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Nanoscale 2-Bit/Cell HfO2 Nanocrystal
Flash Memory

Yu-Hsien Lin, Member, IEEE, and Chao-Hsin Chien, Associate Member, IEEE

Abstract—In this paper, we demonstrate 50-nm trigate non-
volatile HfO-> nanocrystal memory devices on silicon-on-insulator
wafers. The proposed technique, which is fully compatible with
current CMOS technologies, is used to form highly localized HfO,
nanocrystals for application in nonvolatile flash memory. We suc-
cessfully scale down conventional nonvolatile floating gate memo-
ries below the 50-nm node to achieve nanodevices for application
in next-generation nonvolatile memories.

Index Terms—Flash memory, hafnium oxide, nanocrystals, non-
volatile memories.

I. INTRODUCTION

CCORDING to the International Technology Roadmap

for Semiconductors (ITRS), there are critical limitations
for aggressively scaling down conventional nonvolatile floating
gate memories below the 50-nm node [1]. SONOS-type (poly-
Si-oxide—nitride-oxide—silicon) memory structures including
nitride memories and nanocrystal memories have recently at-
tracted significant attention for application in next-generation
nonvolatile memories [2]-[14] because of their great potential
for achieving high programming/erasing speed, low program-
ming voltage and low power performance. However, many is-
sues of concern are still present for both types of memories. For
conventional SONOS, erasing saturation and vertical stored-
charge migration [2], [3] are the major drawbacks, while for
nanocrystal memories, a high enough charge-storage capability
of the discrete storage nodes and the formation of nanocrys-
tals with a constant size, high density and uniform distribution
are extremely challenging issues [4]. In recent years, many pa-
pers have even shown the Al,Oj3 trapping layer as a potential
candidate for replacing SigNy [5] and have also demonstrated
different kinds of nanocrystals to provide charge storage for
the nonvolatile memories, such as silicon (Si) nanocrystals, ger-
manium (Ge) nanocrystals, and metal nanocrystals [6]-[14].
Some previous studies have ever reported the use of high-x di-
electric materials, hafnium oxide (HfO-), to be the nanocrystal
layer of the SONOS-like memories [15], [16]. HfO, nanocrys-
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Fig. 1. (a) HfO2 nanocrystal flash memory cross-sectional cell structure. (b)
HfO» nanocrystal flash memory top-view cell structure.

tal memory has the advantages of high trapping-state densities
for charge-trapping efficiency improvement, deep trap-energy
level for better charge retention, and proper conduction/valence
band offset with Si for achieving excellent memories electrical
properties [17]-[19].

In this paper, we use highly localized HfO, nanocrystals
for use with nonvolatile flash memories on silicon-on-insulator
(SOI) wafers. We have successfully achieved 50-nm nanocrys-
tal memories with characteristics such as a considerably large
memory window, high programming/erasing speed, long reten-
tion time, and good endurance.

II. EXPERIMENT

The illustrative structures for our nanoscale HfO, nanocrys-
tal flash memories are shown in Fig. 1(a) and (b). They are
trigate nanoscale devices fabricated on SOI wafers by using
the following procedure. After the active region was patterned,
a 2-nm tunnel of oxide was thermally grown at 1000 °C in
a vertical furnace system. Next, a 10-nm amorphous HfSiO,
silicate layer was deposited by cosputtering with pure silicon
(99.9999%) and pure hafnium (99.9%) targets in an oxygen gas
ambient. The cosputtering process was performed with 7.6 I
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1073 torr at room temperature (RT) and with precursors of Oy
(3 sccm) and Ar (24 sccm), where both dc sputter powers were
set at 150 W. An 8-nm blocking oxide layer was then deposited
through high-density-plasma chemical vapor deposition. Next,
a 100-nm in situ n* phosphorus-doped amorphous-silicon layer
was deposited by low-pressure chemical vapor deposition. After
gate patterning, the remaining oxide in the source/drain (S/D)
regions was removed by diluted HF, and 150-nm TEOS oxide
sidewall spacers were then formed by deposition and etching.
A self-aligned implantation, tilted at 20°, was performed to
form the n™ source/drain extension with As™ at a dose of 1 x
10'5 cm~2 and the energy of 20 keV. Next, a 7° tilt-angled self-
aligned implantation was used to make the n™ source/drain with
As*t atadose of 5 x 10'® cm~2 and energy of 15 keV. Dopant
activation and the transformation of the HfSiO, silicate film
into the separated HfO, and SiO; phases were accomplished by
rapid thermal annealing (RTA) at 950 °C for 15 s. After contact
formation and metallization processing, the device fabrication
was complete.

