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Chapter 8
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Samsung Electronics, Semiconductor Research Center, Hwasung, Korea

Stefan Slesazeck
NaMLab gGmbH/TU Dresden, Germany

Semiconductor memory is one of the key technologies driving the success
of Si-based information technology within the last five decades. The
most prominent representative memory type, the dynamic random access
memory (DRAM) was patented in 1967' and was introduced into the market
by Intel Corporation in 1972. Until the year 2001 and the realization of the
110 nm technology node, DRAM was the driving force on the lithography
shrink roadmap, before NAND FLASH took over that role. Hence, the
development of the DRAM technology was long time the forerunner for
the exponentially growing large-scale integration and promoted similar
advances in logic chips. One of the reasons of the success of the DRAM
is its simple cell structure, which consists of only one transistor (1T) and
one capacitor (1C), where the information is stored in form of a charge.
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1. DRAM Operation

1.1. Basic operation

Figure 1 depicts the comparatively simple structure of a 1T-1C DRAM cell.
In this cell, the information is stored as electrical charge on the storage
capacitor C. C can be electrically connected to the bitline (BL) via the access
transistor T. This means T acts as a switch and its gate is controlled by
the wordline (WL), which is arranged perpendicular orientated to the BL.
Hence, each individual DRAM cell can be addressed by one WL and one
BL. The information is written to the capacitor C by switching on the access
transistor T when applying a high voltage Vi to WL. C is then charged or
discharged, applying a bitline voltage Vpry or Vg1, to the BL, respectively.
When C becomes disconnected from the BL when forcing a low voltage
VwiL to the gate of transistor T the remaining charge on the capacitor
C represents then the binary information. A charged capacitor denotes a
logical ‘1’, whereas a discharged capacitor represents a logical ‘0’

The memory state is read using an external circuit — the so called sense
amplifier SA, which is connected to each of the bitlines. This SA commonly
consists of a cross-coupled inverter circuitry (tlip flop) to translate the charge
back into digital information. Typically, two bitlines are connected to the two
terminals of the SA in order to maximize the signal to noise margin during
read operation.

For reading out the information from the DRAM cell, first an equal-
izing signal of Vpry/2 is applied to these two differential inputs. The
operation voltage as well as the ground terminal of the sense amplifier
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Fig. 1. DRAM memory cell within a memory array.
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are disconnected. The flip flop is now in an instable state. Subsequently,
the selected WL is activated by applying Vwru so that cell capacitor C
and corresponding BL are connected via the access devices. The stored
charge on the corresponding capacitor C is redistributed between the cell
capacitance, C, and the bitline capacitance Cgr. This leads to a voltage
change on the active BL, whereas the voltage on the passive BL stays at the
pre-charge level of Vprx/2. When the sense-amplifier becomes activated
by connecting the operation voltage and ground terminal, the flip flop
swings into the stable state according to the sign of the voltage change
at the active BL. If the capacitor was empty, the voltage on the active
BL drops to a lower values than Vpry/2 ending in the flip flop reaching
the stable state ‘0’. If the capacitor was charged, the bitline becomes more
positive and the flip flop falls into the ‘1" state. The state of the flip flop
can be read by additional digital logic. The subsequent use of the read
information is described in section 1.2. The read operation of the DRAM
cell is called “destructive’ readout, since the information which was stored
in the DRAM cell is destroyed. Hence, after each readout, the information
has to be restored for a subsequent read operation. The refresh operation is
performed by keeping the WL activated during the whole readout process.
With the flip flop swinging to a stable state, the information in the cell can
be rewritten. If the capacitor was uncharged, the flip flop moves to the ‘0
state by pulling the bitline with the activated cell to 0 V. If the capacitor
was charged, i.e. in ‘1’ state, the bitline is pulled to Vpry. This means
the capacitor is recharged according to its previous state. When turning
off the access transistor, the information is restored in the cell as it was
before the read operation. In order to reduce the electrical stress over the
capacitors dielectric and to minimize the leakage currents, the plateline (PL)
is always kept at Vpr/2. Hence, the effective voltage over the capacitor
is switched between +£Vpr/2 instead of switching between 0V and full
level V.

Unfortunately, leakage paths exist through the capacitors dielectric
as well through the non-ideal transistor. The most prominent leakage
mechanisms in the transistor are the junction leakage at the so called node
side of the transistor (the terminal where the capacitor is connected to) and
the channel leakage. Those leakage currents might charge or discharge C
over time. In order to prevent the complete loss of the information, a certain
charge on C and a corresponding minimum voltage change of the BL has
to be guaranteed, which is still detectable by the sense amplifier during the
read operation. Therefore, the charge of each memory capacitor has to be
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refreshed periodically. For the 16 Gb generation, the refresh time is at 64 or
32ms depending on the DRAM type.? A special built-in counter takes care
of the refresh for those rows that are not selected by the working program
during the given refresh period. In case of cutting the operation voltage
of the DRAM, the information is lost. Therefore, the DRAM is a volatile
memory component.

