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Abstract. Memories that utilize single-electron effects are anplacing a charged particle onto a smaller capacitance. The
attempt at combining the discreteness observable in transensequence of these two effects is a reduction of the num-
port of electrons on to very small capacitanceslQ~'8F)  ber of charged carriers used in the operation of the device and
and into three-dimensionally quantum-confined states, withesults in low-power operation, increased reliability, faster
the reproducibility, architecture and integration of the field-speed due to use of smaller barrier thicknesses, and also a re-
effect devices. We discuss the role size plays in the operaluction in the “collective phenomena,” that we have relied on
tion and its variability for such memories. In particular, weto achieve reproducibility in microelectronics. Examples of
discuss the implications of size effects through barriers oguch collective phenomena are the number of electrons flow-
speed; through electrostatics on variability, acceptability anéhg through the channel, the number of electrons transferred
reproducibility of properties desired; through random varia-during a CMOS switching event, and the number of dopants
tions and of tunneling on limits in the use of the field-effect,used to control the threshold voltage. A smaller number of
and through interface-states on the time-domain operatioelectrons flowing in the channel leads to larger fluctuations in
For device properties and their variations, using silicon-onthe current, a smaller number of electrons transferred during
insulator substrates, silicon and back-insulator thicknesseswvitching leads to larger fluctuations in the switching volt-
matter through the linear variations introduced in the elecage levels, and a smaller number of dopants leads to larger
trostatic potential and quadratic variations introduced in thdluctuations in the threshold voltage. The scaling of device di-
subband energies, the quantum-dots and nano-crystals matter

secondarily through the electrostatics and the linear depen-

dence of capacitance on size and the quadratic dependence

the allowed eigen-energies on size. We also discuss the ir

plications of tunneling on time constants of charging of the

confined states and in between the source and the drain for t Control Oxide
ultimate structure size limit.

Poly-Silicon Gate

PACS: 85.42.+m; 85.40.Vb; 85.40.Tv

Nano-crystal and quantum-dot memories [1-3] (Figs.
and 2) are examples of flash memories that utilize quantun
dot(s) between the gate and the channel of a field-effect trai
sistor to store electron(s), which screen the mobile charge i
the channel, thus inducing a change in the threshold-voltac
or conductivity of the underlying channel. These quantum:
dots are transmissively coupled to the channel and are isi
lated from the gate, and their processing can be accomplishi
together with CMOS processing. Their reduced dimensiol
and confinement brings forth two important features that ar
absent in the conventional floating-gate structures: a reduce
density of states that restricts the states available for ele <= Silicon, o
trons and holes to tunnel, and the Coulomb blockade effec Source -
that arises from a larger electrostatic energy associated withg. 1. A cross section of nano-crystal memory




used in the device structure are discrete and small. But, this
discreteness, or quantization, is not used directly in the de-
vice operation. Instead, it is coupled to the channel of the
device. That is, these electrons trapped on the islands influ-
ence the conduction of a channel underneath them, and thus
the conduction of the channel is a measure of the storage of
the electrons. Barriers, used for storage of the electrons are
thus important to the write, erase, and the refresh conditions.
But, reading of the device, and the amount of signal delivered
by the device, are related to the field-effect. The single elec-
tron, or the quantum effects, provide a perturbation to it that
are detected through the influence of immobile charge on mo-
bile charge. The device behaves as a gain cell and it is limited
in size by field-effect.

For a nano-crystal density ofy: of sizetn, a tunneling
injection oxide ofty;, a control oxide otc., andv average
mensions has been driven by higher function and lower costumber of electrons per nano-crystal, the threshold-voltage is
gained from an increase of device density and performancapproximately given by:

a lowering of power density, and mixing of logic and mem-

ory technologies. Logic and memory have to co-exist at SUCZ&V _ Ebunx ¢ 1 Eox ¢

small dimensions, and the various forms of memories have T — ontl +- 2 enxt nxt

to be capable of providing a range of performance from high

speed to low power and non-volatility. The spacing between the nano-crystals should be less

This paper discusses the consequences of size reductithan the screening length in order to minimize percolative
on the characteristics and their variability for these devicedransport in the channel underneath. Figure 3 shows, at low
We will focus on three aspects. The first will be a descrip-currents, evidence of this percolation. The oxide in between
tion of the capacitances of such structures, while includinghe nano-crystals is kept large enough to suppress transport
the quantum-effects, and we will deduce their influence omlirectly between the nano-crystals since leakage and subse-
the operation. The second will be life-time in the storagequent loss to source and drain regions is one of the major
guantum-dot and the writing and erasing of such structuresmethods for loss of charge in floating gate structures. The
modeled using a rate equation derived from the equation of
motion of the density matrix. This gives a reasonable descrip-
tion of the coupling between the three-dimensionally conio
fined quantum-dot and one-dimensionally confined inversiol

Chamnel
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Fig. 2. A cross section of quantum-dot memory
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layer (the writing process) or the unconfined system (the ere 1e-oz
sure process) and elucidates the role of barriers and the si L.
of the quantum-dot. We will also derive from this the fluctu- w.;ﬁ;gia
ations in charge, threshold voltage shifts, and hence the noi___ .. el Ry A=
to be expected during operation. The third will be the role of 7div 4// /4
random defects at small dimensions and their influence on tt b v g/
variance in threshold voltage of the devices. For nano-cryst: /
memories, we will also relate the storage of electrons to th / ]
percolation transport in the silicon channel. Finally, we will 14& ' el
relate these to measurements on the device structures. \\Y/V/
1E-12 L
~4.000 0 . 4,000
a VG .8000/div (v)