III. RESULTS AND DISCUSSION

A. Structural Analyses of HfOo Nanocrystal Memory

Fig. 2(a) and (b) shows the top-view scanning electron micro-
graph (SEM) image and cross-sectional high-resolution trans-
mission microscopy (HRTEM) image of the HfO, nanocrystal
device, respectively. The channel length, Si-channel thickness,
and fin width of trigate structure are about 50, 40, and 50 nm,
respectively. The effective channel width of the device is es-
timated to be about 130 nm (fin width + 2 x fin height =
50 nm 4 2 x 40 nm). Moreover, the formation of about 8-nm
HfO, nanocrystals of the trapping layer can be observed. The
well-known mechanism responsible for the formation of HfO,
nanocrystals is the phase separation of HfSiO, silicate into a
crystallized structure [20]. For the Hf-silicate layer, the com-
positions within the metastable extensions of the spinodal are
unstable, and HfO, nanocrystals will be formed and wrapped
up by SiO» after cooling down from the RTA processing. In ad-
dition, it is clear from the diffraction patterns (not shown) that
the as-deposited film was amorphous and the one subjected to
RTA was polycrystalline.

B. Characteristics of Fresh Devices and 2-Bit Operation

In this paper, all cells have dimensions of L/W = 50/50 nm.
Fig. 3 displays the I;,—V,, curves for the as-fabricated, pro-
grammed and erased HfO, nanocrystal memory devices. We
use V, =11V, V; =4V, and tr = 10 us for programming, and
Vo =-4V,Vy =3V, and t = 10 us for erasing. As seen, a
relatively large memory window of about 1.5 V can be achieved.
In addition, we can observe some “discontinuities” presented on
the I4,—V 45 curves. This phenomenon is thought to be due to the
discharging of a few electrons from the HfO, nanocrystals, i.e.,
the so-called few-electron effect, which will be discussed fur-
ther. The program characteristics as a function of pulse width for
different operating conditions are shown in Fig. 4(a). Channel
hot-electron injection and band-to-band hot-hole injection were

(b)

Fig.2. (a) Top view scanning electron micrograph (SEM) image of the HfO»
nanocrystal device. (b) Planar-view HRTEM image of the nanoscaled trigate
HfO9 nanocrystal device.
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Fig. 3. 135V curves for the as-fabricated, programmed, and erased HfOo
nanocrystal memory devices.

employed for programming and erasing the memory, respec-
tively. Both source and substrate terminals were biased at O V.
The “V; shift” is defined as the change in the threshold voltage
of a device between the written and the erased states. With V; =
4VandV, =11V, arelatively high-speed (1 ms) programming
performance can be achieved with a memory window of about
2.2 V. Meanwhile, Fig. 4(b) demonstrates the erasing charac-
teristics as a function of various operation voltages. Again, an
excellent erasing speed of around 0.1 ms can be obtained.

The retention characteristics of the as-fabricated HfO,
nanocrystal memory devices at the different measuring tem-
peratures (T = 25, 85, and 125 °C) are illustrated in Fig. 5. The
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Fig. 4. (a) Program characteristics of HfO2 nanocrystal memory devices with
different programming conditions. (b) Erasing characteristics of HfO2 nanocrys-
tal memory devices with different erasing voltages.
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Fig. 5. Retention characteristics of HfO2 nanocrystal memory devices at 7' =
25, 85, and 125 °C.

retention time can be up to 108 s for 17%, 41%, and 71% charge
losses at temperatures 25, 85, and 125 °C, respectively. We
propose that the visible charge loss arises from the incomplete
formation of well-isolated HfOy nanocrystals after the 950 °C,
15 s RTA process. It is believed that a higher thermal budget can
lead to better integrity of the nanocrystal formation. However,
the largest allowable thermal budget is restricted by the dif-
fusion of the dopants in the S/D regions. A higher temperature
and longer period of annealing will result in extremely poor sub-
threshold characteristics of the devices due to the punchthrough
between the source and the drain. The endurance characteristics
after 10° P/E cycles are also shown in Fig. 6. For operation of
our device, the programming and erasing conditions are V, =
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Fig. 6. Endurance characteristics of HfOy nanocrystal memory devices. Neg-
ligible degradation is found even after 10° P/E cycles.
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Fig.7. 135V curves of the 2-bit memory in a cell; forward read and reverse
read for programmed bit 1 and programmed bit 2.

11V,Vg=4VforO.lmsandV, =-4V,V, =3V for0.1 ms,
respectively. Only a small narrowing of the memory window
has been displayed, which is associated with a relatively small
number of operation-induced trapped electrons being generated
after cycling. Certainly, this result is intimately related to the
use of ultrathin tunnel oxide and the minute amount of residual
charges in the HfO, nanocrystals after cycling. Fig. 7 demon-
strates the feasibility of performing a 2-bit operation with our
nanoscale HfO, nanocrystal memories through a reverse read
scheme in a single cell. From the /;,—V,, curves, it is clear that
we could employ forward and reverse reads to detect the infor-
mation stored in the programmed bit 1 and bit 2, respectively.
The read operation was achieved using a reverse read scheme.
Table I summarizes the bias conditions for the 2-bit operation.

