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ABSTRACT

Lithium phosphorus oxy-nitride (LiPON) thin films are widely studied and used as a thin
film electrolyte for lithium ion battery applications. LiPON thin films may be prepared by many
techniques, but RF sputter deposition is most frequently used and was investigated in this
dissertation, in spite of its low deposition rate, because of it offers more reliable and controllable
processing. This dissertation includes the methodologies of sputter deposition and materials
characterization of the LiPON thin film electrolytes.

The LiPON thin films were deposited under varying conditions of process gas, substrate
bias, and deposition temperature. To understand the variations in ionic conductivity observed,
the films were extensively characterized to examine structural and compositional differences,
including examination by x-ray photoelectron spectroscopy (XPS), inductively coupled plasma
optical emission spectroscopy (ICP/OES), and spectroscopic ellipsometry. In addition, film
density, and the intrinsic stress of the deposited films were also studied.

The highest ionic conductivity of 9.8 x 10° S/cm was obtained at elevated deposition
temperature and is correlated to a reduced density of defects, as indicated from the optical

characterization.
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CHAPTER 1 INTRODUCTION:
1.1 Thin film lithium ion batteries:

Thin film lithium-ion batteries are of interest due to their use as an integrated source of
power to operate a variety of miniaturized devices, such as micro-machines, sensors, transmitters
and electronic circuitry. Such devices require the storage of energy in a small and light source
and a low rate of internal energy dissipation. Figure 1-1 shows a comparison of volumetric and
gravimetric energy densities of lithium ion and other battery technologies.

Lithium-ion batteries are comprised of cells in which Li* ions are transported between the
positive and negative electrodes during intercalation and de-intercalation. Hence they are also

called “rocking chair batteries”.
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Figure 1-1 Comparison of volumetric and gravimetric energy densities of Lithium ion batteries



Lithium is the most attractive anode material as it has a favorable thermodynamic
electrode potential with high specific capacity. Lithium metal is highly reactive with many
solid-state electrolytes.

Thin film battery components include current collectors, cathode, anode, an electrolyte,
and protective coating material. Thin film battery cells have typical energy densities near 3.6 J

cm” (1 mWh em™).
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Figure 1-2 Battery Voltage losses Vs Operating Current [1] (a) IR loss (b) Activation
polarization and (c) Concentration polarization

1.2 Presentation of the problem:
1.2.1 Requirements of solid state electrolyte:

The voltage across a battery that is not connected to an external load resistor is known as
the open circuit voltage, and ideal batteries have a flat current-voltage profile equal to the open-
circuit voltage. This profile is illustrated in Figure 1-2. But the voltage profiles in real batteries

are seldom flat. Possible mechanisms for the drop in battery voltage with increasing current are:



(a) IR loss: When there is a high internal resistance in the battery, a significant voltage drop
occurs across the battery itself.

(b) Activation polarization: During the discharge process of battery operation positive ions
move from anode to cathode through an electrolyte. The electrolyte-electrode interface is
heterogeneous and acts as an energy barrier to the charge transfer reaction. This is
known as activation polarization. A voltage drop occurs due to the slow charge transfer
reaction when there is a high energy barrier [1].

(c) Concentration polarization: When the ions move slowly in the electrolyte during the
discharge, then a concentration difference, called a concentration polarization, occurs at
the electrolyte-electrode interface [1]. This concentration polarization acts as a resistance
and causes an additional voltage drop across the battery.

Hence, the total voltage drop is the additive contributions from the above three
mechanisms. When the battery terminals are connected to an external load resistor (R) the

additive voltage drop can be given in the equation [1] as follows:

V="Voc = [Mct)a + (Mc)al = [(Mc)e + (M)l — T# Ry =1%R (1-1)
where, Voc = Open-circuit voltage of a battery
Net = Activation polarization or charge-transfer overvoltage at either an anode
or a cathode
Ne = Concentration polarization at either an anode or a cathode
R; = Internal resistance of the battery
I = Operating current through an external resistor

Given the above mechanisms, it is clear that many aspects of the solid-state electrolyte

are important to optimize the battery performance.



(1) Having a high ionic conductivity in the solid-state electrolyte means having a
minimum internal IR loss. The internal resistance, R;, is inversely proportional to, ci, the ionic

conductivity:

h
R: = 1-2
=5 A (1-2)

where h is the thickness and A is the area of the electrolyte. As the ionic conductivity is directly
proportional to the mobile ion concentration, the ionic conductivity is increased by the number of
mobile ions present. Equation (1-2) also makes it clear that the electrolyte thickness must be
minimized and its area and ionic conductivity maximized to reduce the internal resistance loss.

(i1) The solid electrolyte must also insure that the current present in the electrolyte is
mostly due to that from the transport of the desired ion, i.e., Li". This is commonly quantified as
the transport number, which compares the desired ion conductivity to the total conductivity of
the electrolyte.. The transport number t; is given by :

_Si

t, = — -
1=, (1-3)

where o, is the total conductivity and o; is the conductivity of working ions [2]. The total
conductivity is given by 6, = o; + G + X 0j, Where o, is the electronic conductivity and Y;; oj is
the conductivity of all other mobile ionic species. Any counter mobile ions that may be present
will accumulate near the electrode-electrolyte interface, which induces a counter-internal electric
field and generates a concentration polarization. Solid electrolytes should be electrically
insulating (6. = 0), otherwise an internal leakage current will be present that will provide a
power loss [2].

(i11) The reaction rate of charge transfer at the electrolyte-electrode interface should be

sufficiently fast such that the charge transfer resistance is minimal.



@iv) The solid-state electrolyte has to retain its mechanical and chemical integrity and,
specifically, remain impervious to any reactants during repeated charge/discharge cycles.
Reduction or oxidation of this electrolyte could damage the cell beyond its working limits [2].

(v) The maximum voltage that a battery may be exposed to is known as the voltage
window (V). The voltage window is necessarily greater than the open circuit voltage and is
typically limited by the stability of the electrolyte. A high voltage window is desirable to ensure
stability of the battery during charging.

(vi) Electronic conductivity can occur homogeneously throughout an electrolyte (e.g.
as in LiNbO3 [3]) where it is readily quantified by the transport number, described in point (ii)
above. However, electronic conductivity can also occur heterogeneously by the formation of
electrolytic paths of electronically conducting foreign materials. Such electrolytic paths may
include cracks or pinholes where the cathode and anode materials deposit during the formation or
operation of the cell. This may result in the creation of lithium dendrites on one of the electrode-
electrolyte interfaces.

As described in points (i) to (vi) above, the properties of the solid-state electrolyte are
crucial to battery performance. Hence a solid state electrolyte should have high ionic and low
electronic conductivity, fast charge transfer at electrolyte-electrode interface, and good
mechanical, chemical, and electrochemical stability.

1.2.2 Lithium phosphorus oxynitride

Lithium phosphorus oxynitride (LiPON) is one of the most studied solid state electrolytes
in thin film form [4-31]. Xiaohua Yu [9] showed that amorphous LiPON exhibits only Li" ion
conductivity between -26°C to 140°C, with an ionic conductivity of 2.3 (+ 0.7) * 10° S/cm at

25°C and activation energy of 0.55 (+ 0.02) eV. He reported negligible electronic conductivity



(<10™* S/cm) and inferred the transport number of unity.[32]. This is expected for alkali-metal
oxide glasses since the nitrogen, oxygen and phosphorus atoms are rigidly bounded in the
LiPON framework structure and exhibit zero mobility at ordinary temperatures. A voltage
window of 5.5 + 0.2 V at room temperature was also reported. Yu also described LiPON as
mechanically stable and a rigid barrier to the possible growth of lithium dendrites that did not
crack as the cathode volume changed during battery cycling.

Other workers have reported that LiPON suffers from a high level of internal
stress that degrades its reliability. RF sputter deposited LiPON thin films can exhibit crack
formation and have a tendency for increased delamination with time. These phenomena are
understood as due to a high level of internal stress that is induced during the deposition process.
LiPON films prepared by ion beam assisted deposition have been reported to suffer electronic
shorting due to the internal stress raised by the difference in thermal expansion coefficients
between that of the substrate and the film [13].

Lithium phosphorous oxy-nitride (LiPON) is one of the widely studied and commercially
used solid state electrolytes in lithium battery technology. LiPON films have a stable network,
wide electrochemical window, negligible electronic conductivity, and a relatively high ionic
conductivity.[9] For LiPON films prepared by magnetron sputter deposition, the role of
processing parameters in determining film properties is complex. Thin films of LiPON were
first characterized and investigated for thin film batteries by Bates et al. where a maximum ionic
conductivity of 3.3 x 10® S/cm([4,5] was reported. Bates et al. used radio-frequency (RF) sputter
deposition to prepare thin film samples[4,5], a primary processing technique for LiPON thin
films.[4-7,9,12,22,24,31,33] Other methods, such as, ion-beam assisted deposition (with ionic

conductivity of 1.1 x 10 S/cm)[16], plasma assisted directed vapor deposition (between 107 and



10® S/cm)[29], and evaporation (6 x 107 S/cm)[34] have also been used.

The RF sputtering technique commonly uses a lithium ortho-phosphate (LizPO4) target
and a nitrogen sputtering process gas. Almost all prior reports of the ionic conductivity for RF
sputtered LiPON thin films are in the range of 6 x 107 S/cm to 3 x 10° S/ecm. [4-
7,9,12,16,22,24,29,31,33,34] The exception was the work of Chiu et al.[35] who reported a
higher ionic conductivity of 9.1 x 10° S/cm, which is still considerably lower than that of
sulphide solid state electrolyte materials which are in the range of 10™ S/cm.[36,37] Accordingly,
the primary aim of this study was to explore the further potential of deposition process
parameters (i.e., substrate biasing, substrate heating, process gas pressure) to improve the ionic
conductivity of LiPON films and to replicate or improve on the ionic conductivity results of Chiu
et al.[35]

1.2.3 Objective of the current research

The main objective of the proposed research is to use and extend our understanding of
LiPON to increase its ionic conductivity. Additionally, the proposed research intends to develop
this high ionic conductivity in reactively sputter deposited LiPON films having controlled
internal stress that are mechanically robust and suitable for battery applications.

The lithium sulphur electrolytes are super-ionic conductors with the ionic conductivity in the
range of 10” S/cm, but they are hygroscopic and required stringent environmental controls to
process and develop. The LiPON films are mechanically stable and non-hygroscopic and hence
this dissertation study is aimed to:

- maximize the ionic conductivity in RF sputter deposited LiPON thin films, replicating and
exceeding the ionic conductivity achieved by Chiu et al.

- characterize and understand the LiPON film structure, process and properties correlation.



- validate the characterization methods employed by various authors in ionic conductivity
measurements, XPS sample preparation and analysis and sample digestion procedure for
ICP/OES measurements.

- and develop/improve methods for sample preparation in ionic conductivity measurements,
chemical bonding and composition analysis using XPS depth profiling, sample digestion
procedure in ICP/OES and penetration depth/band gap energy calculations using spectroscopic
ellipsometry measurements

To achieve these objectives, LiPON processing will be investigated, to include compositional
modifications. In addition to the properties of LiPON as a battery electrolyte (ionic conductivity,
stress), the structure of the amorphous LiPON films will be investigated by a variety of
techniques including spectroscopic ellipsometry and X-ray photoelectron spectroscopy (XPS).
The composition of LiPON will be studied by XPS and inductively coupled plasma-optical

emission spectroscopy, (ICP/OES).



CHAPTER 2 BACKGROUND
2.1 Lithium Phosphorus Oxynitride

The charging and discharging rates of lithium-ion batteries are controlled by the
electrochemical diffusion of lithium ions, which is characterized by the lithium-ion conductivity.
These batteries require high ionic conductivity, which poses a significant challenge for an
inorganic electrolyte because of their dense atomic structures.

Amorphous lithium phosphorus oxynitride (LiPON) is a widely used thin film solid state
electrolyte for rechargeable thin-film lithium-ion batteries because of its exceptional
electrochemical stability and good Li* ion conductivity [9]. This electrolyte has demonstrated a
voltage window of 5.5V [4,8], an acceptable value for lithium-ion batteries that operate at ~4.0
V.

The historical development of LiPON as a solid state electrolyte is very interesting.
Many inorganic compounds are better ionic conductors in an amorphous state than in a
crystalline form and LiPON is an example of this. The ionic conductivity of the amorphous
lithium orthophosphate with composition 0.6Li,O : 0.4P,0s is 10° times greater than that of its
crystalline form LizPO4 [38]. It was known that the durability in contact with air and water of
sodium metaphosphate was improved by nitriding [39], and this also proved true for LIiPON[40].
In addition to stability, nitriding lithium orthophosphate also increased the ionic conductivity of
the electrolyte by a factor of 30 [38]. However, the reaction of LiPON[41-44] with moisture,
oxygen and carbon have been observed have resulted in surface deterioration and thus reduction
in ionic conductivity and reduced capacity was observed. This can be mitigated by using an over
layer of LiIPON[11] deposited on top of the electrode. To place these observations in context, an

understanding of the bonding of lithium phosphates and nitrided lithium phosphates is necessary.



2.1.1 Lithium phosphate

Lithium phosphate glasses are formed by addition of a network modifier, Li,O to the
network former, P,Os. [45]. The Lewis structure of Lis POy, the electronic configuration and the
combination of Li20 and P205 to form various lithium phosphates are pivotal to understanding
the ionic conduction pheonomenon in LiPON films. Hence, some inferences from the work of
Kim[29] and Vereda-Moratilla[16] are discussed here. The phosphate glass framework is
comprised of POy tetrahedra, each of which is bonded to three other tetrahedral in the absence of
Li. . In this compound, the phosphorus outer electrons (3s>3p>) form sp” hybrid orbitals and its

bonding can be represented by the Lewis structure shown in Figure 2-1(a).

