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Room-temperature single-electron charging phenomena in large-area
nanocrystal memory obtained by low-energy ion beam synthesis
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We investigated the dependence of implantation dose on the charge storage characteristics of
large-arear-channel metal—oxide—semiconductor field-effect transistors with 1-kéMr§planted

gate oxides. Gate bias and time-dependent source—drain current measurements are reported.
Devices implanted with X 10'® cm 2 Si dose exhibit a continuou@rap-like) charge storage
process under both static and dynamic conditions. In contrast A% cm™2 implanted devices,
electrons are stored in Si nanocrystals in discrete units at low gate voltages, as revealed by a periodic
staircase plateau of the source—drain current with a low gate voltage sweep rate, and the step-like
decrease of the time-dependent monitoring of the channel current. These observations of
room-temperature single-electron storage effects support the pursuit of large-area devices operating
on the basis of Coulomb blockade phenomena.2@?2 American Institute of Physics.

[DOI: 10.1063/1.1470262

Single-transistor memory devices consisting of a metal-  Memory devices with large channel widid and length
oxide—semiconductofMQOS) field-effect transistor(FET) L (W/L=10/40um) are fabricated in a manner similar to
with nanocrystals embedded in the gate oxide have recentihat used for conventional depleted-modehannel MOS
attracted much attention as alternatives to conventional voldransistors, except that the gate oxide bears silicon with a
tile and nonvolatile memories? In addition, for the case of nharrow distribution, peaking at a tunnelling distance from
small (<10 nm and uniform in size nanocrystals, quantum SiO,/Si interface. For this purpose, Si is implanted at doses
confinement and single-electron charging effects offer thef 1< 10 or 2x 10" Si* cm 2 at 1 keV into 8 nm thick
possibility of quantized shifts of the transistor threshold volt-thermally grown Si@ film. Subsequently, a 30 nm thick
age at room temperatuteThe successful exploitation of SiO; layer is deposited, followed by a 30 min, 950 °C nitro-
these discrete changes may lead to the development of mi@en annealing, aiming at the precipitation of Si nanocrystals.
tilevel logic devices. This approach has been demonstrated iih€ nanocrystal characteristiesize, spatial distribution, and
both nanoscale Si channel FET devices with a sifgidew) ~ crystallinity) as a function of the implantation dose have
nanocrystafs® and in multiple dot memory devicatarge-  Peen deduced earliéin brief: (@) The 1x10'° cm™? dose

area FEJ using Si nanocrystals formed by deposition on9iVes rise to a Si-rich band with a thickness of about 3 nm
oxide—nitride tunnelling dielectrids However in the latter 0cated at 2-3 nm from the Sj0Si interface; the band is
case, a fabrication route of forming high-density of small angC0MPosed of low-density ill-crystallized quasi-spherical Si

uniform in size nanocrystals is an important issue to be re9rNs. 3-8 nm in size an) the 210" cm™? dose leads

solved before the practical application of single-electron phe'EO the formation of a dense arrangement of crystallized

nomena. For this reason, thery-low energysi implantation platelet-like Si grains with a thickness about 4 nm and linear
technique is a promising candiddtaVe recently explored dimension ranging from 4-15 nm peaking at about 7—8 nm.
the possibility of fabricating MOS memory devices through Because of_thelr.dense arrangement! the nanocrystals appear
1-keV Si* implantation of a thin thermal oxidé8 nm) and as a quasi-continuous ngnpcrystalhne layer Ipcated very
subsequent annealiﬁgCIear memory effects are observed close (1-2 nm from the Si/SiQ interface. Electrical char-

for devices implanted with a dose of10!® cmi~2 or lower acterization of the resulting memory devices is performed at
while for higher implantation doses the lateral coupling Ofroor_r;;]t:r2Ez:a‘tau;?OL:;\deerboelig(Vi(;orn:;ttlggsi.m lanted devices is
the Si nanocrystals at relatively high gate voltages is found . d g 9e he ti | P fth

to strongly affect the memory operation of the devices. IanQStIgalte y monitoring the time evolution of the source—

. drain current for various gate voltages. Before each run, we
this letter, charge storage effects for théldw dose and 2 h . .
. ; . ) . old Vg at —5V for extended time to fully discharge the
% 10'® (high dos¢ cm™2 Si* fluences are investigated in the G y g

| bi . h lik drai memory and then abruptly set the charging voltage. Figure 1
ow gate bias regime. The step-like source—drain current velgy, ¢ the room-temperatutgs—t curves for the low and

sus tlme(I_DS—t) characteristics and the discrete thre§holdhigh dose implanted devices and for 4.1 V gate voltage.
voltage shifts versus gate voltaQég), observed for the high |y qose implanted devices exhibit a continuous source—

dose implanted case, constitute evidence for room- tmperggain current reduction indicating a continuous build up of

ture single-electron charging effects. negative charge in the insulator with time. This finding is
attributed partly to thdow density of Si grains formed and

dElectronic mail: kapetan@imel.demokritos.gr partly to the trap-like behavior of excess silicon atoms into
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FIG. 1. Room-temperatullgs vs time characteristics, for large-area channel Time (s)

