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Abstract— A silicon-based memory cell utilizing Coulomb Vw
blockade is analyzed for use as a high-speed RAM. Operation 30 nm
>

principles and design guidelines are given by simple analytical
modeling and simulations. By performing transient waveform
Monte Carlo simulations, high-speed write operation is
demonstrated with a time shorter than 10 ns. The memory
node voltage of less than 0.1 V is detected by a newly proposed
split-gate cell structure with a minimum disturbance to/from .
nonselected cells, which indicates the compatibility of this 2 nm%
structure with conventional field effect transistors. #%2 nm
tunnel 150m
junctions =

word line
60 nm

Index Terms— Cell design, Coulomb blockade, high-speed
RAM, simulation, single electron.

I. INTRODUCTION

RESENT memory architectures such as the dynamic 35nm
random access memory (DRAM) are now approaching

5nm
fundamental difficulties. One of the inherent problems in #

DRAM is the amount of charge stored in cell capacitors. The 30 nm 100 nm
amount of stored charge must be maintained to ensure noise VYS e VyD
margins sufficient for sense amplifiers to detect the signal. memory node /

This is a serious restriction on the further scaling down of / Vs

DRAM cell size_s. 'I_'herefore_, the gain cell structure re_alized in o BN /777
FLASH memories is a candidate to remedy the situation, along 50 nm 100 nm 50 nm

with the development of high dielectric capacitor materials. source line data line

Nanocrystal memories proposed recently [1], [2] have a potemig. 1. L-SEM structure with a one-dimensional tunnel junction array and a

tial to realize small memory cells, where stored charge mighgmory node which acts as the gate of the sense MOSFET.

be scaled down to a single electron. However, in these cells,

charge is injected into floating nanocrystals through potentigded to inject and remove the charge stored in the mem-
barriers such as gate oxides by standard (Fowler—Nordheigty node, instead of the tunnel oxide used in FLASH-type

tunneling processes, as in FLASH memories. Consequentignocrystal memories.

the write speed is rather slow in these memories compared to

the present DRAM. In this paper we propose a hew memory Il. DESIGN AND OPERATION PRINCIPLES

cell architecture called lateral single electron memory (L-

SEM) which enables high-speed write operation comparabIeFig. 1, which is based on the recent experimental work [3].

to DRAM. In this scheme, a tunnel junction array with smal 0 in-plane tunnel junction array [4] is integrated into the

junction itan nd relatively low tunnel resistan I . I .
junction capacitances and relatively low tunnel resista CeSggte of a MOSFET, and the write operation is achieved by
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Publisher Item Identifier S 0018-9383(99)07210-X. transistor operations are greatly alleviated [5]. An array of
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Fig. 2. (a) Simplified equivalent circuit for analytical modeling of the memory cell, (b) potential barrier due to Coulomb blockade, and (c) applied
voltages in write operation and standby states.

tunnel junctions is effective in obtaining a higher Coulomb gaip the memory node capacitance which is realized by the gate
as well as in averaging out the background charge fluctuation§.a MOSFET. The write operation sequence is described in
The Coulomb gap, of an infinitely long, uniform array Fig. 2(c). To write “0”, positiveVp = V,, = V,p is applied

is given as [6] to the common source and data line of the selected column of
e the array to shift the memory node voltage, and at the same
Ve= c. \/m (1) time, a ne_gative word Ii_ne voltagé, is applied to a selected
9 9 t~a row. In this way, a cell is selected out of the entire array. To

where C, and C, are tunnel junction and stray capacitance¥'ité “1”, the opposite polarity voltages are applied to the data
ande is an elementary charge. The number of junctions shou##d word line, which brings the “0” state outside the blockade
be about,/C;/C, because/, approaches the value of (1) at€9ion and causes a transition. The memory node voltiage
the junction length,/C,/Cy. The Coulomb gap of disorderedWhen V. and Vpp are applied is given as
arrays due to the effect of background charge and other effects
is discussed in [5], [7], and [8]. Vs =(CrVew +CpVp +Q,) [ Cs.

