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deposition for nonvolatile memory applications
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The formation of Ru nanocrystals is demonstrated on a SiO, substrate by plasma enhanced atomic
layer deposition using diethylcyclopentadienyl ruthenium and NH; plasma. The island growth of
Ru was observed at the initial stages of the film formation up to a nominal thickness of 11.1 nm. A
maximum Ru nanocrystal spatial density of 9.7 X 10'" /cm? was achieved with an average size of
3.5 nm and standard deviation of the size of 20%. Electron charging/discharging effect in the Ru
nanocrystals is demonstrated by measuring the flatband voltage shift in the capacitance-voltage
measurement of metal-oxide-semiconductor memory capacitor structure. © 2006 American Institute

of Physics. [DOI: 10.1063/1.2338793]

Memory device structures with nanocrystal (or quantum
dot) floating gates have been considered as a possible solu-
tion for the next generation of nonvolatile memory devices.'
However, for the integration of nanocrystals into the memory
device structure, it is important to develop a reproducible
deposition method which guarantees the simultaneous con-
trol of the spatial density, size, and size distribution of the
nanocrystals. Recently, direct deposition utilizing an initial
stage of chemical vapor deposition (CVD),>™* a thermally
induced self-organization process by precipitation of im-
planted ions,”® or the a$§lomeration of physical vapor de-
posited thin metal films™” has been widely investigated for
nanocrystal formation. Among these processes, the low pres-
sure CVD (LPCVD) of Si has been found to offer relatively
good controllability of both the size and spatial density of the
nanocrystals and, thus, is widely employed as one of the
most promising process technologies to form nanocrystals.9
However, the control of nucleation and growth at the initial
stages of CVD appears to remain a very difficult problem,
because complicated chemical reactions such as decomposi-
tion, physisorption, chemisorption, and the surface reactions
of the introduced precursor/reactant molecules occur simul-
taneously within a short deposition time (typically less than
I min in the LPCVD system). Also, the film growth which
results from combinations of various process parameters
such as the temperature, precursor/reactant ratio, and pres-
sure of the precursor/reactant is too difficult to control.

Atomic layer deposition (ALD), on the other hand, uses
a self-limiting film growth mechanism caused by surface
saturated reactions through the sequential exposure of the
precursor and reactant at each ALD cycle.lo One ALD cycle
typically consists of precursor pulsing for precursor adsorp-
tion, purging of the physisorbed precursors, reactant pulsing
for surface reaction, and purging of the by-product. There-
fore, the ALD process appears to have the following advan-
tages over the conventional CVD process in terms of its abil-
ity to control thin film formation processes. First, the
deposition conditions can be precisely controlled by making
independent adjustments of the process parameters at each
subcycle stage. Second, the deposition time can be digitally
controlled by adjusting the number of ALD cycles. Third, the
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growth rate (or equivalently the adatom flux) is relatively
independent of process variables such as the temperature and
precursor/reactant ratio and can be controlled simply by ad-
justing the precursor dose. In particular, the purging stage
can play the role of shifting the deposition process close to
the equilibrium condition by offering more free time for the
surface diffusion of the deposited adatoms. This means that
the deposited adatoms have more chance to seat on the en-
ergetically stable sites without being disturbed by unwanted
species such as the physisorbed precursors and by-products
of the reaction. Therefore, the ALD process can be a more
useful process for depositing uniform nanocrystals in specific
deposition systems such as that involving the formation of
metal nanocrystals on a dielectric substrate, which generally
tends to lead to island growth. Herein, we demonstrate that
the ALD process can be a facile route to uniform nanocrystal
deposition by using the plasma enhanced ALD (PEALD) of
Ru as an example.

The ALD of Ru has been studied for applications involv-
ing a glue layer for Cu electrodeposition,ll electrodes for
dynamic random access memory capacitors,12 and metal
gates for complementary metal-oxide semiconductor." It has
been reported that the ALD of Ru on dielectric substrates
shows a substantial incubation period, which indicates the
possibility of having a large process window for island
glrowth.14 In addition, the PEALD process can be used to
modify the nucleation stage. Recently, Kwon et al. reported
that the PEALD Ru process on TiN shows no apparent incu-
bation period. This result implies that the nucleation rate is
significantly enhanced by the PEALD process.11 Another
reason for selecting Ru is its high chemical and thermal sta-
bility, which is compatible with current semiconductor tech-
nology. The relatively large work function (4.7 eV) of Ru is
also advantageous for the application of this material to
nanocrystal floating gate memory devices, because this
would be expected to give rise to better retention and charg-
ing effectiveness.’