(a) Electron (b) 0
o / ol
. .o . P o
Li*-0:P2O Lit > )4 o o
O- ‘;0 Li*
Li* Li O
/ Li*
lonic bond

Figure 2-1 Li;PO4 Chemical bond structure: (a) Lewis structure (b) simplified bond structure.
The sp3 hybrid orbitals of phosphorus forms four covalent ¢ bonds and one covalent m bond
with oxygen. Note that the Li* ion conduction happens by hop to the double bonded oxygen in
exchange for m bonds. This representation is presented from the reference cited.[29].

In Figure 2-1(b) a simplified structure of LisPO4 is shown and from this we can
understand the basic issues of electronic and ionic conductivity in these materials. Four of the
outer phosphorus electrons form four covalent ¢ bonds with the 2p electrons of the four oxygen
atoms and the fifth phosphorus outer electron forms a strong covalent © bond [45]. This
chemical bond structure has no mobile electrons available, thus crystalline Li3 POy is an insulator

and has a large band gap energy of 5.75 eV [46].
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Figure 2-2 Various tetrahedral sites of phosphate glasses[47]

The LizPO4 molecule has a POy tetrahedron with a phosphorus atom in the center and
four oxygen atoms on its vertices. Three of the four outer oxygen atoms have an ionic bond to a
Li atom while the fourth has the © bond to the central phosphorous atom. The Li atoms have the
freedom to migrate to the empty m bonded oxygen atom site (and the mw bond moves to the
vacated Li site), which constitutes the most basic form of ion transport. Li-deficient glasses will
have additional sites for Li ions to move to and, hence, can provide a higher lithium-ion
conductivity than stoichiometric LisPO4 glasses. The phosphate glass framework is comprised
of POy tetrahedra, each of which is bonded to three other tetrahedral in the absence of Li. Thus
the combination of POy, tetrahedra defines the phosphate glass types.

The PO, tetrahedra that form the three-dimensional glass network can be classified by Q'

where i is the number of bridging oxygen atoms of the tetrahedron [47]. The various Q'
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tetrahedral configurations in phosphate glasses are shown in Figure 2-2. Networks of these
glasses are characterized by the [O]/[P] ratio, or equivalently by the value of x in the general
formula xLi,0.(1-x)P20s. Glasses with low [O]/[P] ratio or small x have more shared oxygen
atoms between tetrahedra, such that they have predominantly Q® and Q? configurations, while

glasses with high [O]/[P] ratio or larger x have more Q1 and Q0 tetrahedra.
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Figure 2-3 Tetrahedra structures as a function of a ratio, R = M20/P205, M =Li or Na [48]

Another equivalent metric of phosphate glass composition is the ratio, R, of Li,O to
P,0Os [45]. The R value can be used to classify phosphate glasses as ultraphosphate (R<1),
metaphosphate (R=1), polyphosphate (1<R<3), and orthophosphate (R=3). Figure 2-3 illustrates

the impact of the R value on the ability of the phosphate to form a network. A brief overview of
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the different binary phosphate glass structures that are possible as a function of R and the role of
nitrogen incorporation into metaphosphate and orthophosphate glasses will be examined below.
2.1.1.1 Vitreous P;0s

Vitreous P,Os is an ultraphosphate glass (R = 0) with a base structure of Q tetrahedra
having three bridging oxygen atoms (P-O-P) and one non-bridging oxygen (P=0O). The non-
bridging oxygen bond length is shorter and the bond strength is stronger than that of the bridging
oxygen atoms and the 3D network of this glass has some features of crystalline hexagonal P,Os.
2.1.1.2 Ultraphosphate glasses
The P,0Os structure undergoes a depolymerisation process when alkali oxides are added to it
(increasing x in the formula xLi,O.(1-x)P20Os). During this process some of the P-O-P bonds are
destroyed and the terminal oxygen bonding (P=0) increases. Structurally, alkali ultraphosphate
glasses have combinations of Q3 and Q2 tetrahedra [47]. With very low Li,O content the
ultraphosphate structure will look similar to that of vitreous P,Os.
2.1.1.3 Metaphosphate glasses

While these glasses ideally have infinitely long chains of Q> PO, tetrahedra,
metaphosphate glasses typically have chains and rings that range from 40 to 100 tetrahedra
which are terminated by the presence of hydroxyl groups [47]. The properties of these chains are
greatly affected by the linking alkali cations and the terminal (non-bridging) oxygen atoms.
Thus, the properties of alkali metaphosphates depend more on the P-O-Metal bonds than on the
P-O-P bonds. Both diffraction studies [47] and ab initio calculations [49] suggest that in the
absence of Li the two terminal oxygen atoms of the Q tetrahedron share the © bond and, hence,

there exists a resonance between those bonds making the two oxygen atoms indistinguishable.
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2.1.1.4 Polyphosphates

Polyphosphate glasses have a higher concentration of alkali oxide substitution (R > 1) .
The chains are shorter and a special phosphate glass having R = 2 with the stoichiometry
Li4P,07 is referred as the pyrophosphate glass. The structure is dominated by the presence of
phosphate dimers (two Q' tetrahedra sharing one bridging oxygen).
2.1.1.5 Orthophosphates

Another special case of a polyphosphate glass is the orthophosphate stoichiometry (R =
3), where oxygen atoms do not have bonds between PO,”" tetrahedra, as shown in Figure 2-3. In
reality, the glass formation in a binary system is generally limited to R<1.2 to 1.5 but rapid
quenching techniques have yielded lithium phosphate glasses with R = 2.3.[47]. The
orthophosphate stoichiometry (R = 3) was only formed ine complex systems such as Li,O-

Al,03-Ti0,-P,0s. [50]

Figure 2-4 shows two unit cells of y-Li;PO,4. The Li atoms are shown as isolated atoms (black) and the
PO, groups are shown as shown tetrahedra. The POy, tetrahedra have no shared oxygen atoms and are
therefore isolated from each other

The lithium orthophosphates exists in B, y, and, a crystalline polymorphs with the
increase of temperature. The o-Li3PO4 structure has not yet been determined as it cannot

quenched to room temperature. In B-LizPOy all tetrahedra share only corners and point in the
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same direction, whereas in y-Li3zPOy the structure has some edge sharing LiO4 tetrahedra and
some of them point in opposite directions [6]. In the case of B- and y-LizPOy4, Li and P occupy
tetrahedral sites and each oxygen is shared by three LiO4 tetrahedra and one PO, tetrahedron.

oxygen

lithium

Figure 2-5 is showing y-Li3POy structure with 3 LiO, tetrahedra (two Li;O4 and one LiyO4) (right).
This Figure is reproduced from a reference.[10]

The y-LisPO4 is a stable phase present between the temperatures range of 520 to
1170°C. Figure 2-4 shows two unit cells of the y-LisPOy4 structure. The unit cell of y-LizPOy is
orthorhombic. The asymmetric unit cell has 6 atoms along a direction with three tetrahedral
cations (Liy, Liy and P) and three oxygen anions (O, Oy and Op). Each LiyOy tetrahedron
edge shares with two corner shared Li;O4 tetrahedra (Figure 2-5). It is important to note that y-
LisPOy4 structure has no P-O-P bonding (bridging) but is still stable at the relatively high
temperature of 1170°C.

2.1.2 Nitridation of lithium metaphosphates and lithium orthophosphate:
2.1.2.1 Metaphosphates

From Figure 2-2 we can see that pure metaphosphates have only Q* type tetrahedra in
chain and ring structures. The substitution of the oxygen atoms with nitrogen (nitridation) of
lithium metaphosphates significantly increases the crosslinking bonds in the structure. Boukbir

et al. [51] observed that as the N/P ratio increases, the Li/P ratio decreases, the glass transition
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temperature and hardness increase and the thermal expansion coefficient decreases. Larson et al

also observed these effects and found that nitridation increases the chemical durability [40].

Alkali metaphosphate glass-simplified Hitrided glass structure-example with
structure: two PO-N; tetrahedra J)
— Q=P =—P=—0 — }N_F_ﬂzr_u{
oR" LY oR oR

Figure 2-6 Nitridation of a part of metaphosphate chain. The nitrogen atoms that replace oxygen atoms
increase the cross-linking between PO, tetrahedra [7,51,52].

Reidmeyer et al[53] proposed several ways in which nitrogen dissolved in the phosphate
melt may increase the crosslinking of the PO4 network:

1) Nitrogen entering the glass is present as N ions which then replace the O ions
according to the reaction 30% (glass) + 2NH;3 => 2N (glass) + 3H,0. Hence the
replacement occurs in the ratio of 30> to 2N jons.

2) Two types of nitrogen bonds, on substituting for the oxygen atoms, are observed in the
glass: doubly coordinated (-N=) and triply coordinated (-N<) [7,51-54].

3) Nitrogen bonds with the phosphorus in PO4 tetrahedra by replacing both non-bridging
(=0) and bridging (-O-) sites and forms P(O,N), tetrahedra, whereas nitrogen does not
replace the oxygen atoms bonded to the metal cations (P-O'Me™).

The effect of nitridation in the metaphosphate glass structure is illustrated in Figure 2 — 6.
Wang et al observed that in the nitrided lithium metaphosphates ionic conductivity is
much higher (3.7 x 107 S/cm) than that of lithium metaphosphates (2.5 x 10” S/cm) [7]. The
nitridation of lithium metaphosphates also decreased the activation energy for Li" ion transport

from 0.74 eV to 0.57 eV [7]. According to Wang et al [7], the reason for high ionic conductivity
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could be because of structural distortion arises from additional cross-linking can and a lower

electrostatic Li bonding energy when a P-O bond is replaced by a more covalent P-N bond.
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Figure 2-7 Polyhedral crystal structure of -LizPO4 in (a) (001) shown above and (b) (100)
shown below with PO, (dark) LiO4 (light [6]

2.1.2.2 Orthophosphates

Lithium orthophosphate has the stoichiometry LizPO, and due to its Q° structure there
are no oxygen bonds between PO, tetrahedra. Reculeau er al [55] reported the phase
transformations of crystalline LisPO4 with temperature. The low temperature 3 phase transforms

to y phase at 500°C and vy transforms to a phase at 1170°C. B-LizPO4 has the Wurtzite crystal
17



structure with central or tetrahedral sites occupied by Li and P and these tetrahedral share only
corners and points in the same direction [6]. Figure 2.-7 and Figure 2-8 shows the polyhedral

crystal structure of B-LisPO4 and y-Liz POy respectively.

Figure 2-8 Polyhedral crystal structure of y-LisPOy in (a) (001) left and (b) (100) right. PO, (dark),
LiO4-(light), LijO4-(gray), LigO4.(dots). O;, Op, O represents black, gray and white circles
respectively|[6]

Wang et al synthesized polycrystalline LiIPON by a solid state reaction between LisN and
LiPOs3.[6]. X-ray and neutron diffraction studies on the polycrystalline y-LizPO4 and nitrided
Li3POy4 (Liz3sPO373Np.14) shows that nitrogen incorporation into y-Li;POy increases the average

Li-O bond distance from 1.99 A to 2.0 A causing a structural distortion. This is expected due to
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the larger effective ionic radius of N~ (1.32 A) as compared to that of 0> (1.24 A). As binding
energy is inversely proportional to Li-O bond distance, greater will be mobility of lithium, when
there is a weaker bonding between lithium and oxygen. As lithium ions are present in LiO4
tetrahedron, it must pass through the triangular faces and increase of Li-O bond distance would

favor the ionic mobility and conduction.
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Figure 2-9 Representation of structural difference in y-Li;PO, and polycrystalline LiPON with y-
LisPO, structure [6,16]

Although the nitrogen position was not successfully identified in the y-LisPOy4, he
assumed that the addition of nitrogen affects structural distortion and therefore enhancing ionic

conduction in nitrided LisPO4 (Li»g3PO373N¢14). By Rietweld analysis of neutron powder
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diffraction data, Wang demonstrated that nitrogen substitution for oxygen led to varying P-O
bond distance and angles in the PO4 and LiO4 tetrahedra.

High performance liquid chromatography used in this study [6]showed only a PO, peak
in case of y-LisPO, while the nitrided sample had peaks from P,O;*, PO3;N, and [OsP-
N=PO;]”. Since the PO, tetrahedra are isolated from each other in y-LisPOy there must be
some Li-P bonding disorder present to explain the presence of P»O;* and [O3P-N=PO;]>
anions.. The PO3N peak, having a nitrogen atom linked to a phosphorus atom and three lithium
atoms, is the main difference between the nitridation of y-LisPO4 and nitridation of lithium
metaphosphate glasses.

Surface XPS measurements showed that nitrogen could be incorporated in the form of
doubly and triply coordinated nitrogen The nitrogen atoms were found to occupy oxygen sites in
the Li3POy4 structure and the measured composition was Liy sPO373Ng 14, indicating that 3.25%
of oxygen vacancies are present and 1.75% of which accommodates nitrogen and the remaining
accommodates for 4% lithium. The ionic conductivity measurements on these crystalline
samples found that the nitrided Li; PO, had higher ionic conductivity (~1.4x10™"® S/cm) than that
of polycrystalline y- LisPO4 (~1.4x10™"® S/cm). The nitrogen addition decreased the activation
energy, from 1.24 eV to 0.97 eV, increased the Li-O bond length, reduced Li-O binding energy,
and enlarged the LiO4 tetrahedral triangular faces (Figure 2-9). These changes are consistent
with higher mobility for lithium ions.