1 Background e
In a floating-gate memory, when the gate energy is low=~ _ .= ]
ered with respect to that of the source and the drain, ele(sD 10 Yos swe"V
trons transfer to the floating gate storage nodes. For nani 100 | ]
crystal memories, these are small single-crystal silicon is & <3 AV;=078V ]
lands (nano-crystals of an areal density in thé*on? 5 | .. P ]
range) that are deposited by chemical vapor deposition on tf ¢ /
injection oxide. For the quantum-dot memory, this is a poly-£ .. .=~ W x L ~ 40 x 40 nm |
crystalline island patterned at the intersection of the gate an Vs =02 V3
the channel line. AU

Electrons stored on the island screen the charge in tF 8 2 0 1 2 3
channel and hence lead to less channel charge for the sa, Gate voltage, V¢ (V)

apphed gate'to'Channel pOtent'al' Thisis effectlvely a Cha‘nggig. 3. The characteristics of a nano-crystal memagp, injection oxide

!n the thr95h0|_d voltage. T_he biggeSt implication of the scalthickness~ 3nm) and quantum-dot memorbattom) showing the hyster-
ing of the floating-gate region is that the number of electronssis loop
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Tablel. Spherical charge in Sigate stack with a 7-nm gate control oxide demonstrated the first single-electron transistor, and in re-
: : cent times, there has been tremendous interest in understand-
Diameter Single ing of this mesoscopic system [8]. Here, we will summarize

/nm Cr/aF  Ec/&V  Cew/aF  Eo/eV e'ser‘]’iﬁfto/@” some the necessary conditions for observation of the single-
electron events [9] in order to connect them to the proper-
30 6.68 0.011 527 ~0003 0.03 ties of the small silicon memories. For the single-electron
20 4.45 0.018 2.57 0.007 0.062 events to be clearly observable, a number of requirements
10 2.23 0.036 0.71 0.03 0225  must be met. The state that the electron occupies on the
g é'éé 8-(1’13 8-329 gég"' g-g‘l‘ particle is confined, and for the event to be observable, the
5 0.45 0178 0031 065 =5 change in system energy upon transmission of an electron,
1 0.22 0.364 0.008 26 =10 is larger than thermal energy. The uncertainty principle tells

us that the width of the eigenstate A6E ~ h/27t, where
T =1/I" is the lifetime (related inversely with the tunnel-
control oxide is designed to be thick enough (7—15nm) sang rate). The change in system energy = QV = el Ry,
that the only path for electron transport to and from the nanowhereQ is the chargeyV is the voltage] is the currentél™),
crystals is from the silicon underneath - inversion channednd Ry is the tunnel resistance), upon transition of an elec-
region during injection and depletion region during ejectiontron, is AU = €?I'Rr. The energy width of the eigenstate is,
The barrier height of $8i0; interface is large+{ 3.15eV).  thereforeAE = h/2xI" =h/27 AU/(€?Ry). A clear obser-
Oxide thicknesses in the 1-10 nm range controls the transation of Coulomb blockade requir@d) > A E which is the
mission efficiency over nearly 20 decades. This allows theondition
memories to be made volatile and high speed using small ’
injection oxide thickness, to non-volatile and slower speeohT > (h/2m) — 41K .
using large injection oxide thickness. €?

Table 1 summarizes a number of characteristics for the

Note that this resistance is different from that of quantum
resistance, usually alluded to in superconducting tunneling

. . L St Cooper pairs, oRq = h/4€?, which has the magnitude of
point out th_e main charactepsucs of the system. The capacy 4 1q. So, the first condition is that the resistance of the bar-
tﬁnce ICZI) IS thefsilf-caapam'tance Of£‘§ s1|_lr|]con dot u?ed "Nrier be larger than 4 k2. The second condition is that the en-
the calculation of the charging energl(c). These vary lin- ) y — :

: . : . ergy €/2C) be larger thakT. The overriding time constant
early (for capacitance) and inverse linearly (for energy) W'ﬂ\‘o? )t/h(e t/ran)smissi(?n of this electron is an IgC time constant

d|men5|9n. The quantization effect of conf|n'ement' N €NerY¥nich is greater than 100 fs and can, in practical structures, be
(Eo) varies as the inverse square of the dimension. At di-

mensions below 10 nm. the capacitance is small enough thiery large. This time constant dominates since it is larger than

: : e time constant from uncertainty principle, i.e. of the cer-
it requires energy of the order of room-temperature therme.}ainty of observation, oh/(€2/2C) zvrrl)ich igof the order of
energy to place an electron on the silicon island. As the dis ' y

mension decreases further, the eigen-energy of the confin 10 fs, as well as of the transmission of a wave packet through

. e barrier, oh/27 d(In(T(E)))/dE at E = E;, which is ver
states allowed becomes larger than the single-electron ele§r’na||. This Iaré]e tin(1e (ccgns)t);ét also impliefs that a smal?/cur—

trostatic charging energy. When a single electron is stored Tt flows (1 electrofl00fs is~ 1.6 1A). In most experi-

the island, it causes the channel threshold voltage to shift b|¥1ents this is typically a nA. Coupling the effect of stored

a magnltudg that is inversely controlled by the Cap"’w't"’mcglectrons to field-effect of a transistor allows a larger current
Cern The shift should not exceed the operating voltages of thBecause carriers are more mobile in the barrier-free channel

zggg}grghghlrjg‘\’/izg]:gﬂgg;r?; ;e;\r’:’g%gsle%canglgnedﬁg’cr;mYaa%d do not have to be limited by the barrier impedence effects.
P ’ Now, let us consider a small particle which has these

