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Ballistic Electron/Hole Emission Microscopy (BEEM/BHEM&gs been applied to imaging and spectroscopy of Au nanectust
(NCs) embedded into the ultrathir: @6 nm thick) yttria stabilized zirconia (YSZ) films on Si sulzes prepared by Magnetron
Sputtering and annealing. Such structures are promisirt@éaesistive switching non-volatile memory applicasoAccording

to the High Resolution Cross-sectional Transmission Ededtlicroscopy (HR X-TEM) data, the nearly spherical Au NC& &

to 3.5 nm in diameter were arranged almost in a single shéstka the YSZ layers. The BEEM images demonstrated the spo,
of increased collector current of 1 to 2.5 nm in size relatethe ballistic electron tunnelling via the Au NCs. BEEM/BME
spectra of the NCs demonstrated the stepwise featurdsuditi to the quantum confined states in the Au NCs. The ediafat
the NC diameter by the best fit between the quantum confineslest@rgies determined from the BEEM/BHEM spectra and the
ones calculated for a spherical quantum dot yielded 1.73mf that is consistent with the HR X-TEM data. The results of
present study demonstrate the capabilities of BEEM/BHEMharacterization of the ultrathin dielectric films with rmeNCs

in research and also in production.

1 Introduction vidual supported NC5 However, the STM investigations of
the NCs in the dielectric matrices meet serious problems. |
Recently, the metal nanoclusters (NCs) embedded into the ubrder to maintain a stable STM feedback, the nanocompos-
trathin (~ 10 nm thick) dielectric films attracted much atten- jte films should possess a considerable conductivity eittaer
tion because of their potential application in the floatidgeg  the tunnel mechanism or via the percolation ®feThe for-
Metal-Oxide-Semiconductor Field Effect Transistors (MOS mer imposes strict limitations on the dielectric thicknass!
FETs), which are promising for the non-volatile memory de-hence, on the NCs sizes while the latter requires a high velum
vices'. The NC structure and size control as well as thedensity of the NCs inside the dielectric that makes the tnnc
electronic structure are essential in their device apfdina.  spectroscopy of the individual NCs impossible.
Transmission Electron Microscopy (TEM) is applied for stru Earlier, we have applied Tunnelling Atomic Force Mi-
tural characterization of the metal NCs in the dielectric ma croscopy (AFM) to imaging and tunnel spectroscopy of in-
trices widely’. As for the electronic structure of the metal dividual Au NCs inside the ultrathin (4 to 5 nm thick)
NCs, until recently there were no experimental techniqoes f SiO,/Si(001) films prepared by Pulsed Laser Deposition
direct measurements of the electron size quantization—spe%PLD)p The Au NCs manifested themselves as the spots of
tra in the NCs in the dielectrics. Generally, the experimeny, reased tip currenit attributed to the electron tunnelling be-
tal observation of the quantum size effects in the metal NC$ween the AEM tip and the™-Si substrate via individual Au

are very complicated due to the scatter of NCs’ sizes anycs, The peaks attributed to the electron tunnelling via the
shaped. Scanning Tunnelling Microscopy (STM) allows di- guantum confined states in the ultrafire { nm in size) Au

rect measurements of the electron energy spectra in the indics have been observed in the tunnel spectra of the: 60

c g ot R o and Educational Cent s of Au/Si films. We attempted to extract the size quantizatio:
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for the resistive non-volatile memory applicatiSnsEarlier,  fraction < 10-3) in distilled deionized water (the specific re-
BEEM/BHEM has been proven to be a powerful tool for mea-sistivity > 10t Qxcm).

suring the energy barriers in the MOS stacks as well as for The BEEM/BHEM images were recorded in the constant
imaging and spectroscopy of the semiconductor quantum dotsurrent mode. The BEEM/BHEM spectra were measured with
(QDs)!C. The aim of the present work was to investigate thethe tip current feedback switched on. The uncertainties of
capabilities of BEEM/BHEM in imaging the metal NCs in the the primary measurements of the gap voltsig€¢applied be-
ultrathin dielectric films as well as in a direct measuren@nt tween the STM tip and the Au base) and of the collector cur-
the quantum confined state energies in the metal NCs. rentlc were 1 mV and 2 pA, respectively. The differential
BEEM/BHEM spectrallc/dVy were calculated from the mea-
suredl¢(Vy) curves by numerical differentiation with nonlin-
ear smoothing. More details on the apparatus design as well

