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Threshold voltage shift of heteronanocrystal floating gate flash memory
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Simulations of threshold voltage shift ofpachannel Ge/Si heteronanocrystal floating gate memory
device were carried out using both a numerical two-dimensional Poisson—Boltzmann method and an
equivalent circuit model. The results show that the presence of a Ge dot on top of a Si dot
significantly prolongs the retention time of the device, indicated by the time decay behavior of the
threshold voltage shift. Both methods lead to consistent results that an increase in the thickness of
either the Si dot or Ge dot will result in a reduction of the threshold voltage shift. Additionally, the
threshold voltage shift increases significantly as the heteronanocrystal density increases.
Nevertheless, only a weak dependence of threshold voltage shift on the tunneling oxide thickness
was found. ©2005 American Institute of PhysidDOI: 10.1063/1.1847700

I. INTRODUCTION view and is physically clearer and easier to be realized. In the
present work, the dependences/df,, on nanocrystal size,

Nanocrystal floating gate memory has attracted increasnanocrystal density, and tunneling oxide thickness are stud-

ing attention in the scaled flash memories for its faster speeged for p-channel Ge/Si heteronanocrystal-based flash

lower power consumption, and compatibility to traditional memory, using both the numerical method and the equivalent

complementary metal-oxide-semiconductor procesSintn  circuit method, showing that these two methods result in a
particular, silicon nanocrystal-based memory devices havgood agreement with each other.

been developed,’ where electrongor hole$ tunneling into
or out of the nanocrystals shift the device threshold voltage.
The primary advantage of this memory structure is the low!- PEVICE STRUCTURE AND MODEL

operation voltage due to the employment of an ultrathin tun- Figure 1a) shows the schematic cross section of a

neling oxide. However, there is a trade-off between a highy channel Ge/si heteronanocrystal-based flash memory.
programming speed and a long retention time. Generally geg/sj heteronanocrystals are embedded in the oxide layer
higher programming speed requires a thinner tunneling 0Xpeqyeen the control gate and theype Si substrate. Assum-
ide, but incurs the penalty of leading to a shorter retention,; 4 regular dot distribution, a periodic boundary condition
tlme_. In_order .to overcome _th's ISsue, a metaI-OX|de-a|Ong the channel is used. Figuréllis the simulation cell
semiconductor-field-effect-transisto(MOSFET)  memory  ;seq in our numerical investigation, which is a symmetric
storage cell has been proposed using Ge/Si heteronanocrystaly -ai| of an actual memory device.

in place of the Si nanocrystaﬁstWing to the band offset at
the interface of Ge/Si heteronanocrystalp-&hannel flash
memory using heteronanocrystals as the floating gate c
have a longer retention time while the programming speed is

only slightly changed. This phenomenon is also addressed V(e V¢)=-d(p-n+D), (1)

by the time decay of_the threshold voltage shift in this Papefyhereq is the elementary electron chargeis the material
As one of the most important parameters for flash memory, o mitiivity, n andp are the mobile electron and hole densi-
the threshold voltage shiitAVy,) can be an index of the g respectively, an® is the concentration of ionized im-

memory state by measuring the source-drain current When & iies (n-type doping. For nondegenerate semiconductors
control gate bias is applied within the memory windtw.

Although there have been many papers, both theor&tital
and experimenteﬂs,'14 on AVy, of nanocrystal-based flash
memories, a systematic investigation of th&V,, of
heteronanocrystals-based flash memory is still lacking. In
this work, the threshold voltage shiftV,, is investigated
with a numerical method and an equivalent circuit model.

The electrical potentiaty (with respect to the substrate
potentia) satisfies the Poisson—Boltzmann’s equation in Eq.