O e e e Il pauisie proertes. Figure 4 shows the uansier pocess of
dimension lectron onto an island with a large density of states, such as
: a metal. For the moment, we assume that there is no spurious
charge (electrically neutral; no trapped electron at interfaces
or in the bulk) and hence electric field terminations occur only
between the island and the electrodes, when a power supply
is connected at the electrodes. Because only discrete tunnel-
ing events are allowed for the flow of charge and hence the

Neugebauer and Webb [6] recognized nearly four decad%change in electrochemical potential, the electrochemical po-
ago that, when a capacitance is reduced, the electrostatic e ntial of the particle — a nano-crystal — follows the inequality

: X it < €2/(2C5x), whereCy is the total capacitance between
Sorgg/ereoqfu;;]eed é? d%r;ag?ergggrﬁ?f;g'ﬁﬁ%ﬁ)af%gl?ggrgaie di_the partiqle and its surroundings. This is equivalent to having
mensions in the 10-nm range which result in a capacitanc%Olarlzatlon charge, or an offset charQgs, of
in the aF (1018F) range. This implies that discrete single- Il €
electron transmission or storage events can be observed, aRdis ~ Cx o < >
unless the electrostatic energy is available to the electron
from the power supply, the transition is prohibited. This is  Consider first the situation where the offset charge is zero,
known as Coulomb blockade. Fulton and Dolan [7], in 1987and C; andC; are the coupling capacitances. The Coulomb

2 Small dimension effects

2.1 Single-electron effects
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cation of a biay/ and in the presence of a polarization charge
Qofs, the change in energy, f@; > Cy, is

_ (e+ Qors)° . Sts __ & 14 2Q%¢s
2C, 2C, 2C, e ’

= eV
Qofs =8

Filled States

i.e., if the offset charge is-e/2, conduction is allowed. And,
the largest Coulomb blockade occurs 2, and ise/C,.
The offset can appear due to polarization induced by a gate.
Thus, under gate modulation, it is possible to have a condi-
tion where there is no blockade, so the conduction can be
. modulated from off (blockade) to on condition. In the first
Empty States single-electron transistor work of Fulton and Dolan [7], per-
Fig.4. Schematic of the transfer process of an electron upon applicatiortormed on alum'numjunCt,'pns’ bOt,h the eX'St,ence of this off-
of a bias voltage/ between two electrodes that the particle is confined inS€t charge and the tunability of this conduction was demon-
between. Both diagrams show Coulomb blockade condition, one in the atstrated. Likharev [10] provides a very complete description of
sence of offset charge and another in the presence of offset charge. Tige transport properties of the system. A more complete cal-
capacitances of the two junctions are identified by the subscript 1 and 2 culation of these capacitances using a self-consistent solution
of the Poisson and the Schrodinger equation in the Hartree
approximation and ignoring the exchange and correlation ef-
charging energy oE. is accounted for in the energy diagram fects, can be performed using techniques such as that de-
by raising the energy of the unoccupied statesHyy Tun-  scribed in [11]. It thus includes the quantization effects. In the
neling to the particle occurs when the energy of states in thease of nano-crystal and quantum-dot memories, the coup-
lead align with theEc-shifted unoccupied states of the par-ling capacitance to the channel is made to be significantly
ticle. Tunneling from the occupied states of the particle alsdarger, with additional coupling to the other nano-crystals in
occurs with a change in energy B; the energy diagram ac- the vicinity and, in particular, for the end nano-crystals there
counts for this by shifting the energy of occupied states bys stronger coupling to the source and drain reservoirs. The
Ec. So, a barriefe; exists for flow of an electron whether it latter is not surprising; it is one of the major mechanisms
is on to the particle or off the particle. For the moment we asfor leakage of charge in floating gate memories. While these
sume that there is no spurious charge (electrically neutral; n@sults are secondarily geometry-specific (for example, box,
trapped charge at interfaces or in the bulk) and hence electrigphere, and hemisphere shapes) because of the different de-
field terminations are only between the island and the elegyree of confinement, the estimates of capacitance described
trodes, when a power supply is connected at the electrodésefore (self-capacitance) are within 20% of the more sophis-
Under favorable conditions, an electron tunnels from the lefticated calculations. The coupling capacitances to the channel
onto the particle with the expenditure of energy by the  and source and drain regions, therefore, have a stronger influ-
power supply. The number of electrons in the occupied statasnce on the characteristics.
has now increased by one and the electrochemical potential of
the particle (aligned with the first electrode) is higher than the
second electrode. Tunneling can now occur off the island t&.2 Confinement and random effectsin semiconductors
the second electrode because it is energetically favorable, and
the system returns back to its initial state. Similar argumentSingle-charge tunneling, limited by the electrostatic energy
hold when the first tunneling event is from the particle to theargument of above, shows up best in metal systems, where the
second electrode. In this case, the first tunneling event occuggnsity of states is enormous and hence confinement does not
upon alignment of the energies between the particle and thslace severe restrictions on the states occupied by the elec-
second electrode. This leads to the lowering of the energy afon in the island. In practice, we work with semiconductor
the particle, and now empty states are available for tunnelingystems, where the density of states is many orders of mag-
from the first electrode. In both cases the Coulomb blockadritude lower. A consequence of this is an additional energy
energy is stille?/2C5. conservation term related to the energy of the confined state
This offset charge represents the polarization of the pamccupied by the electron. Hence the arguments of the required
ticle due to electric fields terminated on the small quantumbias are modified by the subband energy term. It increases the
dot. The electrochemical potential difference, at zero bias, ienergy requirement b, for transit of one electron.
equivalent to a polarization charge, or an offset chadgg, Interface states are a major source of the offset charge in
of these floating-gate structures. If we assume that surface states
| € onthe nqno-crystals are the largest source of the offset charge,
Qots ® Cx > for a cubic quantum-dot, the mean threshold voltage and the
This offset may be intentional, such as from an electric