In general, by selecting a WL, all the select-transistors in this row are
active so that all cells in this row (1024 or 2048, depending on the chip
design) can be read simultaneously. So, each BL has to be connected to one
sense amplifier at the array edge. This is the reason why sense amplifier
layouts have to be optimized to fit into the very dense pitch which is
given by the BLs. The number of cells which can be connected to one BL
depends mainly on the available cell capacitance C, BL capacitance per cell
and the minimum signal on the BL which can be detected by the sense
amplifier.

1.2. Access transistor

The planar devices with symmetric junctions used since the beginning of
DRAM were not shrinkable below 120 nm without modification. In order
to switch off the array devices sufficiently to guarantee a channel leakage
well below 1fA, a negative V1, was mandatory (see section 1.1). The
resulting high electrical fields in the gate-to-junction overlap region lead
to an increased junction leakage, the so called gate-induced drain leakage
(GIDL). In order to minimize that leakage current, the pn-junctions had to
be designed very soft and the boron channel doping concentration of the
devices had to be kept below ~2-10' /ecm®. Low channel doping in turn
decreases the threshold voltage of the access devices, resulting in even more
negative gate voltages. Hence in order to minimize the leakage currents,
a well-balanced dopant profile was mandatory. Further constraints were
given by the performance of the access devices. These have to drive a current
in the range of ~20 1A when switched on, allowing to read and rewrite the
DRAM cells in an access time well below 10ns. In order to improve the
device performance, the more uncritical pn-junction with respect to leakage
currents at the BL-side was doped more heavily and a single-sided so called
halo implant was used to increase the BL-sided channel doping. The result
was an unsymmetrical device design.

For groundrules below the 70 nm generation, the channel length of the
access devicesreached a distance at which the potential drop between source
and drain lead to an unacceptably high electrical field at the capacitor-side
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Fig. 2. Access transistor overview for different DRAM technology nodes. (a) Schematic
view of a planar transistor in comparison to 3D array devices: (b) recessed channel device
and (c) buried word line (BWL) device. For the BWL device, even the electrode is buried in
the Si substrate.”! The dotted line is the wafer surface.34

pn-junction. Therefore, the so-called 3D devices had to be introduced. In
contrast to planar devices, the 3D devices are either formed with a vertical
channel 3 or a recess channel # as shown in Figure 2(b). Up to that time, the
WL typically was integrated in the gate stack module. This means, it ran as
poly-gate with tungsten cap over the array. Now additional processing steps
had to be introduced for the formation of the 3D devices. Furthermore, with
the introduction of the so called “buried wordline” concept, the wordline
was shifted below the silicon surface and the gate stack layer’! was used to
integrate the BL (Figure 2(c)). In order to guarantee a fast array access and
sufficiently low RC-delay on the WL, a metal-gate had to be introduced. The
main advantages of the curved channel below the silicon surface were the
spatial separation of both source drain junctions, the possibility to locally
increase the channel doping (no increasing electric field at capacitor-sided
junction) and the threshold voltage increase due to the concave channel
shape. As a result, further margin was yielded for the device design in
the attempt to find the best compromise between junction leakage and
sub-threshold channel leakage.

1.3. Capacitor specifications

The cell charge must be sufficiently high to compensate for leakage in
the memory cell. Accordingly, the storage capacitance C needed to be
kept constant and could only be slowly decreased during DRAM scaling
when other factors were improved e.g. the sensitivity of the sense amplifier
(Figure 3). For the 8 Gb chip, C is approx. 20 fF per capacitor. C can be
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calculated by the simple equation (Eq. 1)

C=c¢e0-&rsi0, % with CET = "?rz% -d and &, sio, = 3.9 @))
Here, &; is the relative permittivity, g9 is the vacuum permittivity, A
is the capacitor area (here the average surface area of top and bottom
electrode), and d is the physical thickness of the dielectric. Eq. 1 also defines
the capacitance equivalent thickness (CET) with respect to the relative
permittivity of SiO», (ersi02 = 3.9) — the dielectric, which was used for the
first DRAM capacitors. Accordingly, the cell capacitance is determined by
two main parameters: the cell capacitor area and the capacitance equivalent
thickness. As can be seen from eq. 1, for high density DRAM with smaller
and smaller cell area (Figure 3), there are only a few options to keep C
constant when the cell area decreases:

e reduce CET by enhancing the e,-value of the dielectric or by shrinking
of the physical thickness d.

e keep A constant by increasing the aspect ratio of the structure with
decreasing cell area.
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Fig. 5. Aspect ratio of capacitor structure vs. technology node.”/17

During the evolution of capacitors in the past DRAM generations, both
options have been exercised (see Figures 4 and 5).

