to a UV diffusion treatment, this means that the Ag diffusion 
is accomplished in-situ during the decomposition heat treat 
ment used to form the amorphous chalcogenide ?lm from the 
precursor ?lm (i.e., heating to 260° C. for 10 min). The 
Ag-diffused GeS2_,C ?lm is suitable for use in a variety of 
electrolytic device structures as shoWn above. 

[0093] FIG. 11 is a cross sectional SEM image of a spin 
coated GeS2_,C ?lm on Ag. 

[0094] To make a simple test structure, the resulting 
AgyGexSZ ?lm on Ag is probed using a W tip (tip area about 
10><10 microns; acts as the cathode), effectively resulting in 
an inverted mushroom-type structure (see FIG. 3 above; in 
this case Ag is on the bottom and W on the top). Contact to the 
Ag anode is made through the adjacent p+ silicon substrate. 
By probing carefully (so as not to punch through the metal 
chalcogenide ?lm With the W tip), functional devices are 
prepared that exhibited typical solid-electrolye device behav 
ior (compare FIGS. 12A and B With FIG. 1). While the endur 
ance of the device is poor With respect to cycling, most likely 
due to operation in air and a relatively rough surface, these 
results clearly demonstrate the feasibility of employing a 
spin-coated amorphous metal chalcogenide ?lm as the active 
layer in an electrolytic device. 
[0095] FIGS. 12 A and B shoW device characteristics for 
tWo electrolytic memory cells (inverted mushroom-type), 
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With Ag (anode) on bottom, spin coated AgxGeySZ in the 
middle (solid electrolyte) and a W tip (cathode) on the top. 

EXAMPLE 3 

GeS2 Doped With Cu on Si/SiO2 

[0096] A solution of GeS2 is created by dissolving 0.055 g 
of GeS2 (0.4 mmol) in 1.6 mL of the same anhydrous hydra 
Zine as used in Example 2. The solution is stored 24 hr before 
use. A solution ofCu2S is prepared by stirring 0.159 g ofCu2S 
(1 mmol) and 0.064 g of S (2 mmol) in 5 mL of anhydrous 
hydraZine for a period of approximately tWo Weeks. The 
resulting yelloW solution still had a small quantity of black 
specks, Which Were removed by ?ltration through a 0.2 pm 
syringe ?lter during dispensing of the solution. The compos 
ite solution for spin coating Was prepared by stirring (for tWo 
minutes) 0.4 mL of the GeS2 solution (containing 0.1 mmol 
GeS2) With 0.25 mL of the ?ltered Cu2S solution (containing 
0.05 mmol Cu2S). All processing is performed in a nitrogen 
?lled glove box With oxygen and Water levels beloW 1 ppm. 

[0097] Each substrate for spin coating Was pre-cleaned 
by ?rst using a soap scrub, folloWed by sequential soni 
cation in ethanol and dichloromethane, and ?nally using 
a Piranha clean (hydrogen peroxide: sulfuric acid) With 
a DI Water rinse. Thin ?lms of GeiCuiS precursor are 
formed by depositing 2-3 drops of the above-mentioned 
composite solution onto the substrate, alloWing the solu 
tion to spread on the substrate for ~10 sec and spinning 
the substrate at 2000 rpm for 2 min in a nitrogen-?lled 
drybox. 

[0098] The resulting precursor ?lms are dried on a hot 
plate at 100° C. for 5 minutes in an inert atmosphere, 
folloWed by a decomposition heat treatment at 300° C. 
for 20 min on the same hot plate (preheated hot plate). 
The latter decomposition heat treatment yields metal 
chalcogenide thin ?lms. Thickness of the ?lm can be 
controlled by choice of solution concentration and spin 
speed during deposition. Using the conditions described 
above, ?lm composition and thickness are achieved (de 
termined using Rutherford Backscattering Spectros 
copy iRBS) of 19.1 at. % Ge, 28.8 at. % Cu, 52.1 at. % 
S and 24(1) nm thickness. Substantial Cu is therefore 
successfully incorporated With the GeiS in the result 
ing ?lms, demonstrating that the doping process can be 
achieved during spin coating by incorporation of the 
dopant metal in the solution (no need for UV treatment). 

[0099] The term “comprising” (and its grammatical varia 
tions) as used herein is used in the inclusive sense of “having” 
or “including” and not in the exclusive sense of “consisting 
only of.” The terms “a” and “the” as used herein are under 
stood to encompass the plural as Well as the singular. 
[0100] The foregoing description illustrates and describes 
the present disclosure. Additionally, the disclosure shoWs and 
describes only the preferred embodiments of the disclosure, 
but, as mentioned above, it is to be understood that it is 
capable of changes or modi?cations Within the scope of the 
concept as expressed herein, commensurate With the above 
teachings and/or skill or knoWledge of the relevant art. The 
described hereinabove are further intended to explain best 
modes knoWn of practicing the invention and to enable others 
skilled in the art to utiliZe the disclosure in such, or other 
embodiments and With the various modi?cations required by 
the particular applications or uses disclosed herein. Accord 
ingly, the description is not intended to limit the invention to 
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the form disclosed herein. Also it is intended that the 
appended claims be construed to include alternative embodi 
ments. 

[0101] All publications, patents and patent applications 
cited in this speci?cation are herein incorporated by refer 
ence, and for any and all purposes, as if each individual 
publication, patent or patent application Were speci?cally and 
individually indicates to be incorporated by reference. In this 
case of inconsistencies, the present disclosure Will prevail. 

1-17. (canceled) 
18. A method for fabricating a solid electrolyte device 

comprising: 
providing a solution of a precursor to germanium(lV) sul 

?de in hydrazine; 
Wherein said solution is prepared by directly dissolving 

germanium(lV) sul?de in hvdraZine 
Wherein the concentration of the precursor is 0.05 to about 

1 molar in the hydrazine; 
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applying the solution onto a substrate by a process 
selected from the group consisting of spin coating dip 
coating, doctor blading, drop casting stamping and 
printing; 

and thereafter annealing the precursor to convert the 
precursor to an amorphous metal chalcogenide layer; 
Wherein the annealing is carried out at a temperature 
ofabout 100° C. to about 3500 C. and is carried out for 
about 0.2 hours to about 6 hours: 

forming a ?rst metallic layer and forming a second 
metallic layer; 

Wherein the amorphous metal chalcogenide is betWeen 
the ?rst and forming a second metallic layers: and 
Wherein the amorphous chalcogenide solid active 
electrolytic layer comprises a dopant selected from 
the group cOnsisting of Ag, Cu, Zn, and Li. 

19-31. (canceled) 