MOSFETs with 1(solid circle3 and 2x10'* cm™2 Si* (open circley

implanted gate oxides under 4.1 V gate voltage and 0.1V drain—sourc&!G. 2. Room-temperaturk,s—t curves, for the case of ax210'% cm~
voltage(Vpg). Schematic energy band structuftessets based on structural ~ Si*-implanted device under different gate voltages and a 0.1 V drain—source
observation of the state of implanted silicon after annealing. Left-hand sidevoltage. Inset: time needed for the second injection event for different gate
inset: case of Si atoms distributed within the implanted oxide voltages. From the linear dependenCgy/Cy=0.055 is obtained.

X 10 cm™2); right-hand side inset: case of Si nanocrystal formati@n

X 10 cm™32).

2

the stepginstead of a flat plateaus attributed to the large

Si0, matrix (Si atoms that do not form Si graindue to the numbe_r of nanocrystals ir)vc_JIved in the transistor channel
low density of the Si grains, percolation transport throughScreening. However, the similar heights of the current steps
the low-resistive conduction paths in the channel causes Rdicate that these nanocrystals have a narrow-size disper-
broadening of the quantized shifts\,. In addition, it has sion and located at about the same distance from the channel.
been reportetithat excess Si acts as a neutral trap with ent should be noted that for each gate voltage, the successive
ergy E, at or above the Si conduction band. The tunne”ngcharge injection events are spaced at about equal distance in
probability is inversely proportional to the distance of thethe logarithmic time scale. Based on the dynamic Coulomb
trap from the Si/Si@interface. Thus, for the case of spatially blockade model proposed by Yaret al,® we express the
distributed storage sitelow-dose caseand for constant time (7) needed for the next electron to come from the chan-
V¢, the trap charging process continuously proceeds wittitel to the nanocrystal as: )& const-(e/kT)(Cyq/Cs)Ve,
time from traps closest to the Sjanterface to those further Wheree is the electron chargeCy, is the capacitance be-
from the interfacdleft-hand side inset of Fig.)1resulting in ~ tween the gate and the nanocrystal, &dis the total ca-
a continuous reduction of the source—drain current. In conpPacitance related to the nanocrystal. By plotting on a semilog
trast, high-dose implanted devices show a step-like decreagdot the time needed for the second injection event for dif-
of the source—drain current, a direct piece of evidence for &rent gate voltages, a linear dependence is obtdinedt of
discrete charging mechanism. The formation of well-Fig. 2. These findings constitute evidence for a single-
crystallized Si grains in dense arrangement is considered t@lectron charging effect.
be the origin of the observed current steps. Quantum con- In order to further investigate this possibility we estimate
finement and Coulomb blockade effects inhibit the succesthe capacitances for our structure. Neglecting the coupling
sive electron injection into the nanocrystatigiht-hand side between the nanocrystals and the source—drain extension re-
inset of Fig. 3, resulting in a discrete build up of charge in gions(a reasonable assumption foleage channel argaand
the insulator withVg. The observed similar heights of the the coupling between adjacent nanocrysialslocalization
current steps indicate successive injection events of a singlef electrons is expected at higher confinement enefjiesl
electron to each nanocrystal. thus at higheVg) Cs is Cyq+Cqq, Where,Cq, is the ca-
Figure 2 shows théps—t characteristics for the high- pacitance between the channel and the nanocrystal. Based on
dose implanted device under various gate voltages. Clear ireur previous structural observatiohsye approximate the
jection events are observed for gate voltages lower than 4.8anocrystals as disk-shaped objects with a diameter of about
V. The latter events occur at a low electric figldnder 1 7.5 nm and a thicknegs,) of 4 nm, and placed at a distance
MV/cm) as a result of the lowered qualifglue to excess (tyg) of 33 nm from the gate electrode and at a distaftgg
silicon traps and implant-related damagef the tunnel of 1-2 nm from the channel. In the plate capacitor
oxide® For Vg higher than 5.5 V, théps—t curves do not  approximation,a value of 0.045 aF is estimated for Bg,.
exhibit any structure due to the fast charging response timelhe capacitance between the channel and the nanocrystal,
As we decrease the gate voltage, the position of the sourceG.4 depends strongly on the distanicg. From the experi-
drain current steps shifts to longer times. Tipg—t curves  mental (inset of Fig. 2 value Cyy/Cs=0.055, we obtain
are found to be reproducible during successive runs for th€.4=0.770 aF that correspond® t.4=1.3 nm, a value in
sameVs. The continuous reduction of the current, beforevery good agreement with findings from direct structural
the current steps appear, as well as the broadening of thebservatio. The Coulomb energyEc is given by Ec
steps are considered to originate from the background chargee?/2Cs +E,. The first term is the classical electrostatic
due to electron trapping within the defected tunnel oxidecharging energy and is calculated to be 98 meV. The second
and/or within the few large nanocrystals with Coulomb gapterm, due to quantum confinement, is the energy separation
lower than the room-temperature thermal eneryT  between the lowest subband and the second band and is
~ 26 meV). The continuous reduction of the current betweenestimated® to be 70 meV Sincé&. is 168 meV, a value in
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FIG. 3. Room-temperature transfer characteristics, for the case of FIG. 4. Room-temperaturgs current asVg is swept forwardsolid-circle
X 10 cm~2 Si*-implanted devices measured under differafy sweep curve and backward after dischargirigpen-circle curveat a rate of 0.8
rates and/ps= 0.1 V. With decreasing sweep rate, thg—V; curves show  V/s. The dot lines showps—Vg curves withn=1 andn=2 stored electrons
a clear staircase structure. The arrows indicate voltage redivis with 1 per nanocrystal and are obtained by shifting the forward swept crve
and 2 stored electrons per nanocrystek 1, 2), while the initial part of the ~ =0 stored electrons per nanocrystay 1.9 V and 3.8 V, respectively.