Si0, with a dielectric constant of 3.9 was used as the capacitor dielectric
material for the first DRAM generations. With higher integration density,
the dielectric was replaced by a mixture of Si oxide and nitride layers with
higher effective dielectric constant (g, &~ 7), the so-called ON dielectric.®
Below the 200 nm groundrule, stack capacitor technology in this conven-
tional design approached its limits: the thickness of the (Si) oxide/nitride
(ON) compound layer allowed no further thinning beyond ~5 nm because
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of unacceptably high tunneling leakage currents (see section 2.3). A search
for new materials started and industry followed in general the same trend.
As a first replacement dielectric material Al,O3 was introduced by most
of the companies (see Figure 4).”!! There are three factors favoring the
material, namely its higher dielectric constant (¢, 2 11) compared to ON, low
leakage current density i.e. high band gap, and also the availability of atomic
layer deposition (ALD) processes, along with the ALD equipment suitable
for a manufacturing environment. A first fully functional MIS (metal-
insulator-semiconductor structure) 1 Gb DRAM chip using Al,O3 deposited
by ALD on hemispherical Si grains (HSG, for surface area enhancement)
with TiN top electrodes!®© was demonstrated. The typical capacitance
increase compared to SIS ON (CET ~ 5nm) was in the order of 200%
altogether for HSG introduction, 30% for Al,O3 dielectric (CET &~ 3.5nm),
and 10% for depletion reduction by a change from doped poly-Si to TiN top
electrode.

As a next step, DRAM manufacturers developed layered or “laminate”
dielectrics, in order to gain maximum advantage from each of the two
different dielectric materials used in these laminates. For example, amor-
phous Al,O3 /HfO; structures have been demonstrated by Samsung.12 The
apparent advantage is that A O3 has a high band gap of ~8eV, while
amorphous HfO, has a higher dielectric constant (e; *22) at a lower band
gap of ~6 eV.13MIS Al,O3 /HfO, capacitors showed CET values of ~2.5nm,
which compensated the area loss due to the fact that hemispherical grains
for surface area enhancement were no longer feasible in conjunction with
this dielectric as ALD HfAIO showed no conformal growth on the grains
in a high aspect ratio structure. Further capacitance gain was achieved by
introducing a TiN bottom electrode, which reduced the CET value down to
~1.2nm for a TiN/HfAIO/TiN metal-insulator-metal (MIM) capacitor.

For most of the stack capacitor companies the HfAIO was the last
amorphous dielectric. In 2006 the introduction of crystalline tetragonal
ZrO; (CET ~ 0.8 nm, &; ~40) with an amorphous Al,Oj3 layer in the center
of the ZrO; film (ZAZ) to optimize breakdown behavior and reliability
was announced (Figure 6).1%1> In parallel to stack capacitor based DRAM,
also memory cells with capacitor underneath the select transistor (trench
capacitor) was developed.'® The main advantage was that the surface area
of the capacitor could be easier increased by etching the structure deeper
into the Si-substrate. Accordingly, the ON based dielectric material could
be used down to 70 nm technology node.” However, below the 58 nm node,
the trench technology could not be extended because it was difficult to keep

Fig. 6. DRAM capacitor with TIT ZAZ structure: (left) SEM image of typical top layer stack
(©2006 IEEE. Reprinted, with permission, from Ref. 14) (middle) schematic overview of
capacitor structure (right) detailed overview of MIM structure.
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Fig. 7. Schematic overview of different cell concepts. '8

the capacitor area Ag constant. High-¢, dielectric materials were difficult
to implement due to the high thermal budget of subsequent processing
steps (e.g. transistor dopant activation anneals). Accordingly, only stack
capacitors with ZAZ dielectric were used up to current 18 nm technology
nodes (Figures 4 and 6).17 :

In the beginning of DRAM fabrication, only planar capacitors were
processed (see Figure 7). Starting with the 4 Mb generation, the required
capacitor area (Ag) was too large for the available cell area (A) and the
cell capacitance could not be achieved by a planar geometry. Consequently,
the third dimension had to be used in the form of trenches and later also of
posts in a stacked geometry (see Figure 7). An increasing height of the cell
capacitor was maintained the capacitor area, although the area of the DRAM
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cell was continuously decreased in high density DRAM. As a consequence,
the aspect ratio of DRAM capacitor was increased up to 80 for the trench
technology’ and up to 50 for current stack capacitor devices below 30 nm
technology node (see Figure 4).17 For the last 58 nm trench technology, the &,
value was about five times lower compared to the stack case and accordingly,
the aspect ratio of the structure was also about a factor of five higher than in
the stack structure (see Figure 5). Different integration concepts, having the
capacitor under (CUB: capacitor under bitline) and over the bitline (COB:
capacitor over bitline) of the memory array, were verified. Below 18 nm
technology the current capacitor integration concept (cylinder structure,
see section 2.3) might be too large for the remaining cell area and pillar
concepts might be the only feasible way to form the capacitor. Overall,
high aspect ratio capacitor structures require a deep contact hole etch as
well as conformal dielectric and electrode depositions (see section 2.6).
ALD processes enable the required conformal deposition. In addition, the
prevention of leaning and bending is critical when the storage node height
is increased. Therefore, below 50 nm stack capacitor technology node, a
support structure was successfully adapted to high aspect ratio storage node
to stabilize the movement of the capacitor top region'%?Y (see Figure 16.5 in
comparison to Figure 16.6).