Gate

n Substrate :

The numerical approach offers a relatively accurate solution, Control Oxide :
though it is computationally time consuming. Conversely, e/Si-nanocrystal //Simulation Cell

the equivalent circuit model presents a possibility to estimate (a) Tunneling Oxide

the dependence dfV,, on variable parameters from a global

FIG. 1. (a) The structure diagram of the heteronanocrystal floating gate flash
memory.(b) Simulation cell with a periodic boundary condition in the lat-
dElectronic mail: jlanlin@ee.ucr.edu eral direction and the ohmic contact for the electrical contacts.

(b)
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with parabolic band structures in equilibrium, densitiesnd p = poe 9¢KT, (3)

p can be related t@ by Boltzmann’s statistics: _ .
wheren, and py are the equilibrium concentration of elec-

trons and holes deep in the substrate, respectively. In a two-
n = nyed?kT, (2)  dimensional frame, the finite difference iterative format reads

_ (eir1jbivaj +&ijbin 1J)Ay + (& j+1ij+1t &0 bij- 1)AX + PAXZAy
(& gt €|+11)Ay + (g it ]+1)AX

b= (4)

where Ax and Ay are the iteration steps along and perpen-dot and the channel, respective@, stands for the equiva-
dicular to the channel, respectively. One finds that the dieledent charge at the Si/SiQnterface induced by the charge in
tric constant is involved in the iteration. This treatmentthe nanocrystal. The integral begins from the interface of the
greatly benefits the simulation since the special consideratiocontrol gate/control oxide to the interface of the tunneling
at interfaces between different materials is naturally canceledxide/Si substrate. Different permittivities are involved in the
out. The Jacobi relaxation method is applied to solve theequation so that the effect of different materials can be in-
differential equation. An initial guess is made for the nodecluded. Notice that the concept @for the nanocrystal
voltages. The iteration is applied alternately, updating thenemory device is used instead of the real charge in the nano-
node values as well as the electron and hole densities, untifystal for the calculation aAVy,. This is very similar to the

the potential at each node converges to a stable solution. lcase of a MOSFET with a fixed charge in the oxide
all simulations, the thickness sum of the Si dot, Ge dot, andnsulatof® where the location of the fixed charge in the oxide
the control oxide is kept constant at 10 nm. Different fromwill significantly affect the threshold voltage.

the method used in Ref. 12, where the drain current is used

to determine the threshold, in this work the threshold voltage

is defined as the gate voltage at which the minimum holdll- RESULTS AND DISCUSSION

density(along the channel directiomat the Si/SiQ interface
reaches the electron density iin timetype substrate. This
definition makes the simulation easier since it only use

The hole density near the Si/SiGhterface as a function
of the applied gate voltage is shown in Fig. 3, where tunnel-
. . . é}ng oxides of 2.07 nm, Si dot of 2 nm, Ge dot of 3 nm, and
metal-oxide-semiconductofMOS) structure instead of @ .1 oxide of 5 nm are assumed. The two curves in Fig. 3

MOSFET in Ref. 12. For simplicity, while not being far from represent the cases of the device being chatfsetl) and

reality, the control gate contact and substrate contact were . chargedN=0). One observes a shift of about0.65 V
treated as ideal ohmic contacts.

Although the above numerical method provides an accufor the charged device with respect to the device not charged.

rate solution, a simple circuit model offers a global view of
the device behavior with suitable approximations made while
being easy to understand. Such an equivalent device mode
uses several parallel-plate capacitors, as shown in Fig. 2
AVy, can be evaluated using the following expression:

AQeff

AVy, =
! Cto’[al

©)

whereC,,, and Q. are defined in Eqg6) and(7),' respec-
tively:

1 1 1 1 1

st (6)

Cto’[al C21 C22 C23 C24

Qo = @(Jd XP(X) dx (7)
MTd )y e

Here,C, is the mutual capacitance between the control gate
and the channel area not covered by the nanocry<tals.
C,,, Cy3 andC,, are the mutual capacitances between the

control gat.e and the Ge dot, the self—c_apacitances of the Gﬁ.G. 2. The diagram of the equivalent circuit model for the flash memory.
dot and Si dot, and the mutual capacitance between the She capacitors in this model are ideal parallel-plate capacitors.
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FIG. 3. The hole density on Si/SjOnterface as a function of gate voltage. FIG. 5. The threshold voltage shift as a function of the Ge dot thickness.