The ab initio molecular orbital calculations [10] on the nitrided vy- LizPOg4
(Li23PO373Ny 14)[6]showed that lithium defects are favored near the nitrogen sites where oxygen
was removed.. They studied small molecular clusters [(HO)3POP{HO)3]2+ and found that the

geometry was affected (increased distortion of LiO4 and PO, tetrahedra) by nitridation
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[(HO)3PNP{HO)3]1+. LDA calculations indicate a Li/P disorder and P-N-P units formation in
the lattice and the lithium mobility was thus enhanced by lithium defects and structural distortion
of tetrahedra. In a subsequent study [14] they came to a similar conclusion by calculating the
lithium transport activation energy in both nitrided and non-nitrided model clusters for different
pathways with a y- LisPOy4 structure. The high ionic conductivity is favored due to lower
activation energy of lithium mobility in the defect lattice.

In addition to improving ionic conductivity, nitridation also significantly increased the
decomposition voltage of sputter-deposited LiPON thin films (5.5 V) from that of the non-
nitrided films (~3.5 V) [9].

The simulation results of Du and Holzwarth study suggested that interstitialcy
mechanism could be the favourable means for ionic conduction in crystalline y- Li3PO4 and B-
Li5P04.[56,57]. Effects of oxygen vacancies aids in rebonding of two adjacent PO4 groups and
is further optimized by replacing the bridging -O- with a bridging -N- to from stable bent and
straight PNP structures, which inturn stabilized Li ion vacancies. Whereas, on the other hand
placing a substit and nitrogen substitution resulted in bent and straight PNP POP defution N in a
tetrahedral phosphate group forms PO3;N that stabilizes interstitial Li ions in these
structures.[58,59] In either cases there will be tendencies to trap mobile ions near these defect
sites and in general the migration energy for ions to hop near the defects are much lower
compared to the migration from near defect site to the bulk material. This could be the large
activation energy for the crystalline LiPON (Li, 3sPO373No 14). In the case of LiPON thin films
there is structural disorder in which case both the vacancies and interstitialcy mechanism does
not affect the activation energy for the Li ion mobility. They also predicted two new materials

with highly symmetric structure, s1-Li,PO,N and s2-Li,PO;,N, obtained by replacing nitrogen
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in place of oxygen atoms. The s1 and s2 crystalline materials have Pbcm and Aem2 space groups
repectively.[60,61]. These materials were never been synthesized and possible synthesis routes
were suggested. The study of these materials will deepen the understand of Li ion conduction in
LiPON materials.

To better understand the ionic conduction in solid electrolytes, one of the main objectives

of this research, a deeper understanding of the ionic mechanism is mentioned here.
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Figure 2-10 Vacancy, interstitial and interstitialcy type diffusion processes in crystalline solids

2.2 Tonic conduction
2.2.1 Motion of Ions in solid electrolytes:

Ions move (conduct) through the solid electrolyte by hopping between the empty sites.
Such empty sites, vacancies or interstitial sites, have to be energetically equivalent to each other
in order to have the hopping process to be effective. Such diffusion processes are localized and
are called as vacancy, interstitial or interstitialcy types when they occur in crystalline solids as
shown in Figure 2-10. However, in the case of amorphous solids, the diffusion processes are
quite complex and can have more than one type of mechanism. The ions will occasionally
encounter non-favorable sites known as ‘bottlenecks’. Hence such motion paths are understood

as a succession of energy barriers and wells, shown in Figure 6-4. The net ionic conductivity
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from this process is expressed as the product of the mobile ion concentration (c), ionic charge
(q), and ionic mobility (u;),
o = cqu; (2-1

In the hopping process of ionic conduction, two times are considered. First, the actual
time, t;, is the time taken to jump from one site to another is about 10" to 10™"* s and is
independent of the material mostly [62]. Second, the average time between successive hops is
the ‘site residence time’, t;, and can vary from nanoseconds in solid electrolytes to geological
times in the ionic insulators. The inverse of the site residence time is known as the hopping rate
(®p), an important parameter. The motions of ions in solids are often modeled by a random walk
theory [63], neglecting correlated motions. However, more sophisticated models that include the
effect of surrounding mobile ions and glass network relaxation have been developed [49, 50].

From the random walk theory,

NeZa?
o= T Y *c(1 — dw, = Kwy (2-3)
B

where, N = number of equivalent sites, y = geometry factor, ¢ = relative concentration of active
ions, e = electron charge, a = jump distance between sites, and w,, = hopping rate. As w, is a

thermally activated process, the conductivity is temperature dependent:

AGy,
kgT

AH,,

) = ocexp (- 1= 2-3)

®p = O, EXP (— KT

where, ®, = ®, €Xp (— Aks—m) and AH,, is the motion energy (the energy needed to jump to an
B

adjacent site). Not all of the ions present are active and the active fraction may vary with

temperature according to:

AG
C =, €exp (— —) = cexp (—
B

) (2-4)
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where AH. is the active ion creation energy. Combining equations (2-2), (2-3), (2-4) and

assuming c¢ is much less than 1 we get:

Ne?a? ( AH, + AHC> A E, )s
= * * —_—_— = — —_ -

This equation introduces the activation energy (E,) for ionic mobility and can be

rewritten as:

_ %, R (2-6)
=T xe ks

Cionic
While the ion flux due to an electric field is characterized by the ionic conductivity, the ion flux
due to a mobile ion concentration gradient is characterized by the diffusion coefficient and Fick’s

first law. In one dimension:

aC;

The ionic diffusion coefficient and the ionic mobility, y;, are related by Nernst-Einstein equation
[63]:
p; = qD/KT (2-8)

In phosphate glasses (and also in silicate and borate glasses), it is widely accepted [66—
68] that ionic motion is greatly dependent on the presence of non-bridging oxygen (NBO). At
low concentrations, the inclusions of alkali oxides in glasses cluster to form localized, isolated
regions (lakes) of alkali ions having ionic bonds with NBO. When the alkali ion concentration is
increased, the lakes transform to percolating channels. These channels of high alkali ion
concentration become paths for the faster diffusion of Li ions as interstitials. A second migration
mechanism is exchange. An alkali ion bonded to NBO can migrate to adjacent = bonded NBO
site by the exchange of the ionic bond and m bond with the simultaneous motion of the alkali ion

position to the previously m bonded site. This bond exchange mechanism occurs uniformly in the
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primarily covalently bonded phosphate glass. However, the activation energy for this exchange
mechanism is higher than that for interstitial alkali ion transport in a channel and, hence, it is a
less important transport mechanism when channels are present. Alkali ion migration happens
most readily through these channels of high alkali ion concentration channels. In an amorphous
material it cannot be expected that all of these Li ion migration events have the same energy
barrier, and hence a range of energy barriers for Li ion conductivity exists and the net effective
energy barrier is what is experimentally measured as the activation energy for ionic conductivity.
The larger barriers for each mechanism can be understood to be associated with specific defect
sites and hence the reduction of defect density is understood to lower the activation energy for
lithium ion mobility. The ionic conductivity is further enhanced through the dispersion of

multiple diffusion channels throughout the film thickness.[68]
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CHAPTER 3 EXPERIMENTAL TECHNIQUES

3.1 Reactive sputter deposition

Sputtering is the process of transferring momentum from an incident energetic projectile
to a solid target such that the surface atoms or molecules are knocked out of the target. It has
significant advantages compared to that of the evaporation or chemical vapor deposition (CVD)
techniques. It allows easy control of alloy composition compared to evaporation, as the sputter
yields are similar for all metals and alloys while vapor pressures of the constituents of an alloy
may vary greatly. The microstructure of a sputter deposited film can be controlled during its
growth through low-energy ion and fast-neutral particle irradiation. Sputtering allows a low

substrate temperature during deposition compared to that of CVD.

ey

Substrate
o

Substrate

Plasma

Sputtering deposition geometry I

Figure 3-1 The sputtering deposition geometry used axial rotation of the substrate to provide
circumferential uniformity of the deposited film thickness from an off-axis magnetron sputter deposition
source (one of three is shown). The tilt angle of the deposition source was adjusted to optimize radial
thickness uniformity
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During sputtering, ions penetrate the target and displace the target atoms along collision
cascades. Momentum transfer is principally into the target and the sputter ejection is due to a
multiple collision cascade and does not follow from a single binary collision event.

The sputtering yield is the number of sputtered atoms per incident particle [69] and is a
time-averaged number as sputtering is a stochastic event involving chance or probability. The
sputtered atoms typically are ejected far from the initial collision site [70]. All of these collisions
can be considered to be fully elastic hard sphere interactions. There are important trends;
S « 1/U, where U is the surface binding energy, S varies linearly with the incident ion energy, E;

(100 eV to 1000 eV), and S is maximized when the mass of the incident ion (m;) and the target

.. . mjmg E;
m (m, imil. 1..SOC(‘—)*—.
atom (m,) are similar, i.e., —r (U

Sputtering atoms from a target is purely a physical process, in which the dynamics are
controlled by transfer of momentum from incident ions to the target atoms. Reactive sputtering
is a technique in which the film composition is different from that of the target due to the
incorporation of gaseous atoms during the sputter deposition process. Reactive RF sputtering is
done for LiPON films by sputtering a LizPO4 target in a nitrogen ambient whereas an argon
ambient is typically used for non-reactive sputtering.

3.1.1 RF substrate biasing

A RF voltage is applied between the electrically grounded deposition chamber and the
substrate (known as substrate biasing) to provide energetic bombardment of the substrate from
the surrounding plasma. This voltage induces the formation of a plasma at the substrate surface
and the interaction of the substrate with this plasma results in a net DC voltage between the
substrate and ground that is known as the bias voltage. This bias voltage represents an average

voltage with which the positive ions in the plasma may bombard the substrate. Typically, for a
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target voltage of -1000V to -3000V, a bias voltage of -50V to -300V is used. A charge-exchange
process occurs in the anode dark space and only a very few discharge ions strike the substrate
with full bias voltage energy. Rather, a wide, low-energy distribution of ions and neutrals
bombard the growing film. Substrate bias can provide advantages [69] by modifying the
properties of the deposited films including: film adhesion, step coverage, density, resistivity,
hardness, residual stress, optical reflectivity, and dielectric properties

The effect of bias on film gas content is complex. The fraction of chemically inert gas
atoms incorporated is typically proportional to V;%, where Vy, is the bias voltage. Some gases that
adsorb on the growing film may be removed by low-energy ion bombardment. For example,
both weakly bound physisorbed gases (e.g., Ar) and strongly attached chemisorbed species (e.g.,
O and N on Ta) most likely have large sputtering yield and low sputter threshold voltages and
are both readily removed by substrate bias. Gas species with unusually low sputtering yield may
be incorporated in to the growing film.

Energetic-particle bombardment prior to and during the film formation and growth makes
several changes microscopically. Those changes include removal of contaminants, surface
chemistry alteration, nucleation and re-nucleation enhancement, higher surface mobility of
adatoms, and increased film temperature with resulting accelerated atomic reaction and
interdiffusion rates. As substrate biasing induces such particle bombardment, it results in
modification of the film growth properties dependent on the above processes. This includes
surface roughening, eliminating interfacial voids and subsurface porosity, creating much finer
and more isotropic grain morphology, and the elimination of columnar grains. The LiPON films
of our preliminary research were reactively sputter deposited at bias powers of OW, SW, 10W,

15W, and 20W.
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3.1.2 Process gas pressure

Also, at 10W substrate bias power, process gas pressure was also varied to study the
influence of gas pressure on the LiPON film properties.
3.1.3 Deposition temperature

Under a subset of the substrate biasing conditions, the deposition temperatures were

varied from room temperature to 500°C.
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Figure 3-2 A metal/electrolyte/metal layered structure was used for ionic conductivity
measurements. (a) is the layer structure, (b) a side view, and (c) is a top view showing the cross
electrode geometry.

3.1.4 Sample preparation

The sample top and bottom electrode areas and the leads consisted of patterned Pt with an
intervening LiPON solid state electrolyte blanket film layer and were stacked as the
metal/electrolyte/metal (MEM) pattern shown in Figure 3—2. Stainless steel contact masks were
used to pattern the Pt depositions with the time of laboratory air exposure during the
introduction or removal of the masks minimized (typically 60 seconds) to prevent degradation
of the LiPON layer. The primary sample preparation sequence started with the deposition of a
10 nm Ti seed layer and 150 nm of Pt for the bottom electrode, both through a contact mask.