2. Materials for Capacitor Stacks

2.1. High-permittivity dielectrics

As discussed in section 1, a dielectric material with dielectric constant &,
and a high band gap Eg is required to fabricate a capacitor with sufficient
capacitance and minimal charge loss due to leakage current. Looking at
published data of oxides for most elements of the periodic table,'® only
a small number of binary oxides have a dielectric constant above 20
(see Figure 8). Since a plot of the dielectric constant versus the band gap
follows a hyperbolic behavior (see Figure 12) an even smaller number of
materials exhibit a band gap close to or beyond 4 eV: Al doped TiO,, ZrO,,
and HfO,. In addition, perovskite type dielectrics like SrTiO3 (STO) show
even better dielectric constants and low CET values at target leakage current
(see Figure 9).

For other binary dielectrics like Nb,Os and TapOs the crystallization
temperature is higher than 550°C to reach the reported dielectric constants
larger than 40. This temperature is too high to be integrated in a typical
DRAM process flow. Here, values below 500°C would be feasible.
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Fig. 9. Leakage current density versus CET value for DRAM capacitor dielectrics as
reported in literature for the dielectric materials: doped TiO,,22:24 7r0,23 and STO.2! The
leakage current specification limit for DRAM applications is at 1-10~7 A/cm?2.

Having a closer look at the reported literature values for CET plotted as
a function of leakage current density (see Figure 9), STO?! shows the best
CET results at target leakage specification (1-10~7 A/cm?). These results
indicate a slight improvement for SrRuO3 compared to pure Ru electrodes.
For StRuOj the lattice constants are very similar to STO which reduced
dead layer effects.>?! The good results of a STO dielectric are followed by
Al doped TiO»?? and ZrO, with Al;O32 or SrO,%3 interlayer.




B

380 U. Schroeder, K. Cho & S. Slesazeck

Table 1. Material properties of high work function electrodes.

TiN Ru Ir Pt

Effective Work Function ¢ [eV] 4.2-4.72526 4827 5428 5733
Resistivity p [u2.cm]?’ 21.7 71 47 105

For a decision on a new dielectric for future DRAM generations
important parameters are:

e STO and Al doped TiO; would require cost intensive noble metal
electrodes with higher work function values (see section 2.2).

e Inaddition, the physical thickness of the overall MIM capacitor is critical.
Due to thelower Eg values of STO and Al doped TiO, the overall physical
thickness of the dielectric has to be higher than for ZrO,. This could
be critical for future scaled capacitors structures and development is
ongoing to reduce the stack height.

2.2. High work function electrodes

Different electrode materials could be used for a DRAM capacitor. For best
capacitor performance a material with low resistivity, high work function,
and high conduction band offset to the adjacent dielectric would be benefi-
cial. In addition, the electrode should be semiconductor compatible, cheap,
and a deposition into high aspect ratio structures needs to be possible.
Typical material properties of different reported electrodes are summarized
in Table 1. For many years, TiN was the material of choice due to the high
work function, high thermal stability and good reliability performance.
In addition, the process of TiN is relatively inexpensive due to the low
precursor cost (TiCly and NH3). For future DRAM capacitors also noble
metal electrodes are of interest due to their high work function, high
conduction band offset values, and low resistivity. But here, a conformal
deposition in high aspect ratio structures and capacitor reliability still need
to be proven. Furthermore, the high cost of current noble metal precursors
needs to be reduced.

With shrinking capacitor dimensions, the dielectric thickness becomes
thinner and electrode effects on the leakage currents become more and
more important since the leakage current of the capacitor becomes mainly
determined by the dielectric/electrode interface. In addition, the resistance
of the electrode is important considering the high operating speed of
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DRAMs. These two important properties of the electrode material (Table 1)
are briefly discussed below.

2.2.1. Work function

According to the Schottky-Mott rule, the conduction band offset CBO of
a metal insulator contact is determined by the electron affinity x of the
dielectric material and the work function ¢ of the electrode material (Eq. 2)
(see Figure 11).