The YSZ films were deposited by Radio Frequency Mag-as on the measurements procedures can be found elséhere

netron Sputtering (the oscillator frequency wa$3.56 MHz)

at the substrate temperatu@00+ 10)°C using Torr Interna- 3 Results and discussion
tional 2G1-1G2-eb4-th1 vacuum setup for thin film depositio

from a sintered powder target made from 2rOY 03 pow- 3.1 YSZ films on Si substrates

ders mixture. The initial powders were of chemical puritye(t ) .
impurity molar fraction was< 10-3). The molar fraction of 1N€ cyclic BEEM spectra of an Au(S nm)/YSZ(6 nm)di
Y,03 was 012+ 0.01. reference sample (Fig. 1) demonstrated a well expressed hy s

The nanocomposite YSZ:nc-Au/Si films for BEEM/BHEM tere_sis_. The spectra were measured in the Ballistic Electro
investigations were prepared by the deposition of the thregEMission Spectroscopy (BEES) mode. The gap voltége
layered stacks consisted of theq3 0.5) nm thick underly- Was swept forward from 0 V downte-3 V and backward
ing YSZ layers, the Au layers with the nominal thickness of ffom —3 V up to 0 V. The curves measured at the forward
(1.0--0.1) nm, and the (®-£0.5) nm thick cladding YSZ lay- Vo SWeep demonstrated the thresholdggat (-2.5+0.1) V
ers onto the-Si(001) substrates followed by annealing. Also, rélated to the YSZ conduction band edgg(Fig. 2). Also, the
the YSZ/Si(001) films of (8 0.2) nm in thickness were fab- Peaks a4 = (-2.2+0.1) V attributed to the elegtro_n trans-
ricated to serve as the reference samples. The Si Epiread©rt via the oxygen vacancy bang-band) in YSZ2 with the
grade polished (the surface roughness wa@.2 nm) sub-  €Nergy~ Ec. — 0.3 eV have peen observed. The hysteresis in
strates of the semiconductor grade purity with the electrorj® BEEM spectra was attributed to the damage of the sampl
concentratiom = (2.540.5) x 10*> cm~3 were used. The by the mcrea}sed setpoint tip currdpt= 10 nA atVy < —2.5
Au layers were deposited from a metal target made of puré/ so that a pinhole has been burned through b_oth th_e Au basc
Au (the impurity molar fraction was: 10-4). The deposition ~ nd the YSZ layer. The BEES measurements in a pinhole &,
process was carried out in the mixture of Ar angl (80 : 50 peared tp be a powerful tool for the investigations of themn
% mol.), both gases were of high purity (the impurity molar barriers in the complex structur€s In the present study, the
fraction was< 5 x 10-6). The gas pressure inside the depo-thresholds a¥g = (-0.5+0.1) V have been observed in the
sition chamber wa¢1.0=+0.1) x 10-2 Torr. The stacks were Curves recorded at the backwavd sweep (Fig. 1). These
annealed in air ai800+ 15)°C for (2.00+ 0.03) min. Finally, thresholds were related_tg the conduct_|0n band edge in the £:
the Au base electrodes of .(6+ 0.5) nm in thickness were Substrate at the YSZ/Si interfaégs; (Fig. 2). Because of
deposited onto the YSZ surfaces. relatively small sizes of the pinhole (several nanometirs)

