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A floating gate memory structure utilizing Ge nanocrystals embedded in LaAl®0) highk
dielectric films has been fabricated by pulsed-laser deposition. A cross-sectional high-resolution
transmission electron microscopy study revealed that the floating gate structure contains 5-nm-diam
spherelike Ge nanocrystals embedded in amorphous LAO. A significant memory effect with a very
high density of charge storage up tx40*/cn? in the Ge nanocrystals and a maximum flat band
voltage shift of 3.2 V have been achieved for the trilayer structure of
LAO(8 nm)/Ge/LAO(3 nm)/Si. The memory structure utilizing the Ge nanocrystals grown in 1

min showed excellent charge retention characteristics, whereas the decay in memory capacitance
after 1¢ s of stress under a flat band voltage was only 8%. These results suggest that this memory
structure utilizing Ge nanocrystals embedded in a LAO dielectric offers a high potential for the
further scaling of floating gate memory devices. In addition, the effects of Ge growth time, and thus
the size and density of the Ge nanocrystals, to the charge storage and charge retention characteristics
were also studied. @005 American Institute of PhysidDOI: 10.1063/1.1926414

Metal-oxide—semiconductaiMOS) memory structures the highk dielectrics ensures good retention characteristics,
based on Si quantum dots or nanocrystals have recently atvhile due to the unique band alignment of the higtielec-
tracted a great deal of interest due to the physical phenomenac with Si, a lower electron barrier height allows high cur-
and potential applications in scaled flash menfofyin this  rents across the tunneling oxide to be obtained at a low con-
kind of memory structure, Si nanocrystals are embedded asol gate voltage during the programming. As one of the
charge-storage nodes in an oxide layer between the contrpbtential highk gate dielectrics to replace Sj(aAlO,
gate and the tunneling layer, which can reduce the problenlLAO) has been extensively studied because of its many ad-
of charge loss encountered in conventional flash memories. \tantages such as a medium dielectric constant, a high band
allows thinner injection oxides and, hence, smaller operatingffset with Si, and good thermal stability when in contact
voltages, better endurance, and faster write/erase spéedswith Si %~ Furthermore, it exhibits good process compat-
The memory function of these devices has been attributed tiility with the current standard complementary metal—oxide
the charge exchange between the nanocrystals and inversigemiconductofCMOS) technologyl_9 In this Letter, LAO is
layer. Most quantum dot flash memories use Si nanocrystalgsed as the control and tunneling oxide layers in the trilayer
to replace the continuous floating gate layer. However, rememory structure of LAO/Ge/LAOQ/Si fabricated by PLD.
search results in several groups have demonstrated the supe- After wet-chemical cleaning, the-type (100 Si sub-
rior properties of Ge-based nanocrystal memories over thosgrate withp=4~ 6 () cm was dipped into an HFL0%) so-
based on St-°The Ge nanocrystals offer improved nonvola- ution for 60 s to remove the amorphous Si@yer from the
tile charge retention time due to their smaller band gap. Thegjlicon surface, leaving a hydrogen-terminated surface. The
smaller band gap provides both a higher confinement barriegj substrate was then immediately moved into the PLD
for the retention mode and a smaller barrier for the progranthamber with a maximum base pressure of 0> Pa. Be-
and erase modes. Various methods of fabrication have begbre the film deposition, the substrate was heated to 400 °C.
reported to form the Ge dot, such as implantation of Ge ionghen, oxygen ambient was introduced until the pressure in
in Si0,,” the sputter deposition of Ge on the Si substfate, the chamber reached 0.2 Pa and the deposition was started.
and the rapid thermal annealing of chemical-vapor—irst, a very thin LAO layer was deposited at 400 °C as the
deposited Ge layersPulsed—laser depositidPLD) has also  tunneling oxide. After the deposition of the tunneling oxide,
proven to be very successful in the fabrication of complexge nanocrystals were deposited in & 104 Pa vacuum.
oxide materials, and is also effective in the growth of Gegjnally, the trilayer memory structure was built by the depo-
nanocrystals. sition of another thicker layer of LAO onto the Ge nanocrys-

High-k gate dielectrics have been extensively investi-ta|s as the control oxide layer. The sample vimsitu an-
gated for replacing SiQin future MOS field effect transis- nealed in pure h ambient at an elevated temperature of
tors (MOSFET3."*"**In recent studies, higk-gate dielec- 750 °C for 30 min. Pt top electrodes with an area of 3.14
trics were also used as the control and tunneling oxide layerg 104 cn? were deposited on the surface of the samples
in floating gate memory structur&S’*which allow for a  ysing a shadow mask to fabricate the MOS memory struc-
thinner equivalent oxide thicknesgOT) without sacrificing  yres. The hysteresis loop and the charge retention character-
nonvolatility. Furthermore, the thicker physical thickness ofistics of the MOS capacitors were evaluated by capacitance—
voltage (C-V) measurements with an Agilent 4294A
dElectronic mail: apdaily@inet.polyu.edu.hk impedance analyzer at room temperature. The cross-sectional
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FIG. 1. C-V hysteresis curves of memory capacitors with 1 min Ge nano-

crystal deposition and reference sample without Ge nanocrystals. FIG. 3. C-V hysteresis curves of memory capacitors with different deposi-

tion time of Ge nanocrystals.
structures of the trilayer memory stack were characterized by

high-resolution transmission electron microsc TEM). . .
9 OPR ) in LAO can be clearly seen between tunnel oxide and control