Ce =Cr+Cp +Cs,Cr = C1C2/(CL + C2). (2)
A. Write Operation

To analyze the operation of the memory, a simplifielf |Vie—Vs|> V., the memory node is charged urflil, — V| =
equivalent circuit described in Fig. 2(a) is considered. Sindé is satisfied. Combined with (2), the word line voltatg..
the free energy of the system has a maximum value, as sho¥i§l data line voltagd’p,, required to charge the memory
in Fig. 2(b), when the charge is placed at one of central island®de toQso is obtained as
only this island is taken into account. We assu@eas the
total serial capacitance between the island and the memory V. = CsVe = CpVpuw + |QSO|. 3)
node and’, as that between the island and the word liGie. e C, +Cp
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|Qs0]/Cx <V, has to be satisfied to keep the data at th&henC;,C> < C;, (9) is reduced td/. = ¢/2max(Cy, Cz)
standby condition wheil,, andVp are kept at zero. To avoid which is independent of’;. Thus, a memory cell with a large
data destruction in nonselected cells to which on&,gf and node capacitance does not deteriorate the Coulomb blockade
Vb is applied during write cycles, the following conditionscharacteristics.

are required: The tunneling ratel/7, is expressed according to the
orthodox theory of single electron tunneling as
((Ca + Cp)WVas + 20D Vi) [Co <2Ve.  (5) 1r. = S / <exp < kﬂ) - 1)
When the write voltages are sufficiently high, the time APF, AF,
required to charge up the memory node is simply given by %ﬁex <_ kBT)' (10)

the CR time constant of the system ) o _
We define the retention time of the memary, as the half life

tryr = RrCx (6) time of the initial stored charg@,o, namely,Q,(t = t;/3) =

2. Solving dQ,/dt = —e/7., we obtain
where R is the total resistance of serial tunnel junctions. Qo 9dQ./ /e

Qu(t) ==l {exp(~Qufa) + 22 exp(-Ciav. for )

ca.
The retention time of the memory can be evaluated based — M_
on the orthodox theory of single electron tunneling [9]. The eCs
electrostatic energy of the systeii as a function of the Hence
memory node chargé€,, the island charg€&);, and the word
line voltageV,, is calculated based on the thermodynamics of ¢, ~
electrostatic systems

B. Retention Time

2RC,,C? kT . <Cs (1, _ 3Qs0
—_——  eX e
eC2V, Ca1 kT 4C;»

inh CG@QSO (ll)
AF(Qs, Q1. Vi) = VadQs + V1dQ1 — Q2dV,,.  (7) S\ 40 Ok T )
Solving charge conservation relations WhenC, = C; « C, substituting@Q.o = 4(In2)C kT /e

which maximizes (11), we finally obtain a simple formula for

CVo +C1(Vs = V1) = Qs the retention time as a function &f,

Ci(Vi = Vi) +C: (V1 = V) =

o BOkBT Ve \ _ BQw Ve
Ca(Viy = V1) =@o, V2R Ty P\ g, ) T a2y, TP\ 2k,T )

we obtainV,,V;, and Q- as (12)
(C1 4+ C2)Qs + C1GQ1 + C1CLV,,

V= [ll. SIMULATION OF WRITE AND READ OPERATION

(C1+ C2)C, + C1Cy
V,I _ CIQS + (Cl + G@)Ql + CQG@WU A. Write Operation

(G + C2)Cs + Ll To estimate the possible write-speed performance of the
Q2= Col=C10Q, = (1 1 G + CLCo Vi) L-SEM, the structure shown in Fig. 1 was investigated in-

