Single electron memory devices utilizing Al  ,O3 tunnel oxide barriers
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We report experiments on single electron memory devices where the charging of a floating gate,
which serves as a memory node, is done through aluminum oxide tunnel barriers and detected by a
single electron transistaiSET) electrometer. The aluminum oxide tunnel barriers are fabricated
through two different approaches. In one, the oxygen plasma oxidation of an as-deposited aluminum
floating gate is used to grow aluminum oxide. In the other method, aluminum oxide is deposited on
a titanium/gold floating gate by means of atomic layer depos{#d:D ). Measurements performed

on these devices at a temperature of 300 mK indicate the presence of a definite threshold for
charging through the tunnel oxide barriers. A nonvolatile memory behavior is observed with each bit
represented by about 15 electro@2004 American Vacuum SocieffpOl: 10.1116/1.1821506

[. INTRODUCTION systems, including metal ddtsand silicon nanowired Vari-
ous techniques have been used to fabricate these devices

The emerging research devices section of the 2003 editiojhcluding electron-beam lithography and nanoimprint
of the International Technology Roadmap of SemiCOHdUCtOI’Sithography, and room temperature operation has been
(ITRS) lists single electron devices as a possible family ofdemonstrated.” The barrier to tunneling in these devices is
devices capable of extending the roadmagingle electron  realized in different ways from multiple tunnel junctions in
devices have been extensively studied for both logic anghl/AlO4,® to a lateral gap between a defined aluminum
memory application$.They offer higher integration densi- metal dot and a charge reservaand random potential fluc-
ties and lower power dissipation owing to the fact that logi-tuations in silicon nanowiresHowever, for practical inte-
cal computation and information storage are accomplishedration the tunnel barrier, which defines both the threshold
using fewer electrons than in conventional CMOS devicesvoltage and the retention time, has to be realized using ma-
However, there are some limiting challenges which must beerials of interest to the industry and using processes which
overcome for these devices to be integrated and used fagive a reasonably uniform device behavior.
room temperature operation. The two important ones are the We report the fabrication and characterization of single
development of techniques for sub-5 nm lithography and thelectron memory devices utilizing aluminum oxide as tunnel
problem of random background charge. These challenges agkelectric. Two different methods are utilized to fabricate
much more severe in the case of logic than for memorythese tunnel barriers. In one, oxidation of aluminum in oxy-
applications gen plasma is used, and in the other aluminum oxide is de-

Regarding memory devices, the roadmap lists the need tposited by atomic layer depositigALD). Measurements at
introduce highete dielectrics in the DRAM capacitor struc- 300 mK show nonvolatile memory behavior.
ture and their introduction in Flash memory process to con-
tinue their scaling in the near term. Atomic layer deposited. FABRICATION
aluminum oxide(Al,O5) is considered to be the most likely

. : . ) . Devices are fabricated on oxidized silicon substrates. Pho-
dielectric material to be introduced in the technology nod

beainning in 2008 In the | h ) s th etolithography is used to define bond pads which are used to
€ginning In -In the longer term the requirementis the ;o ot the devices to the measurement setup. Devices are

development of a high_ly scaled_, dense,_ fast, nO_nVO|at”edefined in the region enclosed by the bond pads using
memory.l Amqng the various possible cand|date§ being stud: lectron-beam lithography on a bilayer resist stack composed
ied as _potentlal technologies capable of ext.endlng the roadss oMmMA/MMA. In the first step the floating gatenemory
map, s_lngle_ e!ectr_on memory apd nano—float_lng gate MEMONsdg is defined. At this stage we can either evaporate alu-
are quite similar in device design and architecture to Flastyinm or titanium/gold to form the memory node. After the
memories. Single electron memory can, in fact, be considg, anoration of the floating gate metal, an oxide can either be

ered the uItlmaj[e scalgd FI?‘Sh memory cell. grown on the floating gate or be deposited on it.
Memory devices using single electron effects due to Cou=" pasma oxidation of aluminum to form aluminum oxide

lomb Blockade have been studied in a variety of materialyin fiims has been previously studi®dn this method,
plasma is formed by the application of a dc potential across
¥Electronic mail: yadavalli.1@nd.edu two electrodes separated by a gap and placed in a chamber in
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which oxygen gas is introduced. The negative oxygen ion
species in the plasma are attracted to the positive electrode to

which the sample is attached. The ions impinge on the Ground
sample surface, causing oxidation. In our experimental setup, < 5

the sample is mounted to the stage in a thermal evaporator, in ko
which a low pressure in the range of mid=10orr can be iR, 9

easily achieved. This stage forms the grogadode, while a CG :FG
circular disk electrode, which can be positioned directly be-  EESENSSSEISSS
neath the sample to be oxidized, forms the cathode. This
electrode assembly can be moved away during the evapora-
tion of the aluminum floating gate. After the evaporation,
oxygen is introduced into the system(between
50-100 mTory and a negative potential is applied to the
cathode(after positioning it beneath the samplBrior to the
fabrication of the memory device, a study of the oxidation of
control samples is performed to choose a particular oxygen
pressure and the time of oxidation.