After removal of the mask the LiPON electrolyte layer was deposited. Subsequently, the top
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electrode mask was placed over the sample and 100 nm Pt top electrode was deposited. A

second LiPON “cap” layer of 200 nm was deposited on top of the wafer as a last step to serve as

an encapsulant to further mitigate atmospheric degradation of the LiPON layer during storage

and testing. To provide sufficient LiIPON material for the measurement of film density and for

the extraction of material for chemical analysis a second deposition run was made for each set

of conditions studied wherein a large area single layer blanket film of LiPON was deposited.
3.1.5 Sample processing:

The LiPON films were processed by reactive radio frequency (RF) magnetron sputtering
of a lithium ortho-phosphate target of 99.9% purity (from SCI Engineered Materials, Inc.) using
99.999% purity nitrogen as a process gas. The films were deposited onto a silicon wafer
substrate having thermally grown oxide surface layer providing electrical isolation from the
substrate. A sputter deposition system with three sputtering sources in a confocal geometry was
used for the depositions, as shown in Figure 3-1. The tilt angle of the sputter source was
optimized to provide radially uniform LiPON film thickness on the substrate (+/- 3% on whole
substrate and less than +/- 1% on the device area), which was rotated about its axis during the
depositions. Preliminary work by the authors identified a target RF power of 150 Watts with a
20 sccm flow of nitrogen gas at 5 mTorr and a target to substrate (substrate center) distance of
~12 cm as suitable fixed process parameters for use in the present investigation of substrate
biasing, substrate heating, and process gas pressure. [71]

With confocal geometry, the amount of deposit can be radially balanced for uniform
thickness by adjustment of the sputtering source angle of tilt, but radially non-uniform plasma
bombardment on the substrate surface may still occur. As the target to substrate distance is

longer from the center of the substrate holder compared to that of the periphery, a less energetic
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bombardment at the center of the substrate and a more energetic bombardment at the film outer
diameter is expected for the films deposited without RF bias. Accordingly, a greater film
adhesion at the outer diameter is expected compared to the center, and this was observed wherein
the LiPON film at the center of the substrate holder was loosely adhered and tended to
delaminate. Such occurrence provided the initial motivation for the investigation of RF bias
during LiPON deposition.

To improve the film adhesion by providing a more uniform bombardment across the
substrate surface, a RF substrate bias was applied to the substrate holder, increasing the density
and acceleration voltage of the energetic ions in the plasma beneath the substrate holder. The
strength of the bias was controlled by a constant power setting and the bias power levels
investigated (with the corresponding bias acceleration voltage ranges tested) were: OW (15 to
18V of plasma potential), SW (110 to 125V), 10W (135 to 155V), 15W (165 to 185V), and 20W
(195V to 215V).

Indirect heating of the substrate surface (200°C to 500°C) by halogen lamps irradiating
the backside of the Inconel substrate holder was also used during deposition to observe its
influence on the film properties.
3.2 Characterization

Amorphous LiPON thin films, lacking crystalline order, were expected on this study

based on the work of others[5,22,24,27,30,31] and it was confirmed in this work by X-ray
diffraction and transmission electron microscopy of selected samples. In addition,
characterization of the other aspects of the sputtered LiPON thin films using various techniques
to determine the thickness, stress, ionic conductivity and its activation energy, lithium to

phosphorus (Li/P) atomic ratio, bonding information, film density, and density of defects was
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performed. The film thickness and optical properties were measured using a spectroscopic
ellipsometer in the visible to ultraviolet (UV) range. The stress in the LiPON thin films was
determined by measuring the change in radius of curvature of the substrate before and after the
film deposition. The ionic conductivity of the LiPON films was determined by measuring the
impedance of metal/L.iPON/metal capacitive thin film structures as a function of frequency, a
technique known as electrochemical impedance spectroscopy. In this technique, a signal
voltage over a wide range of frequency is applied to the metal-electrolyte-metal structure, and
the phase shift and amplitude (i.e., real and imaginary parts) of the signal current at each
frequency are measured to give the impedance at that frequency, from which the ionic
conductivity is determined. The activation energy for the lithium ion conduction was calculated
by fitting the ionic conductivity at four different temperatures (i.e., 21°C, 30°C, 40°C, and
50°C) to an Arrhenius temperature dependence. The Li/P atomic ratio was determined using
inductively coupled plasma-optical emission spectroscopy (ICP/OES). Prior to this analysis,
samples were digested using a method developed specifically for LiPON samples. The film
density was determined from the film mass and volume. The film mass was calculated as the
difference between the wafer mass measurements with and without the film present, and the
film volume was calculated from the film area and thickness.
3.2.1 Spectroscopic ellipsometry
A spectroscopic ellipsometer was used to study the thickness and optical properties of
LiPON films and an ellipsometer set-up is shown in Figure 3-3. It measures the change in
polarization of the irradiated light, at a fixed angle, that reflects from or transmits through a thin
film material. This polarization change is represented by an amplitude ratio, ¥, and a phase

difference, A. However, the response of these measurements is dependent on the film’s
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thickness and its optical properties (i.e., refractive index, n, and extinction coefficient, k).
Additionally, other properties including composition, crystallinity, roughness, and doping

concentration can be inferred.
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Figure 3-3 Ellipsometry set-up.

Film thickness is obtained by the interference of light reflected from the surface and that
reflected from the sub-surface and requires that the film be sufficiently transparent (or
sufficiently thin) for the sub-surface reflection to reach the detector. Such interference can be

constructive or destructive, which accounts for the amplitude and the phase relationships
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between the reflected light from the surface and subsurface. Phase information, given in terms
of A, is very sensitive to films of even sub-monolayer thickness. Ellipsometry can measure film
thicknesses from sub-nanometers to a few microns, with limitations. When the film thickness is
several tens of microns, the interference of the oscillations will be increasingly difficult to
resolve, unless long infrared wavelengths are used. For an optically absorbing film the
maximum thickness that can be measured is limited by the lack of intensity of the sub-surface
reflection. In this case, measurements can be done within a spectral region with lower
absorption. For example, an organic film is transparent at mid-visible wavelengths, while it may
be strongly absorbed at non-visible wavelengths. Metals absorb strongly at all wavelengths and
typically have a maximum layer thickness that can be determined below100 nm.

For our study a fixed angle stage JA Woollam M2000 ellipsometer was used. The
ellipsometer was operated by using the WV ASE software for data acquisition and analysis.[72]
The multiple layers of the sample were modeled using the Cauchy and Urbach equations for the
optical constants of the LiPON layer and using published values for the optical constants of the
SiO, layer and the silicon substrate.[73]

The Cauchy equation was used to model the index of refraction in the ultraviolet and

visible wavelength regions, as given by

B, C
nd) = 4, +/1—’21+/1—Z (3-1)

where A, is a constant term and the B,, and C,, terms provide for wavelength (1) dependence.
In order to model the absorption in the ultraviolet wavelength region the Urbach equation
was used:
k(1) = AgeBE=Eb) (3-2)

where A, is the extinction amplitude, B is the exponent, E is the photon energy, and E}, is
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the band edge energy expressed in electron volts (eV). The LiPON layer’s optical properties are
then modeled as a number of oscillators to fit the optical constants of the film, maintaining

consistency between the fit parameters and the Kramers-Kronig relations[74,75].
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Figure 3-4 Overlapping top electrodes of adjacent devices in ionic conductivity
measurement.[33,76]

The optical properties of an amorphous film can be used to understand the defects or
irregularities in its bonding as has been done extensively for amorphous silicon, where defects
are observed as electron states between the conduction and valance bands.[77] These bonding
defects give rise to an “optical tail” or “Urbach tail[78]” in plots of the absorption coefficient, o
= 47k/A, as a function of photon energy. Equivalently, tails in plots of the extinction coefficient,
k as a function of wavelength are observed as indications of optically active defects in the
amorphous structure. These defect states between the conduction and valance bands of an
amorphous material also serve to narrow the effective band gap and Tauc’s relation is commonly
used to determine the effective optical band gap in a disordered or amorphous material: [79]

(a*hv) =Ax (hv — E,)? (3-Error!
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where hv is the photon energy, A is a constant and Ej is the optical band gap. The band
gap is calculated, from the extrapolation of a straight line to @« = 0, at hv = E,, by plotting

(a = hv) %5 against hv. The number of optically active defects per unit volume is expected to be
proportional to the penetration depth, 6, which is given by 6 =1/a = A/4 7k.
3.2.2 Electrochemical impedance spectroscopy

Ionic conductivity is measured by a technique called electrochemical impedance
spectroscopy (EIS) using a Solartron 1260 impedance analyzer.

Here, an input sinusoidal voltage is applied to a metal-electrolyte-metal (MEM) device,
while the output current is measured at the same frequency of the input voltage but not in the
same phase. These measurements are done over a range of frequencies. The measured current
(D) is related by the sample impedance (Z) to the applied voltage (V), all of which are functions
of excitation frequency, hence

Z(w) = V(w)/1(w) (3-4)
where Z, V and I are all complex quantities. It is one of the most important techniques for

studying interfaces in electrochemistry.
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Figure 3-5 Impedance-Frequency response, Nyquist plot, of a typical MEM device. Dotted line

show imperfect blocking electrodes

In this research, EIS is mainly used to calculate ionic conductivity and activation energy

for LiPON films in the MEM device configuration. Figure 3—2 shows a simple sample structure

that consists of LiPON sandwiched between two ion-blocking platinum contacts. Note that each

element to be measured is electrically isolated as shown in Figure 3-2c). Other sample

geometries, an example shown in Figure 3—4 reproduced from the work of Fleutot et al.[33,76],
allow multiple elements to form electrical series-parallel circuits that can result in measurement
error for the intended element. The modeling software ZView was used for fitting the data to
obtain electrolyte resistance from which ionic conductivity was calculated.[80]. The results of
the impedance measurements are generally shown with a Nyquist plot of real and imaginary
impedances or a Bode plot with impedance against frequency. A Nyquist plot is shown in Figure
3-5. In this Figure the imaginary part of the impedance is plotted against the real part while the
frequency is scanned from 10 to 10° Hz. At very high frequencies, only the series resistance is
significant (Zin 1s zero) and this allows measurement of R;. The semicircular region is from the

intermediate frequencies where the capacitance and ionic conductance have significant

contributions to the total impedance. Rijonic 1S the diameter of this semi-circle, with its first
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intercept on the abscissa axis at Ry, and with a Z;, maxima at Rjonc.Ce.0 = 1. At lower
frequencies a straight vertical line (shown as a solid line, a, in the Figure 3-5), corresponding to a
pure capacitive response occurs. A deviation from the ideal behavior when the metal contacts
are not purely blocking, is shown by the dashed vertical line, b, in Figure 3-5. Such deviations
can be present when a rough interface is present leading to a non-homogeneous current flow
across the interface.[81]

A circuit model, shown in Figure 3-6 is used for fitting the data in the Nyquist plot and
obtaining ionic resistance of the electrolyte. The circuit model is chosen to include elements
which relate to the conduction mechanism in the device being studied. Here, Ry is the series
resistance of the leads and the thin film metal contacts, Ci, is the capacitance due to opposite
charge build up in either sides of blocking interface when the voltage is applied across the
device, Cy is the geometric capacitance of the MEM device and Rjonic 1s the electrical resistance
of the LiPON film which is presumed to be the Li ion contribution due to the small electronic

conductivity reported for LiPON.
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Figure 3-6 Circuit model of an MEM device
In order to calculate the ionic conductivity from imperfect electrode interfaces that gives
double layer capacitance, a modified circuit model was used as shown in Figure 3—7. This model

is based on the work of Jamnik and Maier([82], Lai and Haile[83], and Donnelly and Randell[84].

38



In this circuit model, a constant phase element (CPE-bulk) was used instead of bulk capacitance.
An additional resistance (R-intr) with a CPE circuit (CPE-intr) was added to accommodate the
interfacial or reactive layer. Warburg impedance (diffusional behavior) and a double layer
capacitance (C-DL) were added in parallel to account for the contributions from the electrode

interface. The contact lead resistance (R-contact) was also included in this model.

R-contact R-ion R-intr Warburg
Ty

CPE - intr C-DL

b Y

Figure 3-7 The equivalent circuit model used to extract ion transport resistance, R-ion, to
determine the ionic conductivity of LiPON films. The other circuit elements are identified in the
text.

The concept of double layer capacitance involves the presence of electrical potential
difference at the interface between metal and electrolyte. If metal has negative potential or full
of electrons, the adjoining layer (positive) is typically the width of ionic radius formed due to
contact adsorptions of cations. This adjoining layer is called an inner Helmholtz layer and an
outer Helmholtz layer that exists after is due to electrostatic adsorption. The farther end of
diffused layer is a uniform mixture of anions and cations. The capacitance of the double layer is
calculated from both Helmholtz layer and the diffused layer. Grahame[85] extended the work of
Stern’s model which combined the models of Helmholtz, Gouy and Chapman.

When the electrolyte resistance is calculated from the Nyquist plot of EIS spectra, the

ionic conductivity is calculated from the equation below:

1
o= m S/cm (3—5)

The activation energy was calculated from Arrhenius plots of lithium ion conductivity at

four different temperatures (21°C, 30°C, 40°C, and 50°C) using the Arrhenius equation,
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o = gpeksT

(3-6)
where o is the ionic conductivity in S/cm, g, is the constant prefactor, E, is the activation energy
in eV, kp is the Boltzmann constant (8.617)(10"5 eV K'l), and, T is the temperature in Kelvin.
The EIS spectra were obtained for the LiPON films at temperatures of 21°C, 30°C, 40°C,
and 50°C. Plotting the log of the ionic conductivities against inverse temperature gives a slope
from which activation energy can be calculated using the following equation:
In(ot) = (-EA)/KT + In(cy) 3-7)
3.2.3 X-ray photoelectron spectroscopy
The principle of X-ray photoelectron spectroscopy (XPS) is the photoelectric effect
which is shown in Figure 3-8. The photoelectric effect was first documented by Hertz in 1887
and was explained mathematically by Albert Einstein in 1905 (Nobel Prize in 1921) by
proposing the concept of light as quantum packets or photons. The photoelectron emission was
first used as an analytical tool, electron spectroscopy for chemical analysis (ESCA) by Kai
Siegbahn[86], for which he received a Nobel prize in 1981. XPS is used to perform both
qualitative and quantitative surface analysis of materials.[87] The sample is irradiated with X-
rays at specific photon energy, hv, typically larger than the binding energy, Ep, of the electron
from its occupied state. The kinetic energy, (Ex) of the ejected electron, is thus related by
Eg =hv—Ex— ¢ (3-8)
where ¢ is the work function, which is the potential difference between the Fermi level of the
sample and the vacuum level. The vacuum level depends on both the sample and the
spectrometer. Photoelectrons are emitted at different energy levels that vary according to the
atomic species and local bonding. The chemical states of the elements that are present can be

quantified by an analysis of the electron energy spectra.
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The bond structure and associated elemental composition of the LiPON films were
studied by ESCALAB-220Xi, an x-ray photoelectron spectrometer. The system was operated
using the Avantage software and the samples were irradiated from an Al-K, monochromatic X-
ray source to a spot of 150 um by 800 um with a residual vacuum of 8 X 10™ Torr or better. The
survey spectra were obtained (between 0 eV and 1210 eV) with a pass energy of 50eV and the
high resolution scans were obtained with 20eV pass energy. A basic configuration of
ESCALAB 220 XTI and its schematics are shown in Figure 3-9.