standard deviation of the threshold-voltage are:
field due to a gate nearby whose potential can be varied as i e ( 1 eox ) 1

a single-electron transistor, or it may be due to unintention Vi = Sox Lent + 58_&&‘0‘ 4t§0tw“x"

causes, such as an electron trapped on a defect or an interface (

IA

le 1
tonti + = i)_(tdot) _(GNE]T)O'5 )

state in the enclosing matrix of barrier. In the event of transfeg(\;) = — 5 :
Esi dot

of an electron from the reservoir on to the island under appli- Eox
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Fig.5. The threshold voltage and its standard deviation as a function ofig.6. Subband minimum energy as a function of the silicon thickness of
guantum-dot size for a quantum-dot memory. For comparison the expectan SOI structure
tion from acceptor fluctuations is also included

whereNt is the interface state density. For oxidéiconin-  double-gate [13] and back-plane structures [14]. In the for-
terfaces with thermally grown oxides the interface trap densmer, the electrostatics of the structure, through control of
ity is typically ~ 5 x 101°cm~2eV-1 or less. For comparison, silicon channel thickness, allows for a normally off device

the effect of random dopants is given by [12]: whose threshold voltage is determined by the material param-
eters. This threshold voltage can not be made very high. In

e [Nazg\*® Zundop\ the latter, a back-gate is used and provides the back-barrier

o(Vr) = Cyate <3WL> (l_ T) ’ and controls the threshold voltage through an applied poten-

tial. In either case, the contribution of channel random doping
wherezq is the depletion region of the retrograde implant ands eliminated. But now, the variance in threshold voltage is
Zundop IS the lightly doped region width. Figure 5 comparesdetermined by the lateral distribution of the dopants in the
the fluctuation effect due to defects, random dopants and trhallow contact regions, and can be interpreted as an effective
Vr shift to be obtained from a single electron. As dimensionghannel length variation across the width of the device. The-
decrease, the magnitude of the variations increases. oretically, such a variance is in the 1-5 mV range for 25-nm
junction spacing, instead of the retrograde channel doping
contribution of the order of 2040 mV. Instead of channel
2.3 Comparison of magnitudes doping, in the back-plane geometry (and with some modifi-
cations in the double-gate geometry), the thickness variations
Stray charge has already been seen to have a significant ef silicon, through the linear electrostatic potential change
fect on the characteristics. Since the charging energy varigg ~ t instead of¥ ~t? for doped channels), now con-
inversely with capacitance the charging energy varies linearlitibutes to threshold voltage variation. Current SOI structures
with dimensional variance, i.e., have a thickness variance-f0.4 nm over 10nm? areas. As-
AE AL suming that this can be improved t80m, a 10-mV thresh-
-, old voltage variance leads to a limit in usable silicon thickness
Ec L of > 10 nm. Confinement introduces an inverse square depen-

Relative dimensional tolerances are similar to the relativéjence on the subband energy. This is worse than the linear

voltage tolerances if the effect is an intrinsic part of deviceezlec'[rOStatIC potential dependence. Figure 6 shows the vari-

operation. Current,ef"), is more severely affected by the 2uon Of this energy as a function of the thickness of the
dimensions and energy of the confining barrier due to thgl'llconhchannel. Beloyél5 nm in thickness, the subband ener-
exponential dependence of quantum tunneling on the barri@/€S change very rapidly.

height. Subband energies vary as inverse square of the dimen-

§ions. Thus the relative variation of the energy dependenc;4 Tunneling

is
AEyo 2AL 2.4.1 Tunneling in oxide. At small dimensions, two regions
Eo -l of tunneling are important: oxide tunneling (injection and

control oxides) which determines the competing balance be-
a requirement nearly twice as strong as due to the Coulomiween injection and ejection, and between source and drain
effects. This places a stronger constraint on devices structurediich determines the smallest limit of the device. Figure 7
when dimensions are below 7 nm. shows a cross section of thin gate oxide and calculated tun-
The variance in threshold voltage of bulk MOSFETSs in-neling current [15]. As oxide thickness decreases, a large
creases with decreasing dimensions partly because of the rasurrent density can be obtained through thin barriers. Indeed,
dom (Poisson) distribution of dopants and the limited numbea 0.15-nm change in oxide thickness leads to a current dens-
of dopants used to achieve the threshold voltage. A plauty change by a factor of 10. Note that a larger roughness
sible solution to this is elimination of dopants, such as inarises from the top poly-silicon gat®iO, interface while the
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a gate bias causing.&eV barrier. Largest tunneling occurs from the low

107 transverse mass valleys

10° |-

10 - . .
T 1}]‘21 B transverse mass_ava_llable for tunnellng. The 4-fold deger)-
S 102} erate in-plane elllpso!ds cause tunneling through the longi-
= 13:& E tudlnal mass. .Tunnehn.g from the doubly-degenerate states
2 o5k dominates. This tunneling current, between source and drain,
a mj = establishes a fundamental constraint of 10 nm for channel
B 13_5 B . length, where the field-effect is not subsumed by tunnel ef-
5 1079 e . fect, and is a practical constraint at which the stand-by current
C 100 = fm?r}._‘ﬂ[é.‘i'a&"fﬁ'é‘r caused by tunneling leads to too high a stand-by power drain

18_12 C ! P faai o el during chip operation. Geometries such as the straddle-gate
0.0 04 08 1.2 1.6 2.0 structure [16] can satisfy this constraint while allowing for
Gate Voltage (V) a small enough quantum-dot.