(CL+ )G + CLCy cluding all the coupling constants between small islands and
where we assumell), is fixed at zero and’p, is included in electrodes on a silicon substrate. Design parameters were cho-
C,. Integrating (7) and calculating the difference between tt&@n within the possible reach of present-day silicon nanowire
final and the initial states of a single charge tunneling evef@rmation technologies [10]. Detailed capacitance parameters

the barrier heightAF., is given as between every conductor on the plane were determined by
a two-dimensional (2-D) capacitance simulator, with which
AF, = min(F(Q; —¢,¢,0) all the self- and cross-capacitances between the conductors
— F(Q;,0,0), F(Qs,—e¢,0) — F'(Q;,0,0)) are calculated under the assumption of negligible conductor
eC, thicknesses. Full memory write sequences were then simulated
= om (Ve = Q5/Cs2) using a single-electron Monte Carlo simulator [5], [11] based
. max(Cy, Cs) on the orthodox theory of single electron tunneling without
Cq = (C1 + C2)C, 1 O1C cotunneling effects. The simulation was done for a temperature
1 2 s 1“2 . . . .
~ C, 4 O of {1.2 K for a 5—nm—|slan.d memory c.eII with tunnel junction
CLt = (8) resistances of 1 K2, which is sufficiently larger than the
(C1+C2)Cs + 1Oy quantum resistanc?g = h/4e?. If the full capacitance
where the Coulomb gapy, is parameters are reduced to conform with the simplified circuit
discussed in the previous section, memory node capacitance
v, = < <1 L) 9) Csis ~32 aF,Cp ~ 15 aF, C; ~ 0.37 aF, andC, ~ 1.9 aF
2C; max(C1, C2) for this structure. The expected Coulomb gap is 40 mV from
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Fig. 3. (a) Simulated Coulomb blockade characteristics of a 1-D tunnel junction array with 5 5n? islands in the geometry shown in Fig. 1. A
Coulomb gap of 0.1 V is realized with this size of island. (b), (c) The hysteresis loop of the memory node voltage as a function of common source and data
voltageVp,, obtained by a Monte Carlo simulation when the write sequence cycle in Fig. 2(cywith= 180 mV andVp,, = 100 mV was executed. The

upper and lower branches of the hysteresis correspoad@&e (the absence of 35 electrons) andbe (the presence of 35 electrons) charge states, respectively.

(1), andVp,, ~ 100 mV and V,,, ~ 120 mV are required through the tunnel junctions, leading to faster charging-up. In

to write the data. Fig. 4(b), the switching timer gy, is plotted as a function of
Fig. 3(a) shows the Coulomb blockade characteristics of thg.,, wheretr g, is defined as the /e time of the curve.

tunnel junction array obtained by a Monte Carlo simulatior.he switching occurs at a threshold voltage determined by (3)

Based on this obtained value & and the conditions (3), with Q.o = 0 and thentz 71, decreases rapidly. It can be seen

(4), and (5)Vp,, and V,, were chosen to be 100 and 180hat¢ry . can be reduced to less than 10 ns for the present

mV, respectively, and the write sequence operation was sif®ll structure.