CBO=¢ — (2)

The Schottky-Mott rule does not consider the interface reaction between
electrode and dielectric. Therefore, the observed conduction band offset
value of the metal/dielectric contact is usually different from calculated
material parameters. Considering an interface formation, the Schottky-Mott
rule can be modified as:

CBO = ¢ — x +e-Djy 3)

(with e - Dip : term induced by the interface dipole)

There have been several approaches to determine the interface dipole
value systematically. A pinning factor S and the addition of a density of
interface state N were suggested to calculate the conduction band offset.3!-32

CBO = S(({b - ¢s) + (¢s - X)
@)
S =[14 (€Nb/einte0)] "

(with e: elemental charge, N': density of interface states, §: interface thickness,
éint: relative permittivity of the interface, o: permittivity of free space, ¢s:
interface energy level of the dielectric).

It was also found that higher- &, dielectric materials showed a larger
deviation from Schottky-Mott rule due to a small S value (see Figure 10).
However, no universal formula has been suggested to successfully calculate
the conduction band offset yet.

Regardless of such a deviation, high work function electrode materials
increase the CBO of the metal insulator contact which results in a lower
capacitor leakage current. Replacing the low-¢, SiON (g; ~7) to the higher-
&r ZrO; dielectric (e 2 40) at 80 nm technology node decreased the barrier
height of the capacitor inevitably since the electron affinity of ZrO,
(x~2.2eV) is higher than the one of SION (x ~ 1.5). Therefore, TiN was
chosen as a higher work function material (¢ ~ 4.7 eV) to replace the doped
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Si (¢ ~4.0eV) electrode to maintain the barrier height. The usage of TiN
as an electrode has been successfully extended for 10 years to the current
18 nm technology node. Further scaling of the DRAM capacitor requires
higher (¢, > 40) dielectric constant materials. Unfortunately, the electron
affinity of higher dielectric constant materials is higher than ZrO; (e.g TiO,:
3.3eV3%). Therefore, higher work function electrode materials are necessary
to maintain the barrier height. There has been tremendous research effort
to integrate an noble metal based electrode such as Ru (p~4.8eV), RuO,
(¢~5.0eV®?), Ir (p~5.6eV), Pt (p~5.7eV)”? into DRAM capacitors. Ru
and RuO; were most intensively studied because Ru is relatively easy to
etch and the cost of Ru precursors is relatively low among the noble metal
electrode materials.

Even though the work function of the noble metal is higher than the one
of TiN, which is an advantage for further scaling of the dielectric, several
technical issues remain to be solved. First, a conformal deposition process
for the thin noble metal is one of the major challenges for integrating the
material into the capacitor. Unlike oxide and nitride materials a pure metal
deposition process does not have a self-limiting surface reaction. Conformal
thin inert noble metal films in high aspect ratio capacitor require appropriate
ALD precursors and processes. Considering the high cost of the noble
metals, process cost should be minimized by development of a low cost
precursors and a fast deposition process.

In addition, the CBO does not improve as expected because of two
reasons: As described in Eq. 3 pinning due to interface dipolesislowering the
CBO.3® Furthermore, noble metal atoms can easily diffuse into the dielectric
material, which causes traps at the interface and degrades the barrier height
of the capacitor®” (see Figure 11). Accordingly, new integration schemes are
necessary to prevent these effects. The experimental determination of the
work function and the CBO is described in section 2.4.

2.2.2. Resistance

To store information ina DRAM capacitor the charge needs to be transferred
within the electrode to the dielectric layer interface. Possible write and
read times are determined by the RC-delay of the cell (see section 1).
If the resistance of the electrode is too high, the RC-delay reduces the
charge transport within the electrode material, which lowers the effective
cell capacitance. During capacitor scaling the thickness of the capacitor
electrodes was continuously decreased, which causes a higher RC-delay
since the resistivity of the thin film electrode is higher than the one of
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the bulk material.® In addition, the top electrode is thinner than the
bottom electrode, which further impacts the RC-delay. The main reason
for this difference in electrode thickness is the integration flow described
in section 2.6 (see Figure 16). Here, a certain thickness is required for the
bottom electrode to guarantee the stability of the whole structure and the
top electrode only fills remaining gaps in the structure.

l
RZIO'Z ®)

The resistance R of a thin TiN wire depends on the resistivity p, the length
I'and area A of a wire (Eq. 5). The resistivity of a film can be reduced by
increasing the film density and improving the conformality of the film.
The resistivity of inert noble metal electrodes is several times lower than
that of TiN (Table 1.) Therefore, applying inert metal electrodes to DRAM
capacitors can effectively reduce the electrode resistance.’2

2.3. Leakage mechanisms and traps

The charge on the storage capacitor is decreased by leakage currents.
Therefore, DRAM capacitors need to be recharged periodically, which is
called “refresh”. Typical refresh times are 64 or 32 ms depending on the
DRAM type. The leakage current of the DRAM capacitor is determined by
several parameters such as dielectric thickness, barrier height, trap energy
level and trap density (see Figure 11).