Fig.7. A cross section of a thin gate oxide and the calculated gate tunneling
current from accumulation regions and inversion region

3 Quantum kinetic modeling

bottom surface is nearly atomically smooth. Random effect8.1 Quantumkinetic equation

should be expected from the random gate control capacitance ) ) ) ]

and dopant activation in this poly-silicon/oxide region. Details of the modeling of the charging and discharging pro-
cess are given elsewhere [17]; here we summarize only the

2.4.2 Tunneling in silicon. With a band gap of 1 eV and salient steps of this modeling, and then discuss the impli-

a low transverse effective mass.{0mo, Bohr radius cations. The Hamiltonian for the coupled system consisting

~3-4nm), tunneling between the soufdeain regions ©f the channelregion (in inversion: two-dimensional electron

and the substrate, and from the source to the drain, b&2s) coupled to the quantum-dotis:

comes significant when the distance scales -ar&0 nm. _ .

For bulk nMOSFET structures, inter-band tunneling ap-H__ Hadeg+ Hoa+ Hr or H =Ho+Hr,

pears when acceptor doping in channel or halo-doped ravith  Ho = Hageg+ Hqd

gions approaches 210cm=3. This tunneling occurs at

the source junction and at the reverse-biased drain-substr&tgd

junction, and is a stand-by power constraint similar in na- .

ture to that from oxide thickness. In thin silicon structures,HZdeg_ Z(£”+ev)a“Ta“’

inter-band tunneling (conduction to valence band and back) "

is avoided if the threshold voltage of the device allows Hga= Y  embmfbm+ Es(v).

Vb + (Ve — V1) < Eg/€, a condition that prevents tunneling m

at the drain end, and is equivalent to the threshold voltag

not exceeding- 0.55 eV for Q5-V drain bias. This threshold

voltage is consistent with requirements of low sub-threshol

leakage currents for designs with good sub-threshold swin 4 = Z TomanTbm 4 cC

nm

Where Es(v) is the electrostatic energy ands andn’s iden-
3ify the quantum-dot and the channel states.

So, intra-band tunneling between source and drain throug

the channel barrier is a fundamental constraint for ade-

quate field-effect operation and needs to be satisfied in the The state of the system fign, nm), wheren, andny, rep-
quantum-dot memory. Figure 8 shows tunneling current beresent the occupation number in the channel and the quantum-
tween source and drain, for a 5-nm-thick sliver of silicondot. It is useful to write time evolution of the density matrix in
(junctions box doped & 10"®cm~3 and 10 nm apart) for the Heisenberg representation:

a quasi-two-dimensional self-consistent Schrodinger—Poisson

calculation. The longitudinal masses of the doubly degeneri-_ﬁpsH () = [H, Py®)]

ate ellipsoids form the lowest energy ladder with the smaller 2 4t ’ ’
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which yields the equation of motion in interaction representa « 10
tion:

0 L2 R
SR =—T”[HT, P (to)]

t
2\ ? .
+ (T”) / [Hr(t), Hr(t), B )]t

fo

and which can be formulated as the yamster equation:

2

a
m P(t) =WeP(l).

Mean Number of Electrons in the D

To calculate the time-dependence of the charging and di o
charging, we first calculate self-consistently for all eigen-= o k&= i R R i1
states in the channel for a given number of electrons store 10 10 10 10 10
in the quantum-dot for all gate voltages, repeat it for the 4 Time (sec)

different number of electrons allowed, determine the transi® . ; :
tion rates, and then determine the time-dependence from ttg 15 |....0
rate equations. Probability of quantum-dot occupation nums
ber{nm} is:

PUNRD® = Y ((a), (i} Pr Ol ()

{nn}

and probability of havingy electrons in the quantum-dot

> hm = v with transition rates
m

pu® =" 3 (1M}, (1} [P O] (bl (Z M. v)

{nm} {nn}

Mean Number of Electrons in

ol_i i

determined using the coupling constants and the occupatic ——= = )
10 10

B . B . 5
statistics. The average and variance of electrons is: i
Time (sec)
B 0 Fig. 9. The evolution of the mean number of electrons in a silicon quantum-
b o= (v)= Z vpy, dot (10 nmx 10 nmx 6 nm) from an inversion layer due to direct tunneling
v—0 from an injection oxide of b nm at three different gate-to-inversion layer

potentials. The evolution during ejection is shown on the right

Vo Vo 2
ol = (V) — (=) vpi—- (Z vpu) :
' "= the average reaches one electron. The transition rates are too
This now gives us the information from which many of the Jow because of the large oxide barrier height and small over-
parameters of interest can be calculated. lap. But, it changes rapidly with bias so that less than 10 ns is
needed at 4-V bias. The saturation in number of electrons be-
tween 100s of ns to 10s ofs for the differing bias voltages
represents the effect of reduced dimensions. As the charging
From the master equation, the stationary solution follow®rocess nears flat-band conditions, the injection process be-
from: gins to slow down for the same reasons that slow the process
at low bias voltages. Now consider the same structure dur-
We P(t) =0, ing erasure (Fig. 9) when a negative potential is applied at
the gate to eject the electrons into the substrate. A number
where the transition matri¥V is of dimensionamaxx vmax ~ Of starting electrons are considered for two differing voltages.
wherevnay is the number of electrons in the quantum-dot sefThe behavior does not have the detailed features of the injec-
for computational tractability, and the vectBr(t) = [po(t),  tion process; the injection process reveals more of the details
p1(t), p2(t), ..., Pumax(] is the probability of having 01,  of the states being tunneled into. The time constants of ejec-
2, ..., vmax €lectrons in the quantum-dot. tion are however quite similar to that of injection. At 2 V, not
This now allows determination of the time-dependenceshown, the process has very appreciably slowed down. The
relate to the classical expressions for current, threshold voltifetime in the dot has become very large.
age, and also derive the spectrum for single quantum-dot. Figure 10 shows mean and variance in the number of elec-
Figure 9 shows an evolution of electrons in a dot due to introns for a calculation in which a maximum of 3 electrons
jection from inversion layer under three different bias condidis allowed. The variance is/2 at gate voltages where the
tions. At the 2-V bias condition, it takes nearly 100 ns beforanean number of electrons is integdr. The actual number