Ru nanocrystals were deposited on thermally grown
SiO, (100 nm)/Si (100) substrates using a showerhead-
type GENI-MP1000 PEALD system (ASM-Genitech, Inc.)
at a deposition temperature of 300 °C and total pressure of
3 Torr. Ar (99.999%) gas was used as both a carrier
gas and purging gas. Diethylcyclopentadienyl ruthenium

© 2006 American Institute of Physics
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FIG. 1. Number of deposited Ru on SiO, as a function of the ALD cycles.

(Ru(EtCp),) (99.60%) vapor was generated in a bubbler at
80 °C, at which the saturated vapor pressure of Ru(EtCp),
is 0.18 Torr, and carried into the process chamber by Ar
at a flow rate of 100 sccm (standard cubic centimeter per
minute). An rf plasma of NH; (99.999%) diluted by Ar was
used as a reducing agent. The flow rates of NH; during puls-
ing and Ar during purging were both 150 sccm. One ALD
cycle consisted of Ru(EtCp), pulsing, purging, NH; plasma
treatment at a rf power of 100 W, and purging for durations
of 5, 5, 15, and 3 s, respectively. To determine the optimal
pulsing times affording self-limited growth, the pulsing times
of Ru(EtCp), and NH; were independently varied. The
nominal growth rate of Ru was saturated at 0.025 nm/cycle
when the Ru(EtCp), and NH; pulsing times exceeded 5 and
10 s, respectively. The spatial density, average size, size dis-
tribution, and average height of Ru as a function of the num-
ber of ALD cycles were measured using plan-view and
cross-sectional transmission electron microscopy (TEM)
(JEOL JEM-3000F with a field emission gun operated at
300 kV) and scanning electron microscopy (JEOL JSM
7401F). The resistivity of the 25 nm thick Ru film was about
35 uQ cm. Capacitance-voltage (C-V) measurement was
conducted using an Agilent 4284 A precision LCR meter.

Figure 1 shows the number of Ru atoms deposited as a
function of the number of ALD cycles. The number of Ru
atoms deposited for less than 300 ALD cycles was calculated
from the molar volume of bulk Ru (8.17 mole/cm?) and the
average volume of the nanocrystals, which was estimated
from their average size and height in the plan-view and
cross-sectional TEM micrographs assuming that they have a
spherical shape. The number of Ru atoms corresponding to 1
ML is defined as 1.76 X 10" atoms/cm?, which is calculated
from the molar volume to the power 2/3. From 300 ALD
cycles, where the Ru islands start to agglomerate, the number
of deposited Ru atoms is calculated from the surface cover-
age and nominal thickness. As shown in Fig. 1, the trend
between the amount of Ru deposited and the number of ALD
cycles shows a nonlinear relationship below 500 ALD
cycles, unlike ideal ALD growth behavior. Recent studies
have revealed that the difference in the probabilities of the
precursor being adsorbed on the deposited material and sub-
strate is the reason for the nonlinear growth behavior in the
initial stages of ALD." From the analyses of Puruunen'” and
Lim et al.'® the number of atoms deposited per cycle can be
calculated from the probabilities of the Ru precursor being
adsorbed on Ru, a, and SiO,, 8. In our case, the number of
atoms deposited per cycle is defined as
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FIG. 2. Plan-view TEM micrographs of Ru nanocrystals deposited for 100
(a), 200 (b), 300 (c), and 500 (d) ALD cycles. The inset figures are HRTEM
images of the corresponding cycles.

f(n) = ka—k(a-p)(1-p)"", (1)

where f(n) is the number of atoms deposited at the nth ALD
cycle and k is the conversion factor from the surface cover-
age to the number of atoms. Using this model, it is found that
the adsorption probability of the Ru precursor on Ru is about
270 times larger than that on the SiO, substrate. The line in
Fig. 1 shows the fitting lines derived from this model, which
shows a good match with the experimental results.