Electrodes have a major impact on the leakage current since they supply
both types of charge carriers: electrons and holes. When the dielectric is

R I R R
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in contact to the electrodes, a band structure is formed where charged
carriers like electrons need to overcome an energy barrier (Schottky barrier
or conduction band offset CBO). This barrier is a dielectric metal interface
material property and dependent to the metal workfunction ¢ and the
affinity x of the dielectric as described in Eq. 2. The band gap E; was
empirically found to show an inversely proportional dependence on the
dielectric constant (see Figure 12).3 Accordingly, materials with high
dielectric constant have a low band gap and likely also a lower CBO and
need to be deposited with a much higher thickness to compensate for the
higher leakage current.

Overall, the leakage current can be divided into three major components:
thermionic emission, tunneling, and hopping mechanisms.*’ Thermionic
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emission effects could be injection from the Fermi-level of the electrode to
the conduction band of the dielectric (Schottky emission: Eq. 6):

F
i 0

kBT

j =- T2 eXp _q d)trgp -

(where j is the current density, « is a constant, g is the charge of electron,
Ptrap 15 the trap depth without external field, F is the electric field in the
dielectric, kg is the Boltzmann constant, and T is the temperature.

Or by Poole-Frenkel emission of trapped carriers from the trap site to
the conduction band (Eq. 7):

. E . F
j = B-(gNprup)F exp (TA) with E4 = —q/kp - <¢tmp = . >
)

(where j, q, ¢trap, kg, T, F see above, Npg is the trap density, u is the electron
mobility, &g is the vacuum permittivity, and ¢4, is the dynamic permittivity)
Both effects are field enhanced and increase with temperature.

On the other hand, bulk transport effects need to be discussed: Tunneling
can occur from the Fermi-level of the electrode to adjacent trap sites or
between different trap locations. This effect follows for a square barrier

(Eq. 8):
2./2m*q¢, 2
j=oVig = T vemgee i Z; 9 exp (—%‘/Zm*q . CBO) V « CBO ®
wh2w
or:

, 4/2m* 3 _ 7°
— oF2 — .CBO)2 = .-
j=oF exp( 3ahE (g-C O)Z) with o Ten2n 1 CBO )

(.9, prrap, F see above, m* the effective tunneling mass, w the relevant
width of the barrier, & the Planck constant) for higher applied fields for
a triangular shaped barrier according to the Fowler-Nordheim equation
(Eq. 9). As a last mechanism, hopping to nearest neighbors is mentioned
and further mechanisms are described in literature.*’ Depending on the
transport mechanism, different procedures are described to obtain e.g. the
trap depth. As one example, the extraction of parameters for Poole-Frenkel
emission is described in Fig. 13.4! Here, the logarithm of the leakage current
density versus one over temperature is plotted for a ZAZ capacitor with
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TiN electrode. The data should follow a straight line and a trap depth of
0.8-1.4 eV can be calculated.*?

2.4. Capacitor band structure

The knowledge of the DRAM capacitor band diagram can be used to model
leakage currents % and to further optimize the film stack for future DRAM
generations. The band structure has been estimated by several experimental
methods. Terraced oxide measurements are performed to determine the
work function of an electrode material on a dielectric.#4 A SiO, layer is
grown on a Si substrate and a stepped structure is formed by wet chemical
etching. On this surface, a thin dielectric (eg. ZrO,) and metal layer pads
(e.g. TiN) are deposited. After measurement of the flatband voltage shift for
different dielectric thickness, values the work function of the metal can be
extracted.** In addition, internal photoemission (IPE) spectroscopy enables

nsity [A/cm?]

@ 1E-10 -

: 20
<17 ) =
: '\‘\-\ OpelOV)=09eV | :
E 20 3. 1 \ -5
] \ E\S\S\& \3,25V 24
2] 272y \\& \3" e 8
S 2V Q\\j\\\;\gz.7sv"26 E
K9] 225\ 8 25V | o =
e E =1 V (m} E
=20 o, (0v)=1.2ev 2V _CDPF(OV) 148 5 225v 28 <

2 3 2V
24 26 28 30 32 34 36 24 26 28 30 32 34 36
1000/T (1/K) 1000/T (1/K)

Fig. 13. (Top) Leakage current density of a 10 nm ZAZ capacitor dielectric with TiN top
and bottom electrode for different bias voltage and different substrate temperatures (©2014
IEEE. Reprinted, with permission, from Ref. 41). Values for low bias voltages are limited
by resolution of measurement setup. (Bottom) Extraction of trap levels assuming a Poole-
Frenkel leakage mechanism.
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Fig. 14. Band diagram for a MIM capacitor with TiN electrodes and a ZAZ dielectric.6”

straightforward CBO barrier determination as the minimal energy required
to excite an electron from the TiN Fermi-level to the conduction band of the
dielectric.*® Furthermore, the band gap of the dielectric is characterized by
photoconductivity (PC) measurements.