3.2 Carrier statistics and charge fluctuations
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[g‘L ] P b examples of operational characteristics, measured dynami-
o \ cally, that confirm these expectations. The devices exhibit
cp‘”" i = — = : — ) convergence since, for any applied voltage, only a finite

number of carriers can be accommodated. The figure also
shows these threshold shifts at three different temperatures.

Fig.10. The mean and variance as a function of gate voltage for occupa

tion in the quantum-dot for a model example of quantum box coupled tdAt low temperatures, steps in the shifts, can be discerned

the channel and controlled by the gate corresponding to the storage, on an average, & 1.
electrons. While this effect is still present at room tem-
perature, it is masked by the variability in nano-crystal

of electrons in the quantum dot can take only integer valuesize.

A mean number of integerl/2 implies that the actual num- Similar behavior is observable in the single quantum-dot

ber of electrons is fluctuating rapidly between integer andlevice structures. Figure 12 shows device characteristics em-

integer-1. The fluctuations in current, etc. follow from these phasizing this behavior.

calculations by coupling to the classical transport equations

of the field-effect.

Gale Volinge (V)

10.9 E T T T T T T T T T T

4 Experimental observations = F AV (plateau) ~ 0.7V ..,............:.

~ q1071°L -"AA‘ .
Use of laterally uncoupled nano-crystals allows suppressio—D .--.-.:A‘
of Ieakage mechanisms that limit the scaling of II’l]ECtIOﬂC /:-;:'m‘“‘
oxide in conventional floating- gate memory structures — dus = 107 0 / 3
to leakage to other device regions. Thus, injection oxide ca 0 F _:..g:;‘
be reduced in thickness together with the use of small nurrS S 107 2 .-'I" 4
ber of electrons. For nanocrystals 5nm in dimension, thia 0 V=02V
Coulombic charging energy is of 0.07 eV and the sub- fat 90K ]
band energies- 0.1 eV, both larger than thermal energy at 10®b——t— o+ . 1+ . 1+ . 1 .
room temperature. For such nano-crystals that are 5 nm apa 3 2 A 0 2 3
i.e., a nano-crystal density of410*2cm=2, with a con- Gate voltage, Ves(v)

trol oxide thickness of 7 nm, the threshold_ shift is nearlyrig 12. single-electron events lead to the discreteness observed in the
0.36 V for one electron per nano-crystal. Figure 11 showsurrent-voltage characteristics of the top figure for a quantum-dot memory
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The response time — write and refresh — is summarizedhere the coupling between the nano-crystal and the channel
in Table 2 for approximately comparable nano-crystal densityinverted or depleted) is the weakest. However, the existence
but varying injection oxide thickness in experimental struc-of two time constants is indicative of a possible role for inter-
tures. The write times are considerably better than standafdce states. Note, however, that the preferred injection is still
flash memory structures, and the voltages are low. This turthrough an efficient transmission into the nano-crystal which
ability of operation, in power and speed, and operation ahas a large capture cross-section, and forms a path to possible
small voltages, show the desirability of use of small dimend{ocalization at the interface defect.
sions (also see [3-5]) in microelectronics because of their The differences in the process of storage and erasure are
voltage, power, and compatibility with present practice ofbest represented inthe measurements of Fig. 14, which shows
CMOS. We now focus on the experimental properties of théhe change in capacitance as a function of time for low-
nano-crystal memories that are related to the use of smalbltage (1-2 V) charging and discharging, with the difference
dimensions, particularly to understand the role of surfacesn time constants resulting from asymmetry of the conditions
smaller statistics, in the presence of confinement and finitédot-to-inversion region coupling versus dot-to-depletion re-
charge effects. gion coupling).

The long-term quasi-stability of charge storage in the Similar to the storage curves of Fig. 13, the discharging
nano-crystal memory is summarized in Fig. 13 from a 1-MHzbranch at the higher voltages appears to exhibit two time
capacitance measurement of a large-area and short-gat®nstants. The storage time data, following charging meas-
length structure. The discharged branch shows measuremamements of Fig. 14, are plotted in Fig. 15 as a function of
of the capacitance at different gate biases over 10-min impplied gate-to-source and drain voltage, with the larger volt-
tervals following establishment of discharged state by appliage results being extracted using smaller applied pulses. The
cation of a—4-V bias. Similarly, the charged branch showscharging follows an exponential relationship at the estimated
measurements at different gate biases at 10 min intervatannel oxide thickness of.8—20 nm, with a control oxide
following establishment of charged state by application ofof 7 nm, of this structure. The exponential relationship is in-
a 4-V bias. A short and a long time constant are observed idicative that the coupling between the nano-crystals and the
these measurements, i.e., after an initial rapid change, suativersion region does follow a field-dependence that is linked
as the loss of the excess electrons of the charged brandb,the total oxide thickness of the structure.
the electronic state of the structure changes slowly. The slow
time-constant changes are most discernible in the voltage
range of+1V around flat-band condition, a voltage range