The threshold voltalge IS gefmled as the voltage where the |ntirfaC|a| holgyo cases of different Si dot sizes are presented, respectively. The increase
concentration equals to the electron concentration inréigpe substrate. of either the Si or Ge dot size will decrease the threshold voltage shift. The

Tow Tsi Tee aNdCoy rep_resent the thickngss_es of the tunneling oxide, Si dOt’data from the equivalent circuit model with a phenomenological effective
Ge plot, and control oxide, respectively.indicates the charge status of the screen length Ol3are also shown, whetle is the interdot distance.
device(N=1 for the charged status amE=0 for the uncharged status

The retention time of flash memory sensitively depends ~ The dependence oAVy, on the Ge dot thickness is
on the tunneling oxide thickness and the presence of the G&0Wn in Fig. Ylabeled as “numerical"'where the tunneling
dot on top of the Si dot.The Ge/Si heteronanocrystals can ©Xide is 2.07 nm and the lateral simulation cell sizgis 14
significantly prolong the retention time. Our numerical cal- "M Which corresponds to a dot densﬂyotaolz_cm‘z. Two
culation, which will be published elsewhere, shows that forthicknesses of the Si dd2 and 3 nm, respectivelyare in-
the case using only $2 nm) nanocrystal as the floating gate, Vestigated. It is shown thaiVy, decreases as the Ge dot
a 2.07-nm-thick tunneling oxide is needed to achieve thdhickness increases. A reduction &V, of 0.25 V can be
ten-year requirement of retention time. However, if the Ge/sfound when the Ge dot thickness varies from 3 to 5 nm for a
(3 nm/2 nm heteronanocrystal is present, the tunneling oxfixed Si dot size. It also shows that a thinner Si dot leads to
ide can be as thin as 1.36 nm in order to obtain the sambg€r|AVy|. A 1-nm Si dot thickness difference can intro-
retention time. In Fig. 4AV;, is calculated at a different time  duce aAVy, difference of about-0.2 V. _ .
of charge storage for the cases with and without the Ge dot N Fig. 6 the dependence aiVy, on the tunneling oxide
on top of the Si nanocrystal, respectively. It is found that ifthickness is showrilabeled as numerical The Si and Ge
only Si nanocrystals are present as the floating gate and tHl0ts are 2 and 3 nm, respectively. When the tunneling oxide
thickness of the tunneling oxide is 2.07 reurve 3, AVy, thickness varies from 3 to 5 nm, the change\&f, is abgut_
immediately after the charge injection can be as highagg ~ 0-05 V. The dependence AV, on nanocrystal dot density is
V. AV, declines more rapidly than the other two curves withillustrated in Fig. 7 wher¢AVy| increases from 0.38 to 0.68
Ge/Si heteronanocrystals, where the tunneling oxides ar¥ as the dot density changes from X70" to 6
2.07 nm(curve 3 and 1.36 nm(curve 2, respectively. Re- X 10 cm2, corresponding to the dot-to-dot distance chang-
garding the case where the tunneling oxide is 2.07 nm anth'd from 19 to 13 nm.

Ge/Si heteronanocrystals are used, the reductioA\gf is

almost zero for ten years of retention time. 0.2 — T - . T r . . .
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Time (day) FIG. 6. The threshold voltage shift as a function of the tunneling oxide
thickness. Only a weak dependence of the threshold voltage shift on the
FIG. 4. The threshold voltage shift as a function of storage time for threetunneling oxide thickness can be found. The data from the equivalent circuit
cases. model with a phenomenological effective screen length @& also shown.
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) ) ) ) FIG. 8. The potential distribution along the channel with the gate voltage
FIG. 7. The threshold voltage shift changes with the dot density. Higher doEqualing 0V for different interdot distancéls). Only whenL is comparable

density leads to larger threshold voltage shift. to the dot size, the effective capacitor area for threshold voltage shift esti-
mation can be equal to the whole device area.