The band diagram of a MIM capacitor with a ZrO,/SrO/ZrO, very
similar to a currently used ZAZ dielectric was summarized as Figure 14%7
The CBO between the Fermi-level of the TiN electrode and the conduction
band of ZrO, is about 2eV and the band gap of ZrO, about 5.5eV. Both
numbers are lower compared to values reported in literature for bulk
materials.*? This can be related to diffusion of electrode atoms into the
dielectric, interface oxidation of the electrode material and to effects caused
by property changes in thin films. In addition, trap levels at 0.8-1.4eV
below the ZrO, conduction band and a TiN work function of ~4.5 eV were
determined.>®

The band structure of a MIM capacitor with Ru electrode and 5rTiOs3
dielectric was evaluated by Kaczer et al.46 Again, the IPE method was
used to evaluate the conduction band offset and band gap of the dielectric
materials. A conduction band offset of ~1.5 eV and a band gap of 3.2 eV was
determined. Considering a CBO of &2 eV for ZAZ based capacitor with TiN
electrodes, the CBO value for a Ru /SrTiOj3 interface needs to be improved
to obtain a maximum advantage from their high dielectric constant. Sr rich
SrTiO3 was suggested to suppress the leakage current of the Ru/SrTiOs
system.47

Moreover, the band structure of Al doped TiO, with a RuO;, electrode
was studied. It was suggested that the RuO, electrode was inevitable to
deposit the rutile high dielectric constant phase of TiO,. Furthermore, Al
doping improved the conduction band offset of the RuO;/TiO; interface,
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which reduced the leakage currents effectively.*® However, due to a low
Eg value of TiO; (3.1eV), the conduction band offset of RuO,/Al doped
TiO; was estimated as ~1.5 eV, which is also smaller than the one of a ZAZ,
capacitor with TiN electrodes. To compensate for these low CBO values,
IrO; electrodes were deposited on Al doped TiO,. Here, the higher work
function values resulted in a CBO improvement and a decrease in leakage
current for the Al doped TiO;, capacitor stack.*’

2.5. Capacitance equivalent thickness scaling

As discussed in section 1.3, a CET downscaling of DRAM capacitor can
be achieved by two different approaches. On one hand, a decrease of
the physical thickness of the current ZrO, dielectric is evaluated and on
the other hand, new higher- ¢, dielectric materials could be applied to
the DRAM capacitor.

Figure 15 shows a plot of the leakage current as a function of the CET
value indicating an exponential increase of the leakage current for lower
CET values caused by the thickness scaling of the ZrO, dielectric. According
to the ITRS roadmap°! a leakage current density of 1107 A/cm? is required
at a bias voltage of 0.5 V(Vpr1). This corresponds to about 1fA/ memory
cell for a 3D capacitor when the surface area is not exactly known. At
target leakage specification, typical CET values of 0.7 nm are reached for
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Fig.15. Leakage current density versus capacitance equivalent thickness for different ZrO5
based dielectric with TiN electrodes in a MIM capacitor configuration (square dots??; open
dots; 0 closed dots!8).
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a crystalline pure ZrO, dielectric.”® This material does not meet the 10 year
lifetime criteria for DRAM capacitors due to the crystalline structure of
the ZrO, dielectric. Here, ZrO; grains span the whole distance between
bottom and top electrode and the leakage current is increased along the
grain boundaries.>? Typically, an amorphous Al,O; interlayer is introduced
in the center of the ZrO; dielectric to separate the ZrO, layer into two
crystalline films with smaller grains size and an overall improved leakage
and reliability behavior.!® Due to the lower ¢;- value of the introduced Al,Os3
the CET value is slightly increased which resulted in a similar CET/leakage
performance compared to pure ZrO,. In the last years the ZAZ process was
improved and currently CET values below 0.7 nm at target leakage current
can be reached. Furthermore, studies are ongoing to search for an interlayer
material with higher dielectric constant than Al,O3 and similar electrical
properties.”