400 T T T

CHARGE DISCHARGE

Table2. Experimental write and refresh characteristics 350 b 1.0V : =
Injection Write Write Refresh 125V - /”’/—///5;
oxide condition threshold time B 300 |- / -
thickness voltage < - /
shift Lo asv T
- 175V - B
1.6nm 200ns, 3V ~0.65V > 1wk (RT) 2s0 [ T
~1h(85°C) 2.0V
2.1nm 400ns, 3V ~ 048V > 1w(RT)
~5h(85°C) 200 1 L L
3.0nm 1ps, 3V ~055V large (RT) ° 5 Time ‘&S) 15 0
> 1h(85°C) ) ) ) i i ) i )
3.6 nm 5us, 4V ~ 050V large (RT) Fig. 14. Capacitance as a function of time during charging and discharging
large (85°C) for a small-gate-length and large-area structure
10° i
1060 — T T T
discharged
branch gttt 10% = .
goo o anel prvls ]
10% |- —
600 — —
2

¢ (pf)

400

200

Fig.13. C-V characteristics obtained for the charged

branches for a large-area transistor structure

2

Vg (V)

5

Fig. 15. Charging time constant as a function of gate voltage for the nano-

and the control oxide is 7 nm

and dischargearystal memory. The tunnel oxide thickness is estimated to.8e2I0 nm
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Logarithmic transfer characteristics during the charging [ '
and discharging are shown in Fig. 16 for a 3-nm tunnel oxide 4,0,
The characteristics of the discharged branch are obtained |
sweeping to a number of different gate voltages after char¢.** |
ing at—4 V. The charged branch characteristics are similarly2.,
obtained following charging at different gate voltages ancg
then sweeping the gate voltage 4@ V. In the discharged =" [
branch, injection begins to occur at thems time constant ™ 000
of the sweep at about®V leading to a dynamic change in
the threshold voltage that leads to the decrease in observ
drain current. At greater than.2V, the threshold voltage 000 F
shift saturates at 1.6 V. In the charged branch, the dynamic S S —
changes (ms time-constant) occur in thB# 25V range. Vg (V)
All the charging curves exhibit the presence of inversion layeFig 17. c-v characteristics of a large-area transistor structure for a range
at their initial applied bias and down to 0.5 to 1V gate bias.of frequencies at a slow sweep rate starting from discharged condition
The charging at  V shows a smaller threshold voltage shift
and perhaps percolative transport due to insufficient charg-
ing of nanocrystals. These characteristics reinforce a featuease in capacitance. As the bias is swept from 3V to 4V,
of the characteristics of Fig. 13 — charge injection into thethis excess capacitance corresponds to the storage of mid-
nanocrystals still allows the inversion region to persist, charg&0'* cm~2 electron density in the nano-crystals, or 1-2 addi-
exchange takes place over ms time constants in the 1.5 tmnal electrons stored per nano-crystal. The high-frequency
2.5V range, and below it is extremely slow. behavior shows that the transmission-line effects dominate

Figure 17 plots the capacitance as a function of bias fothe nano-crystal coupling effects because of the large channel
a large area transistor structure. The measurement is matngth.
at a slow sweep rate with a bias sweep starting from a dis-
charged condition. The dynamic threshold voltage shift that
occurs within 05 V of flat-band again appears in these char5 Percolation effects
acteristics as a lowering of the net apparent capacitance. At
high frequencies, both channel transmission-line and chari-he nano-crystal memory operates by screening of the chan-
nel nano-crystal charging time effects reduce the measuretkl from the gate by stored electrons in the nano-crystal.
capacitance. The two plateaus in capacitances n@arf B2-  The nano-crystals have a disordered distribution on the oxide
sult from response of inversion region as well as of nanosurface. The occupation of the nano-crystals by electrons is
crystals that are now efficiently transmissively coupled to thenodeled to the first order by the rate equation derived be-
inversion region. At bias voltages of@V, there exists an fore. When only a fraction of the nano-crystals are occupied,
inversion region in the structures as expected from Fig. 1@&nd this is a function of applied bias and time, transport
characteristics also, and as the bias voltage is increased abdakes place underneath through the unscreened areas. This
it, the charge density in the nano-crystals is sufficiently largés similar to the classic problem of bond percolation. The
and coupled efficiently enough to show as an additional ineonductance of this area, for example measured at low drain-

to-source voltages, should show percolative behavior with
a criticality that is dependent on time and voltage. We model
s ' - ' ' ' ' = this system approximately by assuming a square lattice whose
) Va conductance we calculate between the edges. The occupa-
o 3 tion is determined using the rates, and for this calculation
/ ] we do not consider any two-dimensional effects along the
<, / channel.
o 10 ; / 3 Figure 18 shows the application of the rates of charg-