ulated. Fig. 3(b) shows the simulated node voltage hysteresis

characteristics when the voltage sequence shown in Fig. 3&)Read Operation

is applied. The upper branch of hysteresis corresponds to th@ased on the concept of the L-SEM structure discussed so
state “1” where 35e charges are stored at the memory ngge¢ we designed a realistic memory cell on a silicon wafer
and the lower branch to the state “0” with35e charges. The including consideration of the read operation. The first problem
temporal evolution of the memory node voltage during writgy be considered for an SET-MOSFET hybrid structure, such
cycles is shown in Fig. 4(a) for various word line voltages. Thas the L-SEM, is the operation voltage difference between
rise and fall time of the curves depends strongly on the wo8ET and MOSFET. The node voltage is sensed by monitoring
line voltage. The switching becomes faster with increasinge current through the MOS channel induced under the
Vi Since a largei,,,, results in a larger tunneling currentmemory node. Special care must be taken to read the data
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(b)
nondeStrUCtlvely In a selegted cell in an array, becaljlse 'iﬂ& 5. (a) Equivalent circuit of a cell array for the split-gate memory node
Coulomb blockade voltage is low. The second problem is hassheme. (b) A layout of the cell structure with split-gate MOSFET’s. The
to realize a small memory node size compatible with the smafiginal gate (lengthZ,) is divided into three parts. The memory node gate
scale of tunnel junctions, because conventional MOSFET/"9th: L2) is separated from the two side gates with a spacing.of
have scaling limitations due to short channel effects. In order
to reduce the memory node size, we propose a cell selectiohe characteristics of this sense MOSFET were investigated
scheme shown in an equivalent cell array circuit [Fig. 5(a)hy using a 2-D device simulator with the conventional drift-
where a selected memory node is connected to the data lififusion model. Simulated drain current characteristics of
through MOSFET's driven by a separate read word line. ead MOSFET’s for the split-gate structure are shown in
realistic cell layout for this structure is shown in Fig. 5(b). AFig. 6. We assumed’zw, = 1 V is applied to a selected
diffusion layer is used for the source and data line to reduce therd line, whereas a nonselected word line is kept at zero.
number of metal layers. The gate of the MOSFET is divideSufficient current modulation can be obtained by changing the
into three parts, the middle one of which is the memory nodememory node voltage. The drain current can flow as much as
The other two parts of the gate act as switch transistors Xq:A/pm for a 50 mV node voltage. If we assume a k1
connect the memory node MOSFET to the data line. Tl xm memory node size, about ten electrons are stored at
threshold voltage of the memory node MOSFET is set betwethe voltage. The change of the memory node voltage between
the charge states of “0” and “1". The size of the memory node50 and 50 mV modulates the drain current by three orders of
can thus be made smaller than without the side gates (Fig. hagnitude and the current difference between the selected and
because the short channel effect is relaxed by them. Howevesnselected cell also amounts to three orders of magnitude.
it should be noted that the smaller the node size is, the higfidrese signals will be sufficient to be amplified by standard
Coulomb gap is still required becaudg is raised higher MOS sense amplifiers even for a realistic large array size with
by the capacitive coupling with the read word line durind28 x 128 cells.
read operations. The required Coulomb gap for nondestructiverig. 6(b) shows the dependence of thel” characteristics
reading is given as~VrwCrws/(Cs + Crws), where on the memory node sizé,, which is changed from 20
Crws is the capacitance between the side gates and thel00 nm. When the memory node size is as small as 20
memory node. nm, subthreshold leakage current is increased due to the short
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channel effect because no doping profile optimization is done
in this simulation. When a 20k 20 nm memory node is
realized, the stored charge in the memory node would be
reduced to a few electrons.

IV. DISCUSSION

Our analyses carried out so far suggest that a write speed
comparable with the present DRAM is achieved, with the
possibility of combining a Coulomb blockade memory with
conventional MOS transistors to read the data. The largest
problem left to be investigated is the retention time. Assuming
Qs = 10e, R=1MQ, T =77 K, andV, = 0.1 V, the
formula (12) givest;,, = 10 ns, although atl" = 4.2 K
the lifetime is almost infinite. To obtain a retention time of
1 s comparable with DRAM'’s, a Coulomb gap of 0.36 V is
required afl’ = 77 K and 1.5 V atl’ = 300 K. This means that
rather high voltage operation is required for such an atomic
scale device.

From the cell layout point of view, a lot of optimization of
the structure is required. The lateral structure proposed here
has the apparent demerit of a large cell size. At present, there
is no well-developed silicon-based technology to fabricate
vertical tunnel junction layers with sufficiently small dimen-
sions enough to exhibit the charging effect. A vertical tunnel
junction fabricated, for example, by nitridation of silicon [12]
might be available in realistic implementations.

In conclusion, we have shown design guidelines for a ran-
dom access memory cell where data is maintained by Coulomb
blockade, and which is compatible with conventional MOS
transistors. With relatively low tunnel resistance junctions
for which cotunneling can still be neglected, faster operation
than present day DRAM is possible. However, compatibility
between faster operation and longer retention time at a room
temperature still remains to be solved.
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