The BEEM/BHEM experiments were carried out in ambi- surface potential at the Si surface inside the piphole cbald
ent air at room temperature using a home-made setup based 8fsumed to ?t?e equal to the one at the YSZ/Si interface ou'-
NT-MDT Solver Pro scanning probe microscope (SPM). Theside the holé_. The conduction l_)and edgein th_e guasi neutra!
scanning sample scheme was utilized. The first stage aoilect [2¥€r Of the Si substratécsio relative to the Fermi level energy
current preamplifier (the current voltage converter) wait bu EF for non—degenerat?ut& could be calculated according to
inside the sample holder mounted onto the tube piezoscannét Well known formula
The ground contacts to the Au base electrodes were provided KT N
by a bronze spring. The home-made STM head utilized a tip- Ecsio— EF = —1In <—°> Q)
biased tip current preamplifier form NT-MDT Smena EC elec- € n
trochemical SPM head. The STM probes were made from avherek is Boltzmann constan is the temperatures is the
W wire (technical purity grade, the impurity molar fraction elementary charge, and; is the effective density of states in
< 107?) sharpened by electrochemical etching in a 0.5M sothe conduction band of Si. For= 2.5 x 10'® cm™2 at 300K
lution of NaOH (chemical purity grade, the impurity molar one getsEcsio — Er ~ 0.25 eV. So far, the potential barrier

2 Experimental
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Fig. 1 The cyclic BEEM and BHEM spectra (300K) of an Au(5 Fig. 2Band diagram of a contact of a STM tip to an Au(5

nm)/YSZ(6 nm)n-Si stack measured in different points of the nm)/YSZ(3 nm)/nc-Au/YSZ(3 nmitSi stack calculated from the

sample surface at the setpoint tip currgnt 10 nA. The directions  BEES/BHES data and the schematic representation of the ballistic

of the gap voltag¥y sweep are marked by the arrows. electron transport via a quantum confined state in the Au NC in the
BEES measurements.

height at the YSZ/Si interfacA¢ = E.sj — Ecsip =~ 0.25 eV.
Now, the conduction band offset at the YSZ/Si interface can .
be found taking into account the potential drop across theé YS The thresholds &y = (2.7+0.1) V in the BHEM spec-

film from the condition of the electric flux density contingit tra measured at the forwakg Sweep have been attributgd 10
at the YSZ/Si interface: the YSZ valence band edd® (Fig. 2). Note that according

to this result, the Fermi energy in Au badg-(— Ecay =~ 5.5
eV)17 is higher than the energy spacing between the Ferr:
évszFysz = &siFsi @ Jevel in the Au bas&r and the valence band edge in YSZ

where FYSZ and Eysz are the electric field Strength and the EF — EV ~27eV (See F|g 2) This factor makes the observa-
dielectric constant for YSZ, respectivelfs and es; are the tion of the threshold related to the YSZ valence band edge ir.
respective quantities for Si. Assumirigysz = 25)12 and  the BHEM spectra possible. The thresholt/gt= (0.6+£0.1)
(€si = 11.7)1% one getsAE; = (1.9+0.1) eV. This value is V observed at the backwakg sweep was related to the va-
greater than the one calculated theoretically for Z(@.4 lence band edge in Si at the YSZ/Si interfd&g;. From the
eV)15. However, it is well known that the actual values of above data, one can calculate the valence band offset at the
the band offsets at the oxide/semiconductor interfaces meaf SZ/Si interfaceAE, = (2.1+0.1) eV. Again, this value ap-
sured experimentally differ from the theoretical onesmtfe  Pears to be less than the theoretical one for Z(®3 eV)™
On the other hand, the values of the YSZ/Si band offsets ma{hat is also not surprising taking into account all the above
differ from the ones for Zr@Si due to a considerable fraction Note that the resulting energy gap forEjsi = 0.5 eV +0.6
of Y in the films studied in the present work (the respective€V = 1.1 eV is consistent with the reference dét¢hat con-
values for %03/Si interface ar\E, = 2.3 eV andAE, = 2.6 firms the accuracy of the BEES/BHES measurements.
eV)18. However, the quantitative analysis of this effect is dif-  On the other hand, these measurements yielded the YSZ eii-
ficult because the band offsets in YSZ may vary with the Yergy gapEg = (5.2+0.1) eV, which appears to be less than the
fraction nonlinearly. All the above makes the band offséada respective value obtained for the YSZ films with close Y mola
obtained experimentally (e. g. by BEES) especially valeabl fraction by optical transmission spectroscogy.¢+0.1) eV