5.00

o ] ing to a square lattice of the quantum-dots as a snapshot
. \Charged Branch in time for a voltage of DV between the gate and the
s / channel. The occupation of an electron in a quantum-dot is
10" f / 1 represented by a filled dot. Its presence depletes the chan-
o i & L nel area underneath of electrons. A turn-off of the device
T requires blockage of the resistive conduction path between
e V) source and drain. In Fig. 18, this occurs between 10ns
Fig.16. Current, at slow sweep, as a function of gate voltages for charggnd 100 ns.
ing and discharging aVps=0.1V. The discharged branch is obtained ; ;
by sweeping from—4V to 05,1.0,15,...,4.0V. The charged branch dFlglI,Ire 19 §fr110vli]ls thﬁ dependence of conductance on time
is obtained by charging for extended time a5,d.0, 1.5,...,4.0V and anad vo tage_W|t : the other as paramete_r. . .
sweeping to—4 V. Charge movement can occur between the nano-crystals ~ Percolation is clearly observable in these simulations,
and the channel during the measurements for certain ranges of voltages aafid a minimum necessary nano-crystal density and voltage
leads to the efficient effects observed at large voltages and hysteresis at Igyhd time are needed for reproducible operation. Note. how-

voltages. The extrapolated differences between the two branches allows C?Ver, that not all nano-crystals have to be filled with elec-

culation of the charge stored in the nano-crystals. In the logarithmic curve . .
at low voltages (G V, middle curve), with less charging of nanocrystals, trons for conduction to be shut off. Thus, time scales smaller

percolation transport can occur in the channel than those required to fill all nano-crystals are sufficient
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and probabilities significantly smaller than unity still allow

operation.

6 Can we avoid use of collective phenomena?
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Fig.18. Charging of a square lattice array
of nano-crystals for tunneling injection oxide
thickness of Znm and a gate bias voltage of
2.0V as a function of time

power — all desirable properties. High yields can be main-
tained only by improvements in technology and use of de-
vice designs that minimize variations arising from technol-
ogy. CMOS, with the use of rail-to-rail circuits, restores
levels and is less sensitive to variations so long as devices
maintain reasonable active power gain. The use of collec-
tive phenomena has been implicit in this progress because
the number of electrons used has always been large enough.
It reduces the variances arising from random effects and
usually also takes care of variations arising from system-
atic effects (dimensions, resistances, etc.) arising from the
practice of technology. Reduction of dimensions, while re-
ducing the power (usually), also increases the variance due
to random effectsthat appear in statistical fluctuations in
voltages (threshold, threshold shifts, etc.) and in currents
(magnitude, time and phase). So, implicit in this is a wors-
ening of the noise-margin for operation of devices, in logic
and in memory, and minimum voltages that can be toler-
ated and that can compensate for voltage noise margins.
For a CMOS inverter gate driving another inverter gate,
the number of electrons that are transferred during a low
loaded switching event is nearly 100 electrons at dimen-
sions of ~ 10 nm. Deviations in threshold-voltages change
the amount of drive available approximately linearly with
an average transconductance as the multiplication factor.
A large consequence of any changes in drive current is
a proportional change in switching times and hence prob-
lems in timing and clocking. For logic, therefore, the con-
sequence of scaling size is serious; however, device design
(through width) and circuit design (through careful timing an-
alysis and design) can compensate and allow a functioning
design.

For memories, the issues are more difficult. Static RAMs
are flip-flops made using CMOS gates. The previous com-
ments apply to it; SRAMs also use lower voltages and are
much more sensitive to variances in threshold voltages due
to the need to minimize imbalances in the flip-flop. Dynamic
memories use a large number of electrons on the capaci-
tors (~ 40 fC of charge, equivalent te- 250 000 electrons).
Fitting such a large number of electrons, as dimensions are
scaled, is an increasingly difficult task because we are de-

Digital microelectronics optimizes device and interconnecmanding that the capacitance not be scaled. An increase in
tion technology with the circuit design to obtain the necesthe third dimension is needed and higher and higher aspect
sary functions at the characteristics desired (usually a comatios are more and more difficult to achieve. An equally big
bination of several attributes: speed, power dissipation, voltproblem is that of retention time. Transistors are designed
ages of operation, density, reliability, noise immunity, costto have fA of off-state current so that the electrons do not
etc.). It requires a judicious blend, one of whose important

components has been the reduction of dimensions. Smallegor a sampleN, with Poisson distribution, approximatable by a normal
dimensions lead to faster devices, lesser area, and lowastribution, the standard deviation '/
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Fig. 20. Power-speed trade-off for single-electron operation

memory

that, if we are willing to trade speed for lower power, we
will be able to work with smaller number of electrons and
still achieve the control on electrical variations desired for
microelectronics.

7 Conclusions

As field-effect devices reach their operational — fundamen-
tal and practical — limits, and assimilate semi-classical and
quantum-mechanical effects in their operation, increased sen-
sitivity in static and dynamic operational fluctuations are in-

evitable. Thickness and length control of barriers and chan-
nels are clearly a very essential requirement and they have
an increasing variation due to quantum effects. And, since

in quantum-dognneling currents vary exponentially, the consequences of

leakage can also be quite significant. Small silicon memo-
ries, such as the nano-crystal and quantum-dot, combine the
field-effect with the discreteness that comes from use of small

leak easily and refresh cycles are slow. However, changes @imensions. For control of electrical variations, they have to
threshold voltages change the off-state leakage current ezelve similar issues as CMOS, and so long as dimensions, in-
ponentially for barrier-modulated transport as is the case faerface states, etc., can be controlled, and a few electrons are

electron diffusion. So, the leakage current changes by ased, they can be practical and useful.

proximately a factor of 10 for every 60 mV change irvr.

This is very difficult to design around through a worst caseAcknowledgements. The work summarized in this paper has evolved over
design. Quantum-dot memories and the nano-crystal mema@-number of years with contributions from many people, and discussions

ries attempt to work around these issues by using the oxi
barrier for storage of charge and using a gain cell (convergg;
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rent carried by the device) and do it with low power by
reducing the number of electrons needed to obtain the mem-

ory effect. Two problems arise: one is the need to workReferences
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