A depth profile was obtained (with an EX05 argon ion source) by collecting high
resolution scans after argon ion etching at fixed three minute time steps from the top electrode
through the electrolyte and to the bottom electrode (the electro-chemical impedance
spectroscopy sample structure). The EXO05 argon ion source was maintained with a fixed beam
energy of 3 kV and a beam current of ~1pA and was differentially pumped to maintain the base
pressure at ~5 X 107 Torr or better during ion milling. The condenser and focus lens was fixed
for all the scans. The ion milling was rastered a sufficiently large area such that the X-ray
irradiated area of the sample could be easily positioned within the rastered area to insure that all
photoelectrons captured were from a uniform depth of the etched region.

The high resolution scans include Li 1s, P 2p, O 1s, N 1s, Ar 2p, Pt 2p, Si 2p, and C 1s.
Cls (284.6 eV) was used as the reference voltage for surface scans and the Ar 2p (241.9 eV for
Ar 2p3;2) was used as the reference voltage in depth profile scans, however a charge neutralizer
was not used and additional shifts in energy scale were observed due to surface charging. The
shifts in electron energy scale for the spectra obtained during depth profiling were corrected by
use of the Ar2p peak as the reference energy. It should be noted that all of the peaks present in

any spectra taken were found to shift uniformly. Hence, the deconvolution of the spectra into

41



distinct bonding types was not affected by the charging induced energy shifts. Small changes in
the energy scale shift were observed over time (between acquisitions of different spectra) and
these resulted in some uncertainty in peak positions, as given in the data presented. We identify
the weak peak of the P2p spectra that has higher intensity with increased sample deposition
temperature to be reduced phosphorus (bonded to neighboring phosphorus atoms with possibly
no valence) due its position relative to the primary phosphate peak.[87] The weak peak in the
N1s spectra that we observed has been reported previously in the literature but not identified.[7]
The weak peak in the Lils spectra is identified as lithium bonded to oxygen, as in Li,O, due to
its position relative to the primary peak of Li bonding in LiPON.[87,88]

For each condition, data was also obtained on the blanket film adjacent to the device in
order to compare to prior published works. The data were exported as text file and converted to
vamas files in Casaxps software[89], for data analysis. As described below, an average spectrum
(of consistent profiles within the film) was then created using the Expression calculator in the

software, to provide information representative of the bulk of the LiPON layer.
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The Photoelectric Effect

Figure 3-8 The photoelectric effect in X-ray photoelectron spectroscopy
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Figure 3-9 A basic ESCALAB 220XI configuration and schematics
3.2.4 Secondary ion mass spectroscopy
The elemental composition as a function of depth below the surface is measured by

secondary-ion mass spectroscopy (SIMS). In this technique, a high energy primary ion beam is
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used to sputter an area of the sample and the interaction of these primary ions with the sample
surface has three major effects: (1) mixing of upper layers of the sample thereby amorphizing the
surface, (2) implantation of atoms from the primary ions into the sample, and (3) ejection of
secondary particles, such as atoms and small molecules. The ejected secondary particles contain
electrically neutral as well as charged species. The secondary ions that are ejected from the
surface are extracted to a spectrometer that determines the charge to mass ratio of the ions. The
extraction employs an electric field between the sample and an extraction lens. The accelerated
secondary ion beam is then led into a mass spectrometer to sort the ions according to their mass
(and energy) and is then counted by an ion detector. Ion detector could be an electron multiplier,
a Faraday cup or a channel plate. The count rates of various secondary ions give composition
information in the sputtered area. The size of the primary ion beam diameter, which is typically

in the micro-meter scale, determines the lateral resolution of this technique.
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Figure 3-10 Perkin Elmer — Optima 2100 DV ICP/OES spectrometer
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3.2.5 Inductively coupled plasma — optical emission spectroscopy

ICP/OES is a widely used technique for lithium and phosphorus detection in LiPON
films. In ICP/OES, the intensity of light emitted from the ions in a plasma at characteristic
wavelengths is measured. Elemental concentrations of ions from the film that were introduced
into the plasma are then obtained from the light intensity measurement by comparison to the
reference samples[29].

The average lithium (Li) to phosphorus (P) atomic ratio was determined using a Perkin-
Elmer Optima 2100 DV ICP/OES system with AS-93 Plus Autosampler and Winlab32 software
for performing elemental analysis. Figure 3-10 shows the configuration of the Optima 2100 dv
spectrometer. Wavelength selection is achieved with simultaneous rotation of both prism and
grating through scanning sequentially and for each element the maximum rotation is not more
than £2°, the average wavelength selection is less than 2 seconds. The dual monochromator uses
two high slits with no loss of image quality for high optical throughput and part of the slit height
is used for the simultaneous neon reference spectrum towards wavelength correction. Two slit
widths are available and each width setting is selected automatically by the system for UV and
visible wavelengths. The CCD array detector analyzes the complete analyte spectrum and the
automatic dual viewing mechanism ensures the lowest detection limits and widest working
ranges. The plasma source of Optima 2100V is a 40 MHz solid state RF generator that can be
operated between 750 to 1500 Watts in 1 Watt increment at 81% efficiency. The temperature of
the plasma is 8000K to 10000K. The RF power from the solid state oscillator ionizes the argon
in the torch and thereby producing the plasma and excites the atoms of the sprayed liquid to emit
energy as photons at their atomic wavelengths. This photons are detected optically and

measured electronically in dual views either radially adjacent to the plasma (to minimize the
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matrix effects) or axially above from the plasma (for lowest detection limits), as shown in Figure
3-11. A simultaneous dual viewing ICP instrument can measure 60 different elements at the
same time without compromising the detection limits. The peristaltic pump, integrated with 3
channels, can be set at 0.2 to 5 mL/min with 0.1 mL/min increments and uses a 0.76 mm (0.030
inch) inner diameter tube.

A digested sample (LiPON films in nitric acid) was introduced at 1.5 mL/min into a
cyclonic spray chamber through a Meinhard Type C concentric glass nebulizer for aerosol
generation. The nebulizer flow rate was set at 0.7 mL/min. Then sample aerosol was carried and
injected into the plasma within a tulip quartz torch through an alumina injector. The plasma
parameters were set at 1400 Watts of RF power with 15 L/min of plasma flow and 0.2 L/min of
auxiliary flow. In the plasma, sample molecules were ionized and subsequently produced ionic
optical emission spectra which were detected using a scanning charge-coupled device array
detector. Lithium was measured at 670.8 nm using the radial window, while phosphorus was
detected at 213.6 nm using the axial window.

A digestion method prior to the ICP/OES analysis was developed to reliably extract the
target metals from the LiPON sample. The method developed consisted of digesting the ample
in 5% HNOj3 at 95°C of 50 mL for one hour and this was compared to a previously published
digestion method in 20% HNO; at 75°C by Kim.[29] These two methods were quantitatively
compared by digesting known amounts (0.30 mg or 0.31 mg) of LizPO4 powder (99.9% purity,
Sigma Aldrich) and analyzing for Li and P by ICP/OES. The results were assessed based on
accuracy (%Recovery of the actual lithium and phosphorus measured as compared to the
standard LizPO4) and precision (%RSD of duplicate samples). The acceptable values for

%Recovery range from 80 to 120% with < 10% for %RSD. The developed digestion method
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showed average recoveries of 92% (n=3) with 3 %RSD for Li and 78% (n=3) with 4 %RSD for
P. These results, especially %Recovery, are better than the published method which showed 87
J%Recovery (n=3) with 1 %RSD for lithium and 73 %Recovery (n=3) with 3 %RSD for
phosphorus. Therefore, the 5% HNO3 at 95°C for one hour digestion procedure was adopted for

the analysis of the LiPON thin film samples.
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Figure 3-11 Radial view and axial view schematics in Optima 2100 DV ICP/OES spectrometer

Applying the developed digestion procedure in the analysis of Li and P of LiPON thin
film samples showed an average of 92 %Recovery (n=3) with 2 %RSD for lithium and 92
%Recovery (n=3) with 1 %RSD for phosphorus. There was no Li or P detected on the blank
while the spiked blank showed 91 %Recovery for Li and 89 %Recovery for P. These values are
within the acceptable limits for accuracy and precision. Li and P were also analyzed by an
external certified lab and compared to in-house analyses. Assessments of the results were also
based on %Recovery and %RSD. The results for the external certified laboratory (n=2) showed

80 %Recovery with <1 %RSD for lithium and 86 %Recovery with 8 %RSD for phosphorus.
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The in-house results (n=3) were 94 %Recovery with <1 %RSD for lithium and 103% Recovery
with 1% RSD for phosphorus. Based on these results, the digestion procedure developed prior of
ICP/OES analysis of lithium and phosphorus is applicable for LiPON samples.

3.2.6 Stress measurements

The stress developed in the LiPON films during deposition is measured by the change in
curvature of the film’s substrate before and after film deposition using a Tencor Flexus FLX
2320 instrument. The curvature change is concave for tensile stress and convex for compressive
stress.

The wafer with blanket LiPON films were used for the stress measurements and four
radial scans through the center of the wafer at 45 degree separations were used to determine the
average change in the substrate radius of curvature. Figure 3—12 shows the position of 3 inch
diameter silicon substrate with thermally grown oxide on to the substrate holder upon deposition.
Here the substrate is positioned between center and the edge of the holder and hence the average
stress values area calculated for the four position scanning explained above. When there is
delamination in case of no substrate bias or 0 Watt substrate bias sample, position 1 is neglected
and the average stress is calculated from 0, 2 and 3 positions. The Stoney[90] formula was then

used to calculate the biaxial stress state of the sputter deposited film:

1. Egd?
T 6R  (1-vydf

O'f (3-7)

Es

where o is the film stress, is the biaxial elastic modulus of the substrate [1.805)(1011 Pa for

Vs

Si (100)[91]], ds is the substrate thickness, R is the change in the radius of curvature, and , d is

the film thickness.
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0,1,2,3 — represents
the orientation of
stress measurement

Figure 3-12 shows the sample placement on the substrate holder during LiPON film deposition
for stress measurements.
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CHAPTER 4 PRELIMINARY RESULTS AND DISCUSSION
4.1 Thickness measurements
Spectroscopic ellipsometry was used to characterize the thickness of the LiPON films
deposited on a. 6” diameter wafer. The gun tilt angle in the sputtering system was optimized to
give uniform thickness of the deposited film across the wafer. Figure 4-1 shows the film
thickness plotted against the distance from the wafer center for three gun tilt positions.
Depositions made with the medium tilt position show uniform thickness from the center to the

periphery.
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Figure 4-1 Thickness profile Vs Gun tilt

Initially, films deposited on full wafers had poor mechanical stability and underwent
delamination at the center of the substrate. This delamination was successfully eliminated by
applying RF bias to the substrate during deposition. Substrate bias powers of 0, 5, 10, 15, and 20
Watts were used to study its effect on improving film stability and ionic conductivity. RF
substrate bias can remove film material from the substrate and hence reduce the net deposition

rate of the film. Figure 4-2 shows the net deposition rate at these substrate bias powers. Figure
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4-3 and 4-4 shows a cartoon displaying delaminated and non-delaminated film on silicon

substrate respectively.
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Figure 4-2 Deposition rate Vs Substrate bias

4.2 Stress measurements

Thin film stress measurements were made using Flexus instrument. Stress is calculated
from the Stoney’s formula, using the radius of curvature of the substrate measured before and
after film deposition. Stress measurements were made from samples deposited at various
processing conditions using 3” diameter wafer substrates. While it is presumed that the film’s
stress state is biaxial, measurements were made at two orthogonal directions, identified as “0”
and “1”, to understand the stress variation. These correspond to circumferential and radial
directions, respectively, on the substrate holder for samples positioned as shown in Figure 3-12.
Significant variations in the stress measurements were observed, as shown in Figure 4-5. The
higher compressive stresses were observed for the samples deposited with OW, 15W, and 20W

bias and these were also the samples that exhibited delamination.
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Figure 4-3 Cartoon of the delaminated film on Silicon

Figure 4-4 Cartoon of the non-delaminated film on Silicon
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Figure 4-7 Delaminated film-SEM surface, cross section and FIB cross section

Figure 4-8 Non-delaminated film with crack initiating site-SEM surface, cross section and FIB cross
section
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4.3 Surface characterization
4.3.1 Surface roughness

Atomic force microscopy was used to analyze surface topography and surface roughness.
This analysis showed that RMS roughness decreased with increasing substrate bias power.
4.3.2 Scanning electron microscopy

