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Introduction

Among the various emerging memory technologies, the FeRAM (Ferroelectric Random-Access-Memory)
is a promising candidate for ultralow power, high speed, and non-volatile memory applications. The
currently commercialized FeRAM employs conventional ferroelectric materials that suffer from severe
drawbacks that have prevented FeRAM’s scaling ever since it reached the 130nm node two decades ago.
A detrimental problem for continued scaling is that, beyond the 130nm node, 3D (trenched or stacked)
storage capacitors are needed to enhance the effective area of the storage capacitor in order to enable the
sensing circuit to function, just like the DRAM memory technology, but neither PZT nor SBT would show
ferroelectric properties when deposited on the side-walls [2]. Since the advent of the novel HfO,-based
ferroelectric materials in 2011 [1], the ferroelectric memory community has been re-energized, which has
led to the publication of 3D FeFRAM cells built on trenches etched into Si substrates deposited with Al-
doped HfO, that exhibits ferroelectric properties on trench walls [2]. Although this is an excellent
accomplishment, the Al-doped HfO. requires fairly high temperatures to achieve the required
ferroelectricity, which precludes its use in the back-end-of-the-line process. In this paper, we report the
study of the retention and endurance characteristics of Hf,Zr1O2 (HZO)-based 3D FeRAM memory cells
that are compatible with back-end applications, due to its low thermal budgets (~450°C for less than 1h).

Experiments

The 3D MFM (Metal-Ferroelectric-Metal) capacitors in this study are fabricated using ALD to deposit the
HZO films at 250°C on Si substrates having pre-etched trenches coated with 3nm TiN film as the bottom
electrodes. The trenches all have 0.6um in depth, with various diameters (0.15, 0.2, 0.25, 0.35, and 0.5um).
Three different HZO thicknesses are studied (de = 7, 10, and 15nm). After the top TiN (3nm in thickness)
deposition and metal pattern etching, a post-metal annealing step was used to form the ferroelectric. Fig. 1
shows a schematic drawing of a representative 3D FeRAM cell used in this study compared to the
conventional 2D devices. After sample fabrication, standard electrical measurements are performed to
obtain the P-V hysteresis loops, the endurance as well as the retention characteristics at various
temperatures, and to study the associated mechanisms.

Results and discussion

Fig. 2 shows the typical P-V characteristics for a trenched sample (3D) in comparison with a planar sample
(2D) of the same projected area, showing much enhanced polarization of the former due to the increased
effective area arising from the side walls. Fig. 3 shows the RT retention characteristics for 3D samples with
3 different thicknesses, each switched under 3 different fields. Note that the starting polarizations are all
different for different samples as expected, but what’s striking is that the trend is qualitatively the same for
all curves, despite the wide range of thicknesses and applied fields. This observation may provide an
important clue for solving the retention puzzle. The data are quite encouraging for 3D FeRAM retention as
essentially all curves passed the 10-year retention mark. Fig. 4 shows the retention characteristics at
elevated temperatures for the 10nm samples, where one can see that it does meet the 10-year requirement
at 85°C, but it falls short above that T°. Fig. 5 shows the endurance characteristics for the same group of
samples shown in Figure 3. where one can see that basically all samples survived 10'° cycles, and the two
thinner samples (7 and 10nm) reached 10'* (extrapolated) with relatively low switching fields (2MV/cm).

These are record numbers for 3D FeRAM cells, as far as we know. One should note that, in the cases that
failure occurs around 10' cycles, the failure mode is primarily due to dielectric breakdown. Based on our
knowledge of dielectric breakdown in ultra-thin CMOS gate dielectrics, the total injected charge passing
through the dielectric is a critical factor that determines the breakdown event. We decided to investigate
the gate leakage currents in these samples as well as the associated current conduction mechanisms. From
our extensive temperature-dependent /-V measurements (not shown here), we decided that Fowler-
Nordheim (F-N) is most likely for the 15nm sample and Poole-Frenkel (P-F) is most likely for the 7nm
sample, and therefore, focused our subsequent studies accordingly. Figs. 6(a) through 6(f) are various plots
to fit the F-N and P-F models, from which we have been able to determine the barrier heights and the trap
energies. These results will be discussed at the SISC Conference.

Summary

Thickness-dependent rellablhty in 3D-Cap HfO,-based FeRAM capacitors has been studied. Results show
endurance larger than 10! cycles and >10 years of extrapolated retention time. A significant polarization
gain was made possible due to trenched capacitors that enhanced the effective areas. A major cause of the
endurance failure is the dielectric breakdown after numerous cycles, which is linked to the gate leakage




currents. Our temperature-dependent study of I-V characteristics has revealed Fowler-Nordheim tunneling
at low temperatures and Frenkel-Poole conduction at room-to-high temperatures as the culprits. Such
findings will be helpful for future commercialization of this technology.