fast swept ps—V curve corresponds to=0. AV, is the threshold voltage

shift caused by the storage of a single electron per nanocrystal. tained by sweepiny at a rate of 0.8 V/s. The solid-circle

curve corresponds to the initial part of the forward sweep
excess of &T (for T=300 K), Coulomb blockade effect can shown in Fig. 3, while the open-circle curve is obtained by
be observed at room temperature. backward sweeping, after discharging \At=—-5V. The

The other evidence revealing a single-electron chargin@Pserved sharp steps during the backward sweep suggest a

effect is the plateau structure of thgs versusVg character- ~ discrete charge ejection process, while the magnitude of
istics, shown in Fig. 3 for the high-dose case and measuredtVrn iS comparable to that obtained by the sl¢/mV/s)
under differentVg sweep rates. Electron injection in the fqrward sweep shown in Fig. 3. The successive ejection of a
nanocrystals during each measurement causes a dynanfidle electron from each nanocrystal is inferred.
shift of the threshold voltag¥/, of the device, resulting in We have investigated the influence of implantation dose
the observed source—drain current structures. The tim@n the charge injection and storage mechanisms in large area
needed for an electron to come into the nanocrystal, stronglylOSFETS structures with low energy Simplanted and an-
depends oV . Thus, for the case of a fast sweep, chargel€aled gate oxides. Devices implanted at10'® cm™ 2 ex-
injection takes place at relative highs resulting in an effi-  hibit a continuous charge injection and storage process due
cient reduction of théps due to the large number of injected 0 the trap-like behavior of excess Si atoms in the Sia-
electrons. The initial part of theps—Vg curve in this case UiX. In contrast, 2<10'°cm™2 implanted devices exhibit
corresponds to the uncharged state of the nanocrystats- ~ Clear, step-likd ps—t and periodic staircase plateégs—Ve
ber of electronsn in the nanocrystals equals zenoz=0). characterlstlcs., both in support of the nptlon of room-
With decreasing sweep rat¥ for electron injection de- tempe_:rature single-electron storage_. The simple fabrication
creases together with the number of involved electrons, relechnique makes theery-low energysi nanocrystal memory
sulting in the appearance of a plateau in kgg-V curves. device an attractive option for Iqw cost very large scale in-
For a sweep rate slower than 5 m\(E mV step and 2 s (egrated memory and logic applications.

l(?ellat.y t'mr?’ I'?S shows thev\;c,ame plat:]e?i Indl\c/:atlnlgta self- This work was partially supported by the European
imiting charging process. We argue that g~V plateau nion through the Growth project NEON.
structure is caused by the Coulomb blockade effect. In sup-
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AVss=3.8 V, shown in Fig. 3. The gate voltage increment *S. Tiwari, F. Rana, K. Chan, L. Shi, and H. Hanafi, Appl. Phys. L&gt.
AVggrequired for the addition of one electron into the nano-zazﬁzﬂgs’@f; S Tuvari and 1 Khan. IEEE Tranc. Electron Devi
crystal(AVgs=€/Cyq) is calculated to be 3.6 V, a value that 1555(1233' - Jwatl, and 1. ehan, rans. Electron Deviees
is very close to the experimental one. ThA&/¢, for one 3K. Yano, T. Ishii, T. Hashimoto, T. Kobayashi, F. Murai, and K. Seki,
electron per nanocrystal JrsAVTh=eAl\ld/ng, whereNy is ,|EEE Trans. Electron Devicesl, 1628,(1994.
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