Surface and cross section film morphology was analyzed using scanning electron
microscopy (SEM). Both the delaminated (Figure 4—7) and non-delaminated (Figure 4-8)
regions of the sample deposited at OW bias were examined. Figure 4-7 shows a plan view and
cross-sectional image of film from the delaminated region. A high porosity is evident in the
film. Figure 4-8 shows a blister formed and a focused ion beam (FIB) cross-sectional sample
preparation of a second blister imaged by secondary electron emission in the FIB. The blisters
are understood to be small regions of delamination from compressive stress. The inset of Figure
4-8 shows a non-blistered region and a reduced porosity compared to Figure 4-7 is evident.
4.4 Secondary ion mass spectroscopy

The secondary ion mass spectroscopy (SIMS) depth profiles of the porous, delaminated
central region and the denser edge region of the OW bias sample are shown in the Figures 4-9
and 4-10, respectively. Consistent with the SEM image shown in Figure 4-7 adventitious carbon
contamination is present throughout the depth profile in the central region. The denser edge
region shows a uniform film composition from the surface to a depth of 640 nm, after which a
chemical interaction with the silicon wafer substrate is clearly evident from 640 nm to 860 nm.
The samples deposited at all of the other bias powers had similar SIMS profiles to that shown in
Figure 4-10. The thick substrate interaction layer requires that this aspect be examined further in

future work.
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4.5 Summary

Stable LiPON thin films can be produced by intermediate levels of substrate biasing
during RF deposition. The intermediate bias levels had minimal film compressive stress and did
not suffer delamination. All the biased samples showed a stable elemental composition through
the depth of the sample. . Bias effected the mechanical properties of the films (stress, adhesion).
However, these LiPON films were deposited on to the silicon wafer and this generally gives rise
to an additive error in the calculation of ionic conductivity measurement. SIMS experimental
analysis shows lithium diffusion through the silicon substrate. thus Li/P atomic ratio
measurement by ICP/OES does not represent the actual amount of lithium present in case of
:LiPON deposition on the oxidized silicon wafer. The trends and variations in the ionic
conductivity and the ICP/OES analysis needs to be revisited and understood deeply. Hence all
the subsequent samples in the further research were deposited onto thermally grown silicon

dioxide (>800 nm) on prime grade (100) silicon wafer.
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CHAPTER 5 RESULTS

Table 5-1 Samples identified as A to O are processed at the conditions of substrate bias power,
deposition temperature, process gas type, process gas pressure and flow as given. Additionally,
the deposition rate for each sample, calculated from the LiPON electrolyte layer deposition time
and thickness is also included.

Substrate | Deposition Process gas Deposition
Series Samples bias temperature ARN Pressure | Flow orat(.a
(Watts) (&(®) 2 | (mTorr) | (scem) | (A/min)

A 0 24 N, 5 20 18.00

B 5 24 N, 5 20 13.68

Bias series C 10 24 N, 5 20 11.86
D 15 24 N, 5 20 11.51

E 20 24 N, 5 20 9.46

F 10 200 N, 5 20 10.97
Temperature G 10 300 N, 5 20 11.00
series-I H 10 400 N, 5 20 10.57

| 10 500 N, 5 20 8.13
Gas pressure J 10 24 N, 10 20 18.00
series K 10 24 N, 15 20 13.68

L 0 300 N, 5 20 17.38
Temperature|™y 20 200 N 5 20 3.50

series-11
N 20 300 N, 5 20 7.36
Liz;PO4 0) 0 24 Ar 5 20 16.68

The deposition process conditions for the LiPON films of this study are given in Table 5-
1. Samples A through E were deposited at a RF bias power levels ranging from none (0 W) to
20 W. Samples F through I were deposited at deposition temperatures ranging from 200°C to
500°C. Also included in Table 5-1 are samples deposited to explore combinations of bias and
increased deposition temperature (samples J, K, and L), increased N, gas pressure during
deposition (samples M and N), and a sample deposited with Ar instead of N, to provide a LiPO4
film for comparison. The deposition rate measured for each set of deposition conditions is also

given in Table 5-1, wherein can be seen that the deposition rate reduces as bias power or
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deposition temperature are increased.

Table 5-2 Results of characterization of LiPON samples A through O. The film properties given
are the ionic conductivity, the activation energy for the ionic conduction, the thin film intrinsic
stress, (developed during deposition and cooling), the film density, the refractive index (n) at 999
nm, the extinction coefficient (k) at 246 nm, the penetration depth at 246 nm and the optical band

gap energy.

sample Ionic. . Activatio | Film FiIrr.1 n at kat | penetration Eg
. conductivit | nenergy | stress | density | 999 246 depth, 6 (eV)
y (S/cm) (eVv) (MPa) | (g/cc) nm nm (nm)
A 7.81E-07 0.68 -8.0 2.24 1.606 | 0.019 1041.81 3.95
B 9.55E-07 0.62 -53.7 2.15 1.638 | 0.081 242.10 3.77
C 1.76E-06 0.54 -159.4 2.13 1.658 | 0.166 118.06 3.52
D 1.48E-06 N/A -199.5 2.18 1.664 | 0.178 110.34 3.60
E 1.81E-06 0.53 -204.9 2.21 1.697 | 0.071 277.03 2.70
F 3.05E-06 0.62 124 2.28 1.682 | 0.148 132.07 3.57
G 3.08E-06 0.57 144.8 2.43 1.669 | 0.118 166.55 3.62
H 3.37E-06 0.51 226.8 2.42 1.668 | 0.065 300.86 3.68
| 9.78E-06 0.49 265.8 2.52 1.697 | 0.041 483.60 3.75
J 3.52E-07 0.56 -69.3 2.25 N/A N/A N/A N/A
K 2.91E-07 0.62 -124.9 2.11 N/A N/A N/A N/A
L 9.01E-07 0.57 130.3 N/A 1.636 | 0.029 673.06 3.74
M 3.21E-06 0.55 -58.1 N/A 1.685 | 0.166 117.70 3.50
N 3.70E-06 0.50 99.8 N/A 1.686 | 0.127 153.74 3.68
0] 7.06E-07 0.59 28.1 2.44 1.585 | 0.033 627.76 3.82

Some of the properties of the films deposited for samples A through O are shown in Table
5-2. These include the ionic conductivity, the activation energy for ionic conduction, the film
stress, the film density, and selected optical properties. Notably, Sample I, deposited at the
highest temperature of 500°C has the highest ionic conductivity.

The XPS measurements of film composition includes compositional measurement after

an initial Ar ion beam cleaning (and hence some erosion) of the sample surface and after several
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additional Ar ion milling steps to provide composition measurements throughout the depth of the

film (depth profiling).
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Figure 5-1. Results of the XPS depth profiling of sample G. Inset (a) shows the variation of
composition as atomic percent as a function of ion milling time in an area with Pt electrodes.
Inset (b) shows the equivalent depth profile of an adjacent area without Pt electrodes. Inset (c)
shows %LiPON, %Pt, %C, %Si and the (>N-)/(=N-) bond ratio as a function of ion milling time
for an area with Pt electrodes. Inset (d) shows the %LiPON, %Si and the (>N-)/(=N-) bond ratio
for an adjacent area without Pt electrodes. Inset (e) shows the high resolution N1s scans from
the area with Pt electrodes overlayed at a sequence of ion milling times to illustrate the relative
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consistancy of the N bonding with depth. Inset (f) shows the high resolution N1s scans from an
adjacent area without Pt electrodes to illustrate the variation of N bonding in the upper portion of

the LiPON layer.
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Figure 5-2. Results of XPS depth profiling of samples B and F. Insets (a) and (b) show the
variation in composition and bonding for sample B in an area with and without Pt electrodes,
respectively. Insets (c) and (d) show the same comparative data for sample F.
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Figure 5-3. Examples of the deconvolution of the high resolution XPS spectra from sample G of
Lils, Ols, N1s and P2p scans are given by insets (a), (b), (c) and (d), respectively. The
attribution of the peaks to different bonds is given in the text.

The later step which is a depth profiling was done on both the Pt/LiPON/Pt device area

and on the blanket film region without Pt electrodes immediately adjacent to the Pt/LiPON/Pt
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device. The compositional profiles of the tested LiPON (i.e., sample G) on the device region and
on the adjacent region are shown in Figures 5-1a) and 5-1b), respectively. For clarity, the
regions corresponding to each layer present in the profile are indicated in the Figures.
Significant differences between the LiPON film composition in the Pt/LiPON/Pt devices and that
of the adjacent blanket film were observed for all samples.

In spite of the presence of the LiPON cap layer, the composition on the near-surface
region of the film areas without the Pt electrodes appears to be significantly different than that of
the majority of the film. The composition of the LiPON cap layer and the upper portions of the
LiPON electrolyte layer in the regions of each sample without Pt electrodes have high lithium
and oxygen concentration and correspondingly low nitrogen and phosphorus content. This
oxidized surface occurred in spite of the sample storage in high purity Ar (nominally 99.999%)
with limited ambient air exposure during ionic conductivity measurements (less than 12 hours in
all cases). The type of nitrogen bonding present also showed a difference with depth in the
regions without Pt electrodes, with a higher ratio of triply coordinated nitrogen to doubly
coordinated nitrogen (>N-)/(=N-) in the near-surface region than in the rest of the film layer. For
sample G, this ratio is shown for the device and adjacent areas on an additional logarithmically
scaled axis in Figures 5-1c) and 5-1d), respectively. For the adjacent area without the Pt
electrodes the ratio drops from a value greater than 5.0 just below the surface of the LiPON
electrolyte layer (after 680 seconds of Ar ion etching) to less than 0.2 in the bulk of the LiPON
electrolyte layer (after 1400 seconds of Ar ion etching). For the Pt/LiPON/Pt device region the
result of the XPS depth profiling is very different, as shown in Figure 5-1c¢). In this case, the
ratio of triply coordinated nitrogen to doubly coordinated nitrogen stays in the range of 0.19 to

0.07 in the electrolyte layer. This indicates that degradation of the surface of the LiPON
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electrolyte layer occurred in areas not protected by Pt electrodes, in spite of the presence of a

LiPON encapsulant layer.

Table 5-3 Compositional measurements of Samples A through O. The XPS measured elemental
compositions in atomic percentages of Li, P, O, and N together with the derived stoichiometry of
LiPON films are given along with the Li/P atomic ratios calculated from XPS and from ICP/OES
measurements.

Sample XPS analysis Li/P atomic ratio
s %Li %P %0 %N Stoichiometry XPS | ICP/OES
A 32.7 16.1 47.1 4.1 Liooa P O293Nog2s | 2.04 2.98
B 28.1 15.6 514 4.9 Li;g1 P O33 Ng3 | 1.81 3.14
C 33.6 15.0 47.3 4.1 Liooa P O315 Ngog | 2.24 3.60
D 35.8 14.0 46.3 3.9 Liose P O331 Ngag | 2.56 4.17
E 32.6 14.3 49.4 3.7 Lio27P O345Nogas | 2.27 4.54
F 31.4 18.3 42.3 8.0 Lii;72P O23 N4 | 1.72 3.32
G 29.4 19.2 42.8 8.7 Liiss3P O223Nggs | 1.53 2.76
H N/A N/A N/A N/A N/A N/A 2.41
| 27.1 19.6 43.0 10.3 Li;3gP O220Nos2 | 1.38 2.38
J N/A N/A N/A N/A N/A N/A 4.09
K N/A N/A N/A N/A N/A N/A 4.44
L 29.4 16.4 48.2 6.0 Lii79 P O,95 No37 | 1.79 N/A
M 26.4 16.3 50.5 6.8 Li;g1 P O399 Ng4 | 1.61 N/A
N 24.4 18.2 48.9 8.5 Li;3aP O,638No47 | 1.34 N/A
(0] N/A N/A N/A N/A N/A N/A N/A

There have been prior XPS studies of bonding in LiPON films by various
authors.[6,12,24,27,31,33,35,92] However, depth profiling was not used in their studies and
hence the surface areas sampled were without the protection of Pt electrodes. These prior studies
sampled areas adjacent to the devices or areas on separate wafers. In the depth profiling study
presented in this paper, it is clear that the prior studies of the near surface regions without depth
profiling are subject to varying extents of surface degradation. The ratio of triply-coordinated to

doubly-coordinated nitrogen (>N-)/(=N-) reported in these prior studies of sputter deposited
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LiPON films is also variable, from a low of 0.15 to a high of 3.33, and are worthy of review for
their variability. Chiu et al., found the ratios between 2.2 and 1.02 when varying substrate bias
power.[35] Fleutot et al., obtained ratios between 1.2 and 0.5 while varying the argon/nitrogen
gas mixture.[33] Hu et al., varied the sputter deposition power and found ratios between 0.63
and 0.16.[27] Roh et al., also varied the deposition power and found relatively consistent ratios
between 0.155 and 0.150.[12] Park et al., varied the nitrogen sputtering gas pressure and found
ratios of 0.62 and 0.66.[24] Pichonat et al., reported a single value of 2.13 for the ratio.[31] Kim
et al., deposited LiPON by plasma assisted directed vapor deposition instead of sputtering and
found ratios between 1.65 and 0.72.[30] Wang et al., melt quenched and synthesized bulk
LiPON and found the ratio to be 3.33.[6] Many of these prior works considered the triply
coordinated nitrogen significant to the ionic conductivity, however, the details of the sample
handling (i.e., exposure to air) and the extent to which any ion beam cleaning of the surface was
performed prior to acquisition of the XPS spectra are absent.