In order to clearly understand the behavior&¥,, ob-

tained from numerical results based on Poisson’s equatiO@ity is plotted using the effective screening length of 0.3

the equivalent circuit model is employed as introduced pregimes interdot distance. For comparison, the results with the
viously. For simplicity, the ideal parallel-plate capacitor yhole device length and the nanocrystal size only are shown
model is used for all the capacitors introduced in this equivags well, where the data obtained from the numerical solution
lent circuit model. The capacitance Gf is not taken into s poisson’s equation are also plotted as a reference. It is
account since it is the most difficult part to be inverted togpyious that the approximations using either the whole de-
decide the threshold voltage. For both the Si and Ge nanogsice area or using the nanocrystal size are not consistent with
rystals, one can simply use the parallel-plate model with thgne gata from Poisson’s equation, while the approximation

plate areas equal to the dot cross sections. However, the argging 0.3 times the interdot distance matches the data from

that is screened by the charge stored in the nanocrystafe numerical calculations, particularly for the case of
namely, the capacitor area fQ,, is not straightforward al- gmaller dot densities.

though it has been discussed in Refs. 13 and 14, where the The dependence akV, on the thicknesses of the Ge

whgle channgl area is used as the screen area. The deterrabt' Si dot, and the tunneling oxide are shown in Figs. 5 and
nations therein are based on the comparison between thejf yespectively, using the equivalent circuit model. One can

estimation and the experimental data. As suggested aboge an encouraging agreement between this approximation
[Egs.(5) and(7)], the equivalent charge instead of just the 3ng the numerical method.

real trapped charge will be used for th&}, estimation. The Based on the circuit model, the behavior®¥,, can be

equivalent charge is generally one order of magnitude |0W9fnterpreted. Since the charge is only in the Ge dot, @y.
than the actual charge trapped in the nanocrystal. Thereforggp pe simplified as,

a corresponding larger capacitor area is reasonably necessary

in Refs. 13 and 14 for fitting a giveAV,, measured experi-

mentally. However, our numerical calculation has shown that 0.0 T y T T
this approximation using the whole channel area is only valid
when the interdot distance is so small that the potential dis-
tribution over the whole channel is much more uniform than
the case of a larger interdot distance. Figure 8 depicts the
calculated surface potential along the chaniselurce-drain
direction for several interdot distances. For the case of
larger dot-to-dot distances, the potential distribution is quite
uneven thus the whole channel area cannot be accepted as
the capacitor area in our calculation when the equivalent
charge is implemented. In addition, the fact that the potential
not only distributes under the nanocrystal but also covers . . ‘ '
other parts of the channel indicates that the employment of 3x10" 4x10" 5x10" 6x10"

only nanocrystal area is not suitable. Therefore, it is reason- Dot Density (cm™)

able to use an effective area whose value falls between the

whole device area and the area covered by the nanocrystdlG. 9. A comparison between the numerical method and the equivalent

However, the derivation of an analytic value of the eﬁeCtiveCirCUit model. The phenomenological effective screen lengthgee) are
’ chosen ad. 0.3, and the Ge dot size in the equivalent circuit model,

area is very difficult an_d we have only Us_ed a phenomenOzespectivelyL is the interdot distance. Only the result based on the screen
logical fitting here. In Fig. 9AV,, as a function of dot den- length of 0.2 matches the numerical data.

—0O— Numerical
-0.6 |- -0~ - Lscreen=L .
--+A:- Lscreen=Dot size a

-0.8 | - v-- Lscreen=0.3L i
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