About 21 nm of aluminum is evaporated to form the float-
ing gate. Oxygen is then introduced and a pressure of

| (b)
50 mTorr is maintained in the chamber. Plasma is initiated . . )
Fic. 1. Floating gate single electron memory céf) SEM micrograph of

by applying a bias petween the cathode and the stage. Thﬂl$e device, andb) schematic of the cross section across the floating gate
bias is varied to maintain a constant current through the ciralong the dotted line shown i@).

cuit, about 15 mA for this sample. Oxidation is performed

for 5 min. Oxide thickness is characterized by ellipsometry

techniques using a variable angle spectroscopic ellipsometistep. The samples are checked at room temperature by mea-

(VASE) system made by J. A. Woollam Co., Inc. VASE mea-suring the |-V characteristics of the SET electrometers,

sures the reflectance properties of polarized light shone onwhich should be ohmic. Devices are then cleaved and

thin film which is then fitted to a model to yield the thickness bonded on to ceramic chip carriers for measurement in a

information. The oxide thickness as determined by this techliquid helium cryostat at a base temperature of 300 mK. The

nigque is 6 nm. temperature of operation is limited by the SET electrometers,
For the ALD deposited tunnel oxide samples, a Ti/AuWwhich are sensitive up to a temperature of about 4 K. A

bilayer (3 nm/22 nm is evaporated to form the floating magnetic field of 1 Tesla is applied to suppress the supercon-

gate. Gold is chosen to prevent an oxidation of the floatingluctivity of aluminum.

gate before the deposition of the ALD oxide. If aluminum

were used as the floa_ting gate, a native oxide_\(vould P EXPERIMENTS AND DISCUSSION

formed as the vacuum is broken before the deposition of the

ALD oxide and hence the thickness of the oxide could not bé*: Dévice with plasma grown oxide

exactly defined. Figure Xa) shows the SEM micrograph of the device with
Atomic layer deposition is a thin film growth technique 3 1 ,mx 0.5 um floating gate. The large size of the floating
allowing atomic scale thickness contfohLD utilizes a bi- gate is chosen for easier alignment of the SET and gates
nary sequence of self-limiting chemical reactions betweeRyhich are patterned in the second e-beam lithography step. A
gas phase precursor molecules and a solid surface to deposihaller floating gate will increase the sensitivity of the de-
smooth, dense, and pinhole-free films at relatively low tem+tection of the charging of the memory node. Figuré)1
peratures. The devices in this study were coated by ALDshows the cross section of the device along the dotted line
Al,0O5 using alternating exposures to trimethyl aluminumindicated in Fig. 1a). The oxide isolates the floating gate
(TMA) and HO in a viscous flow ALD reactor maintained from the control gate and the ground electrode. An applied
at a temperature of 150 °C. Ultrahigh purity nitrogen gas abias between the control gate and the ground electrode pri-
a mass flow rate of 200 sccm and a pressure of 0.7 Tonmarily drops across the oxide between the control gate and
transports the reactive precursors to the samples and flushé® floating gate and that between the floating gate and the
away the excess precursors and reaction products. The dground electrode, as the capacitance of these oxide barriers is
vices were coated using 81 TMALB cycles to deposit much higher than other capacitances present in the device.
ALD Al ,O4 films with a thickness of 10.0 nm. This leads to a large coupling of the floating gate to the
In the second lithography step an SET and gates used twontrol gate and the ground. These oxide barriers should ex-
control the transfer of electrons to/from the floating gate arehibit similar electrical propertiegfor example, the magni-
defined by electron-beam lithography and fabricated by twotude of the bias required across the oxide barriers for tunnel-
angle evaporation of aluminuti.The SET and gates in the ing to begin should be the samebut nonidealities like
second step are aligned to the floating gate defined in the firginholes can lead to a difference in their behavior. In the
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081 (y=0.499 ensures that the operating point of the SET detec-
0.7 tor does not change with the applied control gate bias. As the
0.6/ bias on the control gate is increased, electron tunneling be-
0.5 comes increasingly favorable. After a threshold voltage of
@ 0.41 about 85—-90 mV is crossed, electron tunneling events start
© 031 to occur. The positive bias applied between the control gate
0.2 and the ground electrode drops across the control gate—
0.11 floating gate oxide barrier and across the floating gate—
0.01 ground oxide barrier, in the inverse ratio of their capaci-