However, in another work of Wang et al.[6] it was inferred that the presence of triply
coordinated nitrogen is attributed only to a surface phenomenon. In the solid state nuclear
magnetic resonance analysis of ion beam assisted deposition of LiPON films, the presence of
triply coordinated nitrogen was largely absent.[21] This means that the bulk characterization of
LiPON films does not show the presence of triply coordinated nitrogen. In the simulation studies
of Holzwarth models,[61] in the extreme case of a-P3Ns where all the nitrogen bonds are triply
coordinated, there are no lithium ions present. The two possible forms of LiP4O7, that were
analyzed, had only a small concentration of mobile lithium ions and some triply coordinated
nitrogen sites. For the crystalline forms of LiPON films, the triply coordinated nitrogen bonds

could be present only at low lithium concentrations. Hence, for typical LiPON films, in order to
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sustain lithium concentrations for lithium ion conduction, only a small number of triply

coordinated nitrogen sites are possible.

Table 5-4 Lithium and nitrogen bonding characteristics of samples A through N. A comparison
of the amount of the two types of lithium bonds observed in the XPS characterization (Li
bonding in LiPON and lithium bonded to just oxygen (Li,O) as in non-LiPON) and the amount
of the three types of LiPON nitrogen bonds (O=N-0O), (>N-), (=N-), and the (>N-)/(=N-) bonding
ratio. Also given is the amount of the unidentified nitrogen bond type, classified as non-LiPON.

%Li %N

Samples| %LiPON | (Li»O) %LiPON (Unidentified

L' | rivon | O30 @) | 08 [N | gnontibON
A 24.7 8.1 0.9 2.5 0.4 0.15 0.4
B 23.5 4.7 0.9 3.1 0.4 0.12 0.5
C 22.8 10.7 0.7 2.6 0.2 0.06 0.7
D 24.2 11.5 0.7 2.2 0.2 0.11 0.7
E 24.7 7.8 0.8 2.1 0.3 0.15 0.6
F 28.3 3.1 1.4 5.5 0.6 0.10 0.6
G 28.0 1.4 1.2 6.4 0.6 0.09 0.4
I 24.3 2.8 1.2 8.1 0.5 0.06 0.4
L 25.4 4.0 0.9 4.3 0.4 0.10 0.3
M 26.2 0.2 1.0 4.9 0.3 0.07 0.5
N 22.5 1.8 1.3 5.8 0.6 0.11 0.8

The range of ratios observed in prior works, having potential (but unknown) extents of
surface degradation, are consistent with those that we have found profiling to different depths in
areas not protected by Pt electrodes, as shown in example of Figure 5-1d). However, the depth
profiling of Pt encapsulated areas, in this study, has shown that these values are not
representative of the device regions (as shown in Figure 5-1c). These differences in the triply
coordinated and doubly coordinated nitrogen in the device and non-device areas is further
evident in the XPS spectra of the relevant energy range shown in Figures 5-le) and 5-1f)

respectively. Additional examples comparing the Pt protected and non-protected areas (as in
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Figure 5-1c and 5-1d) are shown in Figure 5-2, from samples B and J. These also show
unrepresentatively high (>N-)/(=N-) ratios in the near surface regions of the areas not protected
by Pt electrodes. From this, it can be concluded that ex-situ XPS compositional studies without
depth profiling of the device regions are not an accurate representation of the composition and
bonding present in the LiPON electrolyte layer of the device regions. Accordingly, the XPS
results reported in Tables 5-3, 5-4, and 5-5 of this work are derived solely from depth profiling
of the sample areas that were protected by Pt electrodes, where ionic conductivity was measured.

Representative deconvolved XPS spectra of the Lils, P2p, Ols, and N1s peak regions are
given in Figure5-3 a), b), c), and d), respectively. The Lils spectrum shown in Figure 5-3a) has
two peaks at 54.7 eV and at 52.4 eV. The peak at 54.7 eV can be assigned to Li bonding in
LiPON and the one at 52.4 eV can be assigned to Li bonding to oxygen (Li-O) as in Li,O, due to
the difference in the binding energy between the two peaks is ~2.3 eV.[76,93,88,94] The
phosphorus P2p spectrum of Figure 5-3b) has four peaks representing both the 2p;,» and 2psp
contributions to the phosphorus bonding in PO4>" and to the reduced phosphorus (zero valence)
bonding. For the PO4>" environment, the P2ps;, peak was observed at 132.4 eV[30,33] and the
P2pi, contribution was 0.84eV higher, at 133.24eV. For the reduced phosphorus environment,
the P2ps, peak was observed at 129.7 eV[95,96] and the P2p,,» contribution was observed at
130.54eV. The Ols spectrum of Figure 5-3c) clearly shows three peaks upon deconvolution;
bridging oxygen P-O-P (BO) at 532.9 eV, non-bridging oxygen P=0O (NBO) at 531 eV, and a
weaker peak of Li,O bonding at 527.7 eV. The BO and NBO peak identifications are consistent
with prior reports of alkali bulk phosphate glasses[47] and LiPON films[94]. The Li,O bonding
peak at 527.7 eV in the Ols spectrum is also described in the literature[76,93,88]. The Nls

spectrum of Figure 6d) was deconvolved into four peaks; a (O-N=0O) bonding peak at 403.2
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eV[6], a (>N-), triply coordinated nitrogen bonding peak at 398.7 eV[51], a (=N-), doubly
coordinated nitrogen peak at 396.9 eV[51], and a weaker unidentified peak (N1) at 394.6 eV that

has also been observed by others[6].

Table 5-5 Phosphorous and oxygen bonding characteristics of samples A through N. The
amounts of the two types of phosphorus bonds (phosphate PO4* and the reduced phosphorus)
and the amount of the oxygen bonded in phosphate PO4%(bridging oxygen (-O-) and non-
bridging oxygen (P=0)) are given. Also given is the amount of oxygen bonded with lithium
(Li.O, non-LiPON).

%P %O
% LiPON % LiPON
Samples PO, % non- Jonon-
Phosphate LiPON bridgilllggO (’)xygen non-bringlgg’ oxygen LiPON
network
A 15.5 0.5 4.5 38.7 3.9
B 14.9 0.6 3.8 44.7 2.9
C 14.4 0.6 2.6 39.0 5.8
D 13.5 0.5 3.0 38.3 4.9
E 13.8 0.5 3.2 41.9 4.3
F 16.8 1.5 2.0 38.0 24
G 17.7 1.5 24 38.9 1.5
| 16.4 3.2 1.7 38.0 3.3
L 48.2 6.0 3.5 41.9 2.8
M 50.50 6.76 2.3 46.8 1.4
N 48.92 8.50 3.2 41.9 3.8

Table 5-3 includes the composition, in atomic percent, of the LiPON films, of samples A
through L, as determined by XPS. Additionally, the Li/P atomic ratio as determined by ICP/OES
is included in the table. A Li/P atomic ratio calculated from the XPS data is approximately 40%
lower than that determined by ICP/OES, presumably due to the preferential sputtering of Li
during profiling[69]. The XPS values given in Table 5-3 are an average of measurements from
within the bulk of the LiPON film in the Pt/LiPON/Pt device areas, which is most representative

of the material whose ionic conductivity was measured. As an example, the values in the cross-
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hatched region in Figure 5-1a) were averaged to provide the compositional information for

sample G shown in Table 5-3.

Table 5-6 Molar volume calculations for samples A through I from the atomic weights of Li, P,
O, and N in LiPON and the measured film density.

Samples Li | (0] N Total |Film density mole/ce lece/mole
(g/mole) | (g/mole) | (g/mole) | (g/mole) | (g/mole) (g/cc)
A 2.29 4.98 7.53 0.58 15.38 2.24 0.15 6.87
B 1.97 4.82 8.22 0.69 15.70 2.15 0.14 7.30
C 2.35 4.65 7.57 0.58 15.15 2.13 0.14 7.11
D 2.50 4.34 7.41 0.55 14.80 2.18 0.15 6.79
E 2.28 4.44 7.91 0.52 15.15 2.21 0.15 6.85
F 2.20 5.65 6.77 1.12 15.75 2.28 0.14 6.91
G 2.06 5.95 6.84 1.21 16.06 2.43 0.15 6.61
I 1.90 6.07 6.88 1.44 16.29 2.52 0.15 6.47

Tables 5-4 and 5-5 present the results of the deconvolution of the XPS high resolution
scans of the Li Is, P 2p, O 1s, and N 1s peaks. The lithium 1s peak was further analyzed to
deconvolute the contribution of Li bonded in LiPON and Li-oxygen bonding (Li,O) and these
fractions shown in Table 5-4 as percentages of the overall film composition (Li+P+O+N).
Similarly, the nitrogen 1s peak was deconvoluted into four peaks. Three of these peaks are
associated with LiPON; nitrogen bonded to oxygen (O=N-0), triply coordinated nitrogen bonded
to phosphates, (>N-), and doubly coordinated nitrogen bond to phosphates (=N-). There is also
an unidentified fourth peak. The fractions of each form of nitrogen bonding and the (>N-)/(=N-)
ratio are also given in Table 5-4, in atomic percent of the overall film composition. Table 5-5
provides the similar deconvolution results of the phosphorus into PO, and reduced phosphorus
and the similar deconvolution of the oxygen into bridging and non-bridging oxygen bonding.

The density and composition data in Tables 5-2 and 5-3 is used to calculate the molar

volume for each sample, and this is presented in Table 5-6.
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CHAPTER 6 DISCUSSIONS
6.1 Substrate bias power

LiPON film samples A to E were processed varying substrate bias power while using
common conditions of a room temperature deposition and SmTorr of nitrogen process gas.
While initially explored to improve adhesion, the use of substrate bias had a significant effect on
the LiPON film properties as well as the deposition process itself. As shown in Figure 6-1a), the
ionic conductivity increased with bias power. The increase of ionic conductivity for the samples
deposited are room temperature was from less than 1.0 x 10® S/cm for OW and 5W of bias,
reaching values of ~ 1.8 x 10°® S/cm and 1.9 x 10° S/cm for 10W and 20W of bias respectively.
For the samples deposited at 300°C, the increase was from less than 1.0 x 10 S/cm for OW bias
to ~3.7 x 10 S/cm for 20 W bias. This increase in ionic conductivity correlates with increases
in the Li/P ratio measured by ICP OES shown in Table 5-3 and by the Li (LiPON bonding) to P
(LiPON bonding) ratio measured by XPS shown in Tables 5-4 and 5-5. As the ionic
conductivity of LiPON can be considered the product of the Li ion density times the Li ion
mobility[12], a higher Li ion concentration can be expected to correlate to higher ionic
conductivity.

The applied bias caused other changes in the films. It did provide homogeneous adhesion
of the film to the substrate, equivalent at the inner diameter and outer diameter. However, it also
caused significant resputtering of the film material from the substrate surface. At the highest
bias power (20W) examined, approximately half of the LiPON deposited was removed during
deposition due to this resputtering, reducing the net film deposition rate. While the deposition
rate decreased drastically with bias power, the change in the film density of the deposited film

was relatively unchanged as shown in Table 5-2. On the other hand, the Li/P atomic ratio as
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measured by ICP/OES increased with bias power. The change in the phosphorus content that is
possible in stable amorphous phosphate networks (PO3 to PO,) is relatively small (less than 25
atomic percent). Hence the increase in the ICP/OES Li/P ratio from 2.98 to 4.54 (a ~50%
increase) should be interpreted as an increase in the lithium concentration in the film, and this is
weakly supported by the XPS measurements of Li concentration. Note that a Li/P atomic ratio
of 3.0 is expected for an ideal PO4 network (Li3PO4) while an atomic ratio of 1.0 is expected for
an ideal PO3; network (LiPOs3).[16] The increase in the lithium concentration with increasing
resputtering of the depositing film is expected due to the lower sputtering yield of lithium
compared to phosphorus, estimated at 37.8% of the phosphorus yield.[69] These trends indicate
the significant role that substrate bias has in modifying the structure and composition of LiPON
thin films.

The activation energy for lithium ion conduction generally decreases with substrate bias,
as shown in Figure 6-1b). It is possible that the slightly lower density amorphous network
obtained at intermediate bias power (10W) allowed greater opportunities for lithium ion mobility
and hence higher conductivity and lower activation energy. Note that the conductivity was
similarly high at 10W and 20W of bias while the Li/P ratio observed by ICP/OES increased
consistently with increasing bias, suggesting that the mobility of lithium ions may also be a
factor in these films.

The increased N, ion bombardment and resputtering due to the increasing substrate bias
also caused a change in the stress state of the film. A mild compressive stress of -8 MPa was
observed for the sample deposited without substrate bias (OW), increased to a more compressive
value of -205 MPa for the sample deposited at 20W substrate bias, as given in Table 5-2. The

LiPON films processed at the intermediate substrate bias condition of 10W exhibited good
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adhesion, modest stress, and high ionic conductivity and this was taken as the optimized bias
condition for further experiments with deposition temperature and variation in the nitrogen gas

pressure.
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Figure 6-1 Inset (a) shows the ionic conductivity and inset (b) the activation energy of ionic
conduction for LiPON films as a function of substrate bias power. Please note that the curved
lines are shown to guide the eye.
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6.2 Pressure effects at 10W substrate bias condition

Higher N, gas pressures of 10 mTorr and 15 mTorr were explored at the 10W substrate
bias condition and room temperature deposition to compare to the films deposited at 5 mTorr of
N,. The deposition rate decreased with increasing process gas pressure, as given in Table 5-1.
The Li/P atomic ratio, as measured by ICP/OES, increased with gas pressure. The decrease in
the ionic conductivity at higher pressures was accompanied by an increase in the activation
energy for ionic conduction and a slight increase in compressive stress. No significant advantage
to higher deposition pressures was observed.
6.3 Deposition temperature effects at 10W bias condition

The significant effect of the energetic bombardment associated with substrate bias on the
structure and properties of LiPON films motivated a study of increasing energy at the atomic
scale by increasing temperature during deposition. Specifically, higher deposition temperature is
expected to enhance the mobility of adatoms on the surface of the depositing film and result in a
structure having a lower defect density that is closer to the metastable equilibrium of an
amorphous phase.[97] Hence, using a 10W substrate bias power, the sample deposition
temperature was increased from room temperature to the range of 200°C to 500°C. As expected,
deposition temperature did have a significant effect on the LiPON film deposition, composition,
structure and properties. The residual stress at room temperature in the LiPON films changed
from a weakly compressive stress (-159 MPa) to tensile (266 MPa) for the Samples C and I,
respectively, as shown in Table 5-2. This increase in tensile residual stress is primarily due to
the mismatch in the thermal expansion coefficients of the LiPON film (~15 x 10° °C'1)[40] with
the silicon substrate (2.6 x 10° °C™") resulting in tensile strain upon cooling to room temperature

from the elevated deposition temperature. More interestingly, the ionic conductivity increased
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by an additional factor of five at the highest deposition temperature explored (500°C) to a
maximum of 9.8 x 10° S/cm. The increased ionic conductivity was accompanied by a decrease
in the activation energy of the LiPON films deposited at different temperatures are given in
Table 5-2 and shown in Figure 6-2.