As explained in paragraph 2.3 different leakage mechanisms could be
responsible for conduction through the dielectric material. Temperature
dependent leakage current measurements could give an indication of the
main conduction paths. For the ZAZ capacitor stack a bias dependent leak-
age current mechanism is reported.*> Assuming a Poole-Frenkel conduction
mechanism, trap levels in the order of 0.8-1.4eV are extracted between
1.5 to 3MV/cm and related to oxygen vacancy driven trap sites™ (see
paragraph 1.2). The leakage current at higher field was typically attributed
to Fowler-Nordheim tunneling.®

More aggressive CET scaling has been achieved by higher-k (s; > 40)
dielectric materials such as Al doped TiO, and SrTiOs; with noble metal
electrode (see Figure 9). A CET value below 0.5nm was obtained for Al
doped TiO; with RuO; top and bottom electrode.®® Even better results
were achieved for MIM capacitors with SrTiO3 dielectric and Ru or SrRuO3
electrodes. A CET value below 0.4 nm was successfully shown (see Figure 9)
and recent leakage current simulations using conduction band offset and
oxide tunneling mass as a key parameter suggested that SrTiO3 might be
the only high-k dielectric candidate which is able to attain CET values below

0.3nm.2!

2.6. 3D capacitor fabrication

Unlike planar structure MIM capacitor, formation of 3D structure DRAM
capacitors requires additional process step and technology.

The integration flow for a DRAM capacitor was kept stable since the
50 nm technology but the aspect ratio of the structure drastically increased.
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Fig. 16. Integration flow for DRAM stack capacitor fabrication; SEM: (top) top view of
capacitor with support structure (bottom left) cross section similar to Figure 16.6 (bottom
right) top view of capacitor under certain angle (©2013 IEEE. Part of figure reprinted, with
permission, from Ref. 4).

In a first step (Figure 16.1), a mask is deposited on a micrometer thick mold
Si07 layer before very precise trenches are dry etched into the 5i0;. These
trenches need to be placed exactly on top of the contact structures and
require an almost 90° taper angle. Both steps are already very challenging
for the according process equipment.

After dry etching of trenches a chemical vapor deposition (CVD) of
titanium nitride into a trench structure is performed (Figure 16.2). Typically,
titanium chloride (TiCly) and ammonia (NH3) are used as precursors. The
mold oxide material is removed by a wet chemical process (Figure 16.3)
followed by the ZrO,-based dielectric deposition onto the very brittle TiN
bottom electrode cup-like structure (Figure 16.4). Due to the layer by layer
growth of the ALD processing very conformal films can be deposited
in these high aspect ratio structures. For ZAZ film deposition typical
precursors are Zr[N(CH3)CoHs]4 or CpZr[NMey]s for Zr, AI(CHs)s (TMA)
for Al and ozone as the oxygen source at deposition temperatures of
about 300°C.* Finally, the CVD TiN top electrode is deposited onto the
ZrQ; dielectric (Figure 16.5). After fabrication, each capacitor in the array
has a separate bottom contact to the select transistor and a common top
electrode. To stabilize the cup shaped bottom electrode and to prevent
bending and leaning a supporting SiN-based structure was implemented in
the processing sequence starting with 50 nm technology node (Figure 16.6).
For future DRAM capacitor structures the cell area is decreasing further and
even higher aspect ratio structures are necessary to compensate the area
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loss. As shown in Figure 5, the aspect ratio might increase to 100:1. This will
drastically enhance the surface area of the capacitor and accordingly, also
of a 300 mm wafer and impact process specifications. Since the electrode
layer might need to be thinned to relax the scaling requirements for future
devices the resistivity within the electrode layer will become increasingly
more critical.

As described in literature,”® during the ZrO, ALD deposition process
the underlying TiN bottom electrode is slightly oxidized by the usage of
the ozone precursor and a TiOxNy is formed at the interface. During top
electrode deposition only a nitridation of the dielectric is occurring and
oxygen is diffusing into the TiN during subsequent anneal processing
steps. Hence, the top electrode is less oxidized and a slightly asymmetric
capacitor stack is formed. Since the leakage current is partially impacted by
the interfaces these structural differences are leading to a non-symmetric
leakage current behavior.

The high aspect ratio DRAM capacitor is fabricated on top of the
transistor and further back end metal lines are processed on the capacitor.
Compatibility to current DRAM integration scheme is essential for the
DRAM capacitor. From all possible integration parameters, a conformal
physical thickness of dielectric material and electrode are one of the most
important process parameters for capacitor integration. The ratio between
thinnest and thickest physical thickness in 3D structure is called as step
coverage. The step coverage of dielectric material is important for both
the cell capacitance and the leakage current. Due to the high aspect ratio
of a DRAM capacitor structure, the thickness of the dielectric layer at
the top of the structure is thicker than that on the bottom. Precursor and
reactant concentration differences between top and bottom during the
deposition are considered to be the origin of this difference.”” The region
with the thinnest dielectric — most likely at the bottom of the structure
determines the leakage current of the storage capacitor. Hence, a minimum
bottom dielectric thickness should be maintained to prevent high leakage
currents and early breakdown of the device. On the contrary, a thicker
dielectric at the top reduces the overall cell capacitance. Therefore, the target
would be to improve the step coverage for best capacitance and leakage
current perfor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>