Figure 2 shows the bright-field plan-view TEM micro-
graphs of the Ru nanocrystals deposited on SiO, after 100
(a), 200 (b), 300 (c), and 500 (d) ALD cycles. The inset
shows the high resolution TEM (HRTEM) micrographs of
the corresponding samples. Below 200 ALD cycles, the for-
mation of discrete and circular nanocrystals on SiO, with
good spatial and size uniformity is observed [Figs. 2(a) and
2(b)]. The coalescence of the Ru nanocrystals occurs after
200 ALD cycles, as shown in Figs. 2(c) and 2(d). It is noted
that Ru forms islands even at 500 ALD cycles [Fig. 2(d)],
which corresponds to a nominal thickness of 11.1 nm. It is
considered that this wide process window for the island
growth of PEALD Ru on SiO, comes from the preferential
deposition of Ru on the preformed nuclei. In addition, the
wetting angle between Ru and SiO, is expected to be close to
180°, due to the large difference in surface energies
[3.0 J/m? for Ru (Ref. 17) and 0.2 J/m? for SiO, (Ref. 18)]
and negligible interface energy between Ru and SiO,. Thus,
this large wetting angle causes the ALD system of Ru on
SiO, to have a greater tendency toward island growth.

Figure 3 shows the spatial density and average size of
the Ru nanocrystals deposited on SiO, as a function of the
number of ALD cycles. The spatial density of the nanocrys-
tals was measured by counting the number of Ru nanocrys-
tals in the plan-view TEM images. The spatial density of the
Ru nanocrystals increases in the early stages of ALD, shows
a maximum density of 9.7 X 10" /em? at 200 ALD cycles,
and then decreases due to the coalescence of the Ru nano-
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FIG. 3. Spatial density and average size of Ru nanocrystals as a function of
the ALD cycles.

crystals. The average size of the nanocrystals increases lin-
early from 1.5 nm at 60 ALD cycles to 3.5 nm at 200 ALD
cycles, before the coalescence of the Ru nanocrystals occurs.
After 200 ALD cycles, the average size and its deviation
increase steeply due to the coalescence of the Ru nanocrys-
tals. While it is not shown in the data, it is noted that the
standard deviation of the nanocrystal size is measured to be
about 20%, below 200 ALD cycles.

We made metal-oxide-semiconductor (MOS) capacitor
embedded with Ru nanocrystals deposited for 200 ALD
cycles for the confirmation of electron charging/discharging
effects in Ru nanocrystals. Tunnel oxide of 5 nm thickness
was thermally grown on n-type Si substrate using a rapid
thermal process. After Ru deposition, 25 nm thick control
oxide was deposited by plasma enhanced chemical vapor
deposition. Finally, Al top gate was deposited by thermal
evaporation and patterned by photolithography. Figure 4
shows the high frequency C-V characteristics of MOS ca-
pacitor with Ru nanocrystals after voltage sweeping between
¥2, ¥6, and F10 V. The flatband voltage shift (AVgg)
gradually increases as the voltage sweep range increases.
Large AVgg of 3.6 V during backward sweep and 3.1 V dur-
ing forward sweep are achieved at the sweep range between

—|--2V/+2V/-2V
—@--6V/+6V/6V
—A—-8V/+8V/-8V

forward

backward

84 6 4 -2 0 2 4 6 8
gate voltage (V)

FIG. 4. High frequency C-V characteristics for a MOS capacitor with the Ru
nanocrystal floating gate.
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+10 V, while negligible AVgg (<0.01 V) was observed for
MOS capacitor without Ru nanocrystals. It is worth noting
that more enhanced retention characteristics of the present
Ru nanocrystals could be expected from the asymmetric
charging/discharging behavior because electrons should
overcome large tunnel barrier for discharging process. This
asymmetric charging process can also be expected from the
large work function of Ru (4.7 eV).

In summary, we demonstrate that a uniform nanocrystal
array with a high spatial density and narrow size distribution
can be deposited using the Ru PEALD process. The large
difference in adsorption probabilities of Ru precursors on
between Ru and SiO, and the large difference in surface
energies of Ru and SiO, are thought to be responsible for the
large process windows for island growth of the presented
method. Ru nanocrystals with an average size of 3.5 nm and
size deviation of 20% are incorporated into MOS-type
memory structures.
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