The increase in ionic conductivity with deposition temperature was not accompanied by
an increase in excess volume of the LiPON amorphous matrix, as might be associated with an
increased Li ion mobility. Rather, as shown in Table 5-6, the molar volume decreased with
increased temperature. This is supported by increases in both the film density and refractive
index. For example, the molar volume of sample I, deposited at SOOOC, was 6.47 cm’/mol atoms
compared to that of sample C, deposited at room temperature, which was 7.11 cm’/mol atoms.
This is a decrease of ~10% in molar volume and is consistent with the density increase between
the two samples of ~ 18%. Table 5-2 also provides the refractive index at 999nm wavelength,
which increased by 2.35%. The optical properties of LiPON films deposited at different
temperatures are shown over a range of wavelengths in Figure 6-3 with the extinction coefficient
(k) in Figure 6-3a) and the refractive index (n) in Figure 6-3b). The refractive index at longer
wavelengths is understood to result from increased electron (and hence atomic) density[98] and
this can be seen to be systematic with increasing deposition temperature. This is highlighted by
the subset graph in the Figure 6-3b) that shows that the refractive index measured at 999 nm.
The decrease in excess volume observed is expected for amorphous films processed at higher
temperatures,[99] but does not explain the increase in ionic conductivity, as a decrease in atomic
mobility with decreased excess volume is generally expected for amorphous films.[68] Figure 6-
S5a) also shows the increasing trend in ionic conductivity with deposition temperature to

contradict that of molar volume.
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Figure 6-2 Inset (a) shows the ionic conductivity and inset (b) the activation energy of ionic
conduction for LiPON films as a function of deposition temperatures. Please note that the lines
are shown to guide the eye.

The increase in ionic conductivity with deposition temperature can also not be explained

by an increase in the Li concentration of the films. Rather, a decrease in the Li concentration is
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observed with increased in the deposition temperature. This is evident in the Li/P atomic ratio
measured by ICP/OES and by the XPS given in Table 5-3. While both Li and P adatoms may be
expected to have higher desorption rates from the LiPON film surface at higher temperatures,
this effect is expected to be more pronounced for Li adatoms due to the weaker bonding of Li to
the oxide matrix (the dissociation energy for a Li-O bond at OK is 331.0 kcal/mol, while the
dissociation energy for a P-O bond is 592.0 kcal/mol[100]). The decrease in Li content (and
presumably, Li ion density) may also be expected to result in a reduced ionic conductivity, but
this is not the case. The trends of Li/P atomic ratio, molar volume and the ionic conductivities
with respect to the deposition temperatures are shown in Figure 6-5a).

Previous authors have suggested that the increases in the ratio of triply coordinated
nitrogen to doubly coordinated nitrogen, (>N-)/(=N-), correlate positively with ionic
conductivity[5,6,12,16,27,30,31]. However, the results from the XPS data representative of the
LiPON electrolyte layer do not support this. As shown in Table 5-4, (>N-)/(=N-) decreases with
increasing deposition temperature and increasing ionic conductivity. The relatively low values
of (>N-)/(=N-) measured are consistent with the nuclear magnetic resonance study of Stallworth
et al. wherein the triply coordinated nitrogen was observed to be largely absent.[21]

However, it should be noted that the nitrogen concentration shows a steady increase with
deposition temperature, as shown in Table 5-4. The total nitrogen percentage increases from 4.1
% at room temperature to 10.3%.at 500°C, more than doubling as the ionic conductivity
increases from 1.8 x 10 to 9.8 x 10°. This is consistent with prior work that has identified
nitrogen substitution to improve the ionic conductivity over that of pure LisPO4 films.[4-

7,9,10,12,22,24,28,33,34,40,51]
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Figure 6-3 Inset (a) shows the optical extinction coefficient, k, and inset (b) the refractive index,
n, for LiPON films deposited at various deposition temperatures as a function of wavelength.
Inset (b) also shows a subset graph that shows the increase in refractive index at 999nm as a
function of deposition temperature. Please note that the curve line is shown to guide the eye.
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Another trend in LiPON film chemistry with deposition temperature is the tendency for
the higher deposition temperature to result in films with a more strongly reducing, and less
oxidizing, chemistry. The non-LiPON atomic percentages for Li, N, O, and P given in Tables 5-
4 and 5-5 (derived from the high resolution spectra) can be summed to determine the percentage
of non-LiPON bonding in the films. The non-LiPON bonding in films deposited at room
temperature ranged from 10% to 22% while that of films deposited at higher temperatures ranged
from 3% to 11%. Specifically, the increased deposition temperature resulted in a decrease in the
Li-oxygen (Li,O) bonding and an increasing in the reduced phosphorus bonding. These trends
are shown in Figure 6-5b). This indicates that the films deposited at higher temperature were
more reducing and less oxidative. This is consistent with higher mobility for Li ions at the
higher deposition temperature if it is presumed that the oxidative chemistry has a role in pinning
Li and reducing ion mobility.

The reducing chemistry and increased nitrogen content observed at increased deposition
temperature may interact with structural factors that influence ionic conductivity. Specifically
the density of point defects, such as broken/unsatisfied bonds can be expected to impact ionic
conductivity as trapping sites for Li ions. A uniform structure is known to increase internal
diffusion in amorphous films as shown conceptually in Figure 6-4.[68] The increased uniformity
of energy barriers for interstitial diffusion in an amorphous matrix that is shown in Figure 6-4b)
can be expected to similarly aid Li ion conduction in LiPON films of lower defect density. In
amorphous semiconducting and insulating materials, an increase in the optical band gap is
commonly observed with reducing point defects. The correlation of the optical band gap with
ionic conductivity for the substrate temperature series of LiPON films is given in Figure 6-5 (c).

Another measure of the defect density in the LiPON films is the optical penetration depth, J. If
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the optical defects and Li ion pinning defects in the film are presumed proportional to one
another similarly processed films (i.e., same bias, pressure) then ¢ should also be proportional to
the Li ion mobility in the film. Values for the J are given in Table 5-2 (calculated at 246 nm)
and Figure 6-5c) shows that the ionic conductivity and optical penetration depth also show a
strong correlation for the deposition temperature series of samples, consistent with the increased
deposition temperature providing a structural improvement in the LiPON amorphous matrix that

allows a higher ionic mobility.
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Figure 6-4(a) The energy variation of an amorphous glass with the displacement of a diffusing
interstitial atom (Li* in LiPON) as it jumps between successive interstitial sites of varying energy
levels. The type k site shown in the picture is at a typical lowest energy or a deep trap site. (b) A
plot similar to (a) for interstitial jumping in an idealized or ordered material containing only the
sites of equal energy states state and having activation energies corresponding to
E’.(Reproduced, by permission, from John and Wiley Sons Inc., "Kinetics of Materials", by
Robert W. Balluffi, Samuel M. Allen, W. Craig Carter, Chapter 10 Diffusion in Non-
crystalline Materials, Figure 6-4.4, p235. Copyright © 2005 by John Wiley & Sons, Inc.)[68]
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Figure 6-5 shows the characteristics of LiPON films deposited under different temperature
conditions. Figure 6-5 (a) shows the increasing trend of the ionic conductivity, the decreasing
trends of Li/P atomic ratio measured by XPS and molar volume calculated from film density and
atomic concentration. Figure 6-5 (b) shows a decreasing trend of lithium oxide, Li»O, and an
increasing trend of reduced metallic phosphorus with the increase of deposition temperatures. In
Figure 6-5 (c) the correlation between penetration depth, 6, (nm) and the ionic conductivity is
strong and almost linear. Please note that the curved lines are shown to guide the eye.
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CHAPTER 7 CONCLUSIONS

In this work substrate bias, deposition temperature, and sputtering process gas pressure
were investigated in the deposition of LiPON thin films and Li ion conductivities in the 10
S/cm range were obtained with a maximum of 9.8 x 10° S/cm. These ionic conductivities
substantially replicated that of previous workers, including the relatively high value of 9.1 x 10
S/cm reported by Chiu et al.

Ionic conductivity was found to increase modestly with substrate bias power for samples
deposited at room temperature. The largest factor influencing ionic conductivity was found to be
the temperature of the substrate during deposition, where ionic conductivity was found to
increase with increased deposition temperature.

Compositional and structural factors were considered to understand the trends in ionic
conductivity observed. XPS depth profiling measurements of the ratio of triply coordinated
nitrogen to doubly coordinated nitrogen bonds (>N-)/(=N-) were made that did not support prior
reports of a positive correlation of this ratio to ionic conductivity. Rather, the large and variable
values of this ratio (from 0.3 to 3) previously reported were only observed in oxidized surface
regions of the LiPON films and depth profiling revealed that the ratio measured within the
LiPON electrolyte layers did not positively correlate to ionic conductivity. This correlation
supports and proves the claims of the other works[6,21,61], that the triply coordinated nitrogen
sites are just a surface phenomenon and cannot be correlated largely to the ionic conduction.
The increased deposition temperature was found to result in decreases in atomic volume and in
the Li content of the films that also did not positively correlate to the ionic conductivity.
Compositionally, an increase in the reduced phosphorous content and nitrogen content were

found to positively correlate with ionic conductivity. Optical characterization of the LiPON film
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structure revealed that, an increased effective band gap and penetration depth correlated
positively with the increased ionic conductivity observed in the deposition temperature series.
From this, it can be speculated that the most important factor in amorphous solid state ionic
conductors may be an increased uniformity of the amorphous network, such that it has fewer

defect sites that can serve to trap Li ions.
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CHAPTER 8. FUTURE WORK

8.1 Solid state nuclear magnetic resonance study on the effects of substrate bias power,
substrate heating

The structure-properties relationship of chemical bonding with ionic conductivity that
was observed for samples deposited at different levels of substrate bias was consistent with
mechanisms proposed in the literature. This was evidenced in the FT-IR, XPS and ICP/OES
data. What is not yet fully understood is the processing-structure relationship, i.e., why bias
resulted in these bonding changes. Clearly, bias is important to the PVD deposition of LiPON
films and will continue to be studied in the proposed research. However, it would be worthwhile
to know what phosphate environments are present and quantitatively how does it correlate with
LiPON film electrolyte properties. Solid state nuclear magnetic resonance results of Stallworth
et al. showed the various phosphate environments present and the large absence of triply
coordinated nitrogen.[21]
8.2 Effect of hydrogen doping

PVD films are expected to be deficient in lithium. The incorporation of hydrogen during
film deposition may allow an increase in the number of lithium sites in the amorphous structure
and hence an increase in the ionic conductivity of lithium. Hydrogen doping of LiPON will be
studied to see its effect on the bonding structure of the films and ionic conductivity. This study
will not only include the introduction of hydrogen during deposition but also investigations to
increase the lithium content of the films after deposition.
8.3 Effect of cation doping

Oxygen and nitrogen compositional variations have been extensively studied in LiPON

films, however the role of cation doping has not been studied. Lithium and magnesium are
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diagonal neighbors in the periodic table. In their ionic states, Li* and Mg **, they have
equivalent ionic radii. Hence divalent doping of LiPON with Mg** can be done by
simultaneously inducing cation vacancies in the system. When one Mg* ion is substituted for
one Li" ion, in-order to maintain charge neutrality, a cation vacancy will be created in the
structure.  Such vacancies may form lithium ion migration sites. Increased vacancy
concentration for the lithium sites is expected to increase the ionic mobility. The proposed
research will include cation doping experiments, initially focused on magnesium but
investigations of sodium, potassium, and calcium are also anticipated to understand the role of
cation doping to the ionic conductivity.
8.4 Effect of anion doping

Amorphous sulphides also have network structures and sulphur based solid state
electrolytes have shown very high ionic conductivities. Silicon doping of LiPON has been
investigated with little benefit to ionic conductivity and this motivates experiments for sulphur
doping of LiPON films. Processing difficulties are expected and the availability of suitable
deposition targets is a precondition for this research approach.
8.5 3D microfabrication

Increasing the surface area will decrease the internal resistance and thereby increases the
ionic conductivity. The electrolyte surface area can be increased by creating high aspect ratio
surfaces prior to the electrolyte deposition. Such surfaces can be made at either the substrate or
at the bottom of the current collector. MEMS technology can be used to generate high aspect
ratios on the substrate using photolithography. Synthesizing nanoparticles of metals overcoated

by platinum are expected to provide a significant increase in the surface area.
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