C. Different Length and Width Characteristics

Figs. 8 and 9 show how V; shifts as a function of channel
length and width, respectively. The V, shift clearly becomes
larger for devices with smaller channel widths (longer channel
lengths) for a specific channel length (width). This tendency
is consistent with that shown in [21]. Based on the numerical
calculations, the authors demonstrated that this trend is mainly
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TABLE I
OPERATING PRINCIPLES AND BIAS CONDITIONS UTILIZED DURING THE
OPERATION OF THE HfO2 Nanocrystal Trigate Flash Memory Cell

IProgramI Erase Read
Bitl | V, 11v -4V 1.5V
Va 4V 3v ov
Vs ov ov >1.5V
Bit2 | Vg 11V -4V 1.5V
vd ov ov >1.5V
Vs 4V 3v ov
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Fig.8. RT hysteresis characteristics of the fabricated devices for various chan-
nel lengths. The inset shows the carrier mobiles with various channel lengths.
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Fig. 9. RT hysteresis characteristics of the fabricated devices with various
channel widths. The inset shows the carrier mobiles with various channel widths.

caused by the presence of bottleneck regions that dominate the
entire conductance in the ultranarrow channel once the charge
is programmed into the nanocrystals. In the wide channel, the
current can flow through the wide and low-potential region. By
contrast, in the ultranarrow channel, the current path is com-
pletely blocked in the bottleneck region, where one dot covers
almost the entire channel bottleneck effect. Moreover, the aver-
age potential in the ultranarrow channel is higher than that in
the wide channel because of the effects of nanocrystals on the
side surfaces. These effects are the origin of the larger V; shift
in the ultranarrow devices.
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Fig. 10. Read-disturbance characteristics of the HfO2 nanocrystal memory
devices.
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Fig. 11. Drain current versus gate voltage characteristic for the few-electron
effect.

D. Disturbance

Fig. 10 demonstrates the read-disturbance-induced erase-
state threshold voltage instability under several operating con-
ditions. For a 2-bit operation, the applied bit-line voltage in
a reverse-read scheme must be sufficiently large (>1.5 V) to
be able to “read through” the trapped charge in the neighbor-
ing bit. The read-disturb effect is the result of two factors: the
word line and the bit line. The word-line voltage during read-
ing may enhance RT drift in the neighboring bit [22]. On the
other hand, a relatively large read bit-line voltage may cause
unwanted channel hot-electron injection and, subsequently, re-
sult in a significant threshold voltage shift of the neighboring
bit. In our measurements, the gate and drain biases were applied
and the source was grounded. The results demonstrate clearly
that almost no read disturbance occurred in our memory devices
under a low-voltage reading (V, = 1.5V; V; =1-2.5V).

E. Few-Electron Effect

First, we studied the drain current versus gate voltage char-
acteristic, i.e., I[;-V,, of the memory devices at RT. The /,-V,
characteristics of the HfO, nanocrystal memories clearly show
the occurrence of the few-electron effect. In particular, in Fig. 11,
the continuous curve corresponds to the /;—V, measurement,
performed on a written device, when the gate bias is slowly
swept down from 3 to —2 V. For this characteristic, abrupt
peaks on the current are observed, corresponding to the sub-
sequent discharging of few electrons from an HfO, nanocrys-
tal. The dashed lines correspond to the same measurements
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Fig. 12. Drain current versus gate voltage characteristic at low temperature
(40 K) for swept time delay of 0.1 s.

performed with a fast voltage sweep on the same device after
programming under various conditions. In this case, no dis-
charging event occurs during the measurement. Moreover, we
note that the continuous curve abruptly jumps from one dashed
line to the other. Note that simultaneous injection/emission of
electrons from different HfO, dots is improbable because the
dots have a large size distribution in our devices. As reported
in [23], the threshold voltage shift V;;, is that induced by one
electron trapped in an HfO, dot. Based on this thesis, the thresh-
old voltage shift induced by only one electron trapped in one
HfO, dot, hereafter named §V;;, in a device with W = L =
50 nm, is about 15 mV. Note that this value is of the same or-
der of magnitude as the average experimental threshold voltage
shift, which can be extracted from Fig. 11. Fig. 12 shows the
1;-V, curve of the 10° P/E cycles for the stressed and writ-
ten memory devices at low temperature (40 °K), and the gate
bias is slowly swept for a swept time delay of 0.1 s. The /;-V,
characteristics of the HfO, nanocrystal memories also clearly
show the occurrence of few-electron effect. From these charac-
teristics, abrupt peaks in the current are observed more clearly,
corresponding to the subsequent discharging of a few electrons
from the HfO, nanocrystal. We use a normalized /;—V, curve to
fit them, and find that they still have the same order of magnitude
of almost 15 mV.

IV. CONCLUSION

In this paper, we proposed a novel, simple, reproducible,
and reliable technique for preparation of 50-nm-high-density
HfO, nanocrystals using spinodal decomposition of hafnium
silicate on SOI and achieved nanocrystal memories with char-
acteristics including large memory windows, high program-
ming/erasing speed, long retention time, and good endurance.
The few-electron phenomenon at 40 °K was clearly observed.
Discontinuities appear that corresponding to the discharging of
a few electrons from HfO, nanocrystals.
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