2015 010 -005 000 005 0.0 tances. Ideally, if the oxide on the floating gate is uniform,
(a) M\ the capacitance of the oxide between the floating gate and
the ground should be higher than that of the oxide between
the control gate and the floating gate as the area of the former
oxide barrier is higher, in which case tunneling should pri-
marily occur through the control gate—floating gate oxide

2\« single electron event

% 04 barrier. However, in this sample we see tunneling through the
floating gate—ground oxide barrier, which indicates that the
0.2 . . . . i .
oxide thicknesgand/or its densityon the floating gate is not
00 completely uniform. Hence, on the application of a positive

) ° 2 4 6 8 bias on the control gate, a positive bias drops across the
Time (min) floating gate—ground oxide barrier pulling electrons on to the
Fic. 2. Characterization of the plasma oxide devi@:charging and dis- ﬂf)at'n_g gate from the g_round- This '_S asce.rtamed by the
charging of the floating gate leading to a hysteresis loop demonstratinglirection of the change in the operating point of the SET
retention of charge indicating a potential for nonvolatile memory; @md  electrometer as the tunneling events occur. From an initial
conductance change in the SET electrometer due to charging of the floati . . _ o
gate at a low rate; consequently, jumps in electrometer response duenﬁ)osmo_n on t,he pqsmve slope of the I. v charac.terls'qc the
single electron tunneling can be seen. operating point shifted downwardsegative gate bias direc-
tion) as the control gate bias is increased, implying that a net
increase in negative charge is being detected by the SET

absence of a separate ground electrode, the ground plane§ECtrometer. The operating point changes quite abruptly
provided by the source drain leads of the SET. The appliedith tunneling, and the conductance of the SET detector
control gate bias increases the probability of an electron t§hanges from maxima to minima for the applied control gate
tunnel between the control gate and the floating gate and/d#as of 110 mV. Reducing the bias does not change the op-
between the floating gate and grouidépending on which of ~€rating point, wh|ph stays at the minima until a negative bias
the oxide barriers has a lower threshold for tunneliiec- ~ ©f @bout 100 mV'is applied. Then, electrons tunnel out of the
tron tunneling on/off the floating gate changes its potentiafloating gate changing the operating point of the SET and
which can be detected by the SET electrometer. bring it to maxima. The measurement sequence is repeated a
The applied control gate bias also induces an externdeW times to show reproducibility of the obtained results.
charge on the SET island, causing Coulomb blockade oscil- Figure 2b) shows the time dependence of the occurrence
lations in the SET. To clearly distinguish the effect of the Of charging events as the control gate bias is maintained at a
charging of the floating gate on the conductance of the SETROsitive value above the threshalat 176 m\j. Each elec-
an opposing bias is applied to the back gate to cancel th#on charging on to the floating gate reduces the net positive
control gate induced external charge, thereby suppressing tf@tential across the floating gate—ground oxide barrier. With
Coulomb blockade oscillations in the SE-TEor a complete time the rate of tunneling of electrons on to the floating gate
cancellation, the back gate bias\ig;=—yV,,, WhereV qis  decays and one can resolve discrete steps in the change in the
the applied control gate bias ane C.q/Cy,q CogandCpgare  conductance through the SET. The charging events stop after
the coupling capacitances from the control gate and the backnough electrons tunnel to the floating gate. High parasitic
gate to the SET, respectively. On complete cancellation, theapacitances in the measurement setup limit the operating
operating point of the SET electrometer stays constaxt  frequency of the SET detector to below 100 Hz. The RC
cept for random potential fluctuations caused by nanometetime constant of the acquisition setup is about 300 ms. These
scaled movements of charge in insulators which lead to driftnhibit the resolution in the observation of faster charging
in the SET detector set pojnivith applied control gate bias events in our devices.
until the potential on the floating gate changes due to a The two peaks seen in Fig(l8 represent the change in
change in its electron population by tunneling. the electrometer operating point as electrons are added to the
Figure 2a) shows the measured conductance through théloating gate. As more electrons are added to the floating gate
SET as the control gate bias is swept in two directions startthe SET electrometer senses more negative charge which, not
ing from zero. The SET detector is biased at the peak in itbeing canceled by the back gate, results in a shift in the
|-V characteristic. Complete cancellation by the back gateperating point of the SET. In the measurement shown in
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Fig. 2(b) the charging of the floating gate is done at a very 0.6
slow rate so as to be able to observe the discrete charging 05
events. Hence, the time scale indicated in Figh) 2s not ’
indicative of the true rate of charging or the write time of this 0.4
device. Small steps can be seen in the time dependence of %)
the conductance through the SET, with an event enclosed by 5 03
a dotted circle. There are close to 15 steps for a one-half 024
period change in the operating point of the SET. The size of
the jumps in the SET conductance depends on the net capaci- 0.1
tance of the floating gate and on the strength of its coupling 00 '*‘[““"“'I‘ SR
to the SET. By reducing the net capacitariceducing the -0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04
size of the floating gate and/or increasing the oxide thick- (a vV
nes$ and by increasing the coupling, higher sensitivity with 0.04
larger change in the SET conductance for each tunneling 002
event can be obtained. 2,,:8'83:
The hysteresis loop in Fig.(@ proves the nonvolatile > 0,061
nature of the memory device, with each bit represented by 2081 ‘ . ‘ . ‘
about 15 electrons for an applied gate bias of +/-110 mV. 0 3 6 9 2 15 18