Acknowledgement

We would like to thank Dr. Tim Chen of AUCMOS for supplying the samples used in this study. This work
was supported by the National Science Foundation (NSF) under Award No. 1941316.

References
[1] T.BOSCKE and J. MULLER, "Ferroelectricity in hafnium oxide thin films," 8 September 2011
[2] P.POLAKOWSKI, "Ferroelectric deep trench capacitors based on AI:HfO2 for 3D nonvolatile memory..." 2014
[3] S. MUELLER, "Reliability Characteristics of Ferroelectric Si:HfO2 Thin Films...," IEEE, March 2013.
[4] F-C CHIU, "A Review of Conduction Mechanisms in Dielectric Films", Hindawi, August 2013
60 —smTenn  |4p 12 10 | “@ w
— 2D Planar ’ q'z fom)_EM
_40 7 20 140 —
NEZO NI 7 25 175 —
b‘i £ SN0 7 30 210 —
2, -Ec \\\\\‘\\ 10 20 20 —
a & « V1w 25 250 —
-20 +g ::\ z‘
40 o ‘\;:\g 15 2.0 3.00 —
S N ke as oam -
60 - ¥ 5 uC/fecm? \»
3 15_ 0 15 3
E v 10 10° 10° 10° i_qﬁ 107 108
. —R'FRen.Glulvn Hme i:)

- e Fig. 2. P-V loops of 3D FeRAM || Fig 3 Retention characteristics of 3D-Cap
Fig. 1. 3D trench capacitor || Wjth | 4225 0. g“mT deep tr%ncge]:)s FeRAMs for di =7nm, 10nm and 15nm at room
FeRAM and conventional 2I] le:‘ ?{Xi\/{ spaceth ( gg())ocan 76 | T Psw was calculated by subtracting the

] 6 YFVIN response of Samplel to the response of Sample2
eposition (TaN) at specific times.
T00
— 105°C—7 L
s > dp=10nm 7 / _’"/«' —000sec | 4l Ny
L 80 ° / f i .

5 " Y )] —ioomin _°° o Fig. 4. Retention characteristics of
T 60 1Y Y e s, 3D-Cap FeRAMs for d = 10nm at
= A Eas i - jﬁyo room §5°c, 105,}1125 and 150%::

40 s = 4O 1EO = —125hours 02 __Measured <3, %P7 loops with corresponding

. \‘\\ a. 125°C—7 150 c ours .1;-15xtrf0polat:; C‘W coercive Ve shifts

“90 Y v “ 7.25 hours i
Q. ) pC/cm2 ,o\‘ \‘\%\\00 / Baking Time (s)

e Rt B A ’f,). 2 | e = 3.00 days
10? mi 10t 105. 105 107 10° g v de=70m o 4= 70m o) _T,;,,K |
Baking Time (s) § B <

100 — Measured d; mv/ v " P f-,n L"\ B g =0.7231eV
_ 80 W 7 20 140 — " (@ S0 = . =0.5430eV
”E 7 25 175 = SRE 14 16 [ “j’/f“[gﬁmﬂfﬂ o
D:: 60 7 30 210 — £ . d.=15nm A E d.=15nm (f) =K |
- i0 20 20 =— -

pcm/m;cu:;sm 10 25 250 — -12/ 20k — £ ®r.150, = 01505V E
540 = 13.5 5 280k — g N
[~ W R O \ M
20 . \ 15 20 300 — 16 o™ {b) 30k — =7nm
3 . \\ 15 2.5 375 — 155 1625 17 B "1‘:‘ 12 z
- UL ‘\;\\ Fig. 6. Poole Frenkel plots for dp—7nm (a), and for dF—ISnm(b)
10! 10° 10° 107 10° 10! 102 10%5 If P-F is a dominant mechanism, a plot of In(J/E) against VE

—No—ofProgr E - should be linear. Fowler-Nordheim plots for di=7nm and
Fig. 5. Endurance failure mechanism of 3D-Cap| |de=15nm(e) at 77K to supress thermionic emission. If F-N is
FeRAMs for dr =7nm, 10nm and 15nm. -X- marks| |dominant at low T°, a plot of In(J/E?) vs. 1/E should be linear.
represent breakdown points. I-V plot at 77K for dF 7nm and de=15nm (f)