Figure 1 shows the typical high-frequenGV curves . ) :
of twogMOS capacitors WE{E and w?thouthe nanocrystals. InOX|de, and the shape of the Ge nanocrystals is almost spheri-
al. The diameters of the Ge nanocrystals are approximately

the sample with Ge nanocrystals, the thicknesses of the cory- 475 tivelv. for 1 d 2-min d " ;
trol and tunneling oxide layers are about 3 and 8 nm, respec: and 7.o nm, respectively, for 1- and z-min deposition o

tively, and the time of Ge nanocrystals deposition is 1 min. ItGe' Based on the-V results shown in Fig. 1, the maximum

. 3 -
can be seen that the sample with Ge nanocrystals exhibits eﬁ];.ored charge density can be up to 2:0B0"*/cn?, as esti

anticlockwiseC-V hysteresis loop and a very large flat band ma_ted_ by the formula given by T|wér_|and Kim et al,
voltage shift of 3.2 V. By contrast, the control sample with—WhICh Is large enoggh_to meet the requirements of the future
' {Iash memory application.

out Ge nanocrystals shows no obvious flat band voltage shift, In order to investigate the relation between the storage
ting that the large memory effect rved in th . . .
suggesting that the large memory effect observed eharge density, and thus the flat band voltage shift, with the

sample containing Ge nanocrystals is produced by thé& . . .
charges stored in the Ge nanocrystals. Generally, the hysterpgnocrystal density embedded in the oxide layer, we also

esis may be introduced by the mixed effects of injecteade|oOSitecj Ge nan_ocrystals for a longer time of 2 min, expect-
charges stored in the nanocrystals, essential trap charges dg a larger density of G? nanocrystal;. TaeV hyste_r_e5|s
isting in the oxide or interface stat&sSince the processes curves 9f th_e samples with 1- and 2-m|n Ge depositions are
for fabricating the two samples are the same except for th§hOWn in Fig. 3, where "’?“9‘? hystere5|s loops can be ob-
Ge nanocrystals, the hysteresis effect produced by the esse _rved_ for both samples, indicating a str_ong charge storage
tial trap charges and interfacial states should be the same fgfrect in them. But contrary 1o expectations, the fl_at b_and
the two samples, and can, therefore, be ruled out. It is als}5OItage shift for the sample with a longer Ge deposition time

worth noting that the equivalent oxide thickne@0T) to of 2 minis only 1.2 V, which is much smaller than that of the

SiO, of the memory structure is calculated to be 3.3 nm, forSaMPIe with a 1-min Ge depositici.2 V). We speculate

a total oxide thickness of 11 nm of the structure. This will betgatdthIS d_(—i_crease ml th_e 1;I|at tf{arlﬂ V(()jltage Sh'f.t f?rr] the longer
beneficial for the integration of this large memory structure € deposition sample IS du€ fo the decrease in the nanocrys-
- . tal density in the sample. As can be seen from Fi9),2he
into smaller scale devices. G tals d ited for 2 mi ited i

Figures 2a) and 2b) show the cross-sectional HRTEM i € nancg:ryis als e_t%osue or = min resu ed n ﬁ n;ore con-
images of the trilayer memory structures with 1- and 2-min Inuous € fayer with a larger grain size and a shorter space

Ge deposition, respectively. The Ge nanocrystals embedd(gfmeen the grains, _and thus a smaller density of Ge nano-
crystals. Therefore, if one Ge nanocrystal stores only one

electron, the storage charges decrease with the decrease in
the density of the Ge nanocrystal. So the flat band voltage
shift decreases for the sample with the 2-min Ge deposition.
The memory data retention characteristics at room tem-
perature for the trilayer memory capacitors were also stud-
ied. The memory capacitors were first charged for 15 s at a
bias voltage of 10 V. Then, the capacitance decay measure-
ment was carried out under a -1 V bias voltage. Figure 4
shows the normalized capacitance-tif@et) curves of the
samples with a 1- and 2-min Ge deposition. It can be seen
that after 10 seconds of stress, the decayed capacitance for
the memory capacitor with a 1-min Ge deposition is only
FIG. 2. Cross-sectional HRTEM images of the trilayer memory structure.8%, suggesting very good charge retention characteristics.

(@) 1-min Ge deposition(b) 2-min Ge deposition. However, for the sample with a 2-min Ge deposition, rapid
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11 T 7 T B ameter of around 5 nm were fabricated by pulsed laser depo-
sition. Good performances in terms of charge storage and
1o Ge 1 min -4  data retention were observed for this trilayer memory struc-
X ture. The memory capacitor with a 1-min Ge deposition has
g’ 09} 4 better charge retention characteristics and a larger hysteresis
© I Ge 2 min ) Iqqp width than the memory capaC|to_r with a 2-min Ge depo-
% 08l ] sition. The fast capacitance decay in the memory structure
Q may be mainly due to the lateral charge loss.
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