The performance of this device can be improved by improv-
ing the tunnel oxide barrier. The growth and processing con-
ditions have to be optimized to yield defect-free dense oxides
for higher threshold devices. Retention time can then be
studied in these devices to evaluate the potential for true : . . . . .
nonvolatile memory behavior. (b) © 3 6 Tim:('mn) 2151
In a single electron memory device with a high-quality
oxide between the floating gate and the control gate, th€c. 3. ALD oxide device characterizatioa) hysteresis loops indicating
retention time of electrons stored on the floating gate shoulée nonvolatile nature of the memory cell, afif response of the device to
be similar to the retention time of electrons on the floatingt\‘fvvgtgiSt(iﬂgglaet\'/\;?s(arggmirr?s;;fe()ssff'l\fe;fg |zezﬁ'(|;[|:l o r:r?drye(r:ae!eesglfgss,
gate in present day Flash memory devices with similar oXid&uring the read periods.
thicknesses. This is because the retention time is a property
of the dielectric separating the floating gate from the control
gate and not that of the sense elem@&ET as compared to
FET in a Flash memory devige tance changes between two distinct levetseemory states
“0” and “1"), corresponding to maxima and minima. The
negative pulse is larger than the positive pulse, as the thresh-
old voltage required to charge the floating gate is higher than
Figure 3a) shows the conductance through the SET as thé¢hat to discharge. The difference in the magnitude of the
control gate bias is swept in two directions starting fromthreshold voltages is due to the fact that the floating gate has
zero. As in the earlier device, a back gate bias is used texcess electron population at zero applied control gate bias,
cancel the direct effect of the control gate bias on the SETue to the history of previous scans. Hence, the bias required
electrometer(y=0.689. Initially the conductance through to discharge the floating gate was smaller than that required
the SET electrometer is at a minimum. After a thresholdfor charging. The difference in the electron population on the
voltage of 10 mV is crossed, tunneling of electrons off thefloating gate between the two states is about 15 electrons.
floating gate and on to the control gate occurs. This dischargFhis has been verified by a study of charging close to steady-
ing of the floating gate changes the operating point of thestate conditions as is done for the plasma oxide dejaoel
electrometer. The operating point is taken to a maximum andhown in Fig. 2b)].
it remains constant during the reverse scan until the charging The threshold voltage needed to initiate electron tunneling
of the floating gate starts to occur after the control gate biass rather low at about 10 mV and -75 mV for discharging
reaches —75 mV. The charging of the floating gate brings thend charging, respectively. This implies that the tunnel oxide
operating point of the SET detector back to minima, where itbarrier thickness in this device is not exactly 10 nm as ex-
stays on the scan back to zero. Multiple curves are shown tpected from the number of ALD cycles and the deposition
indicate repeatability of this measurement. rate per cycle. In the fabrication sequence ALD oxide was
Figure 3b) shows the response of the memory cell todeposited on the floating gates through an opening in the
“write” and “erase” pulses. Positive and negative bias is apresist stack after the evaporation of Ti/Au and before lift-off
plied to the control gatéwith cancellation by the back ggte of the metal. Resist flow during the ALD deposition process
and the electrometer conductance is measured. The positivat a temperature of 150 9Qan close the opening in the
and negative pulses are separated by read periods where ttesist over the floating gate, thus cutting off the deposition of
applied control gate bias is zero. The electrometer condudhe oxide.

B. ALD oxide device
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