A hysteresis has also been observed in the spectra recordati 300K]'8. This disagreement could probably be attribute
at the positive tip bias with respect to the Au base, inthe  to the residual strain in the YSZ film originating from the-dif
Ballistic Hole Emission Spectroscopy (BHES) mode (Fig. 1).ference in the thermal expansion coefficients for Si and YSZ
The gap voltag®y was swept forward from 0 Vupto 3V and [(~2.6x 10 K 1)1%and & 8x 107° K1)12 respectively].
backward from 3 V downto 0 V. Note that the cyclic BEEM On the other hand, the results of the High Resolution Cross-
and BHEM spectra presented in Fig. 1 were measured in difsectional TEM (HR X-TEM) analysis of the YSZ:nc-Au/Si
ferent points of the sample surface. Once a pinhole was madeanocomposite films prepared in the same setup in similar
in the YSZ film, the thresholds related to the band edges in theonditions'® revealed a nanocrystalline structure of YSZ after
Si substrates could be observed drly annealing (the nanocrystal sizes were comparable to the YSZ

Journal Name, 2010, [voll, 1-6 |3
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nm)/YSZ(3 nm)/nc-Au/YSZ(3 nmi-Si stack measured at the
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film thickness). This could be another possible reason fer th Fig. 4 The BEEM and BHEM spectra (300K) measured on an Au(5
disagreement of the band gap value for YSZ/Si obtained in th@m)/YSZ(3 nm)/nc-Au/YSZ(3 nmiFSi stack at the setpoint tip
present work with the data reported in the literatre currently = 2 nA. The NC, which the BEEM and BHEM spectra
Thus, applying the combination of BEES and BHES al-Wwere measured in is marked by a circle anq an arrow in Fig. 3. The
lowed measuring all energy gaps in Au/YSZ/Si MOS stackdmows mark the quantum confined states in the Au NC.
necessary to calculate a complete band diagram of the struc-
ture shown in Fig. 2. These energy gaps obtained have bee(sn

used further to calculate the quantum confined level engrgie hn the ?lther.hagdi no?:opog[)aphhic featur.es hcorEr)eEsEpl\(jln_ding
in the Au NCs in the YSZ matrix. the smaller sized (1 to 3 nm) bright spots in the image

[Fig. 3(b)] have been observed in the STM image [Fig. 3(a)].
This fact could be treated as another evidence for the oelati
of the relation of the spots of increaskdn Fig. 3(b) to the

The STM image of the Au(5 nm)/YSZ(3 nm)/nc-Au/YSZ(3 ballistic electron tunnelling via the Au NCs.

nm)h-Si stack [Fig. 3(a)] demonstrated an islanded surface Typically, the effective electron probe diameter in BEEM,
typical for thin Au films deposited by Magnetron Sputtering. Which, in turn, determine the spatial resolution of the roeth
At the same time, the BEEM image of this sample [Fig. 3(b)]could be estimated to bex(1 nm)© that is less then the typi-
recorded simultaneously with the STM one demonstrated théal NC diameter in the structures studied in the present work
spots of increased collector currdpiof 1.7+ 0.6 nm in size  So far, BEEM allows the ballistic electron spectroscopyhef t
related to the ballistic electron tunnelling via the Au N@s, individual NCs. Typical BEEM spectrdlc/dVy of the Au(5
shown in Fig. 2. The HR X-TEM studies of the YSZ:nc-Au/Si nmM)/YSZ(3 nm)/nc-Au/YSZ(3 nmi¥-Si stack are presented in
stacks prepared in the similar conditidfigevealed nearly ~Fig. 4. The BEEM spectra measured between the Au NCs ex
spherical Au NCs with the diamet&; = (25+1.0) nmto  hibited the thresholds & = (-2.440.1) V and the peaks
be arranged in a single sheet between the YSZ layers almogt Vg = (—2.1£0.1) V (Fig. 4) attributed to the conduction
strictly. The surface density of the spots in the BEEM imageband edge in YSZ. and to the oxygen vacanay-band in

in Fig. 3(b)Ns = (3.440.3) x 10'*cm~2 is of the same order YSZ, respectively, as in the BEEM spectra of the reference
of magnitude as the NC density estimated from the TEM dataAu(5 nm)/YSZ(6 nm)A-Si stack (Fig. 1). The BEEM spectra
(~ 10" cm~2)19 that could be treated as an evidence for themeasured recorded in the spots of increage@orrespond-
relation of the spots of the increaskdin the BEEM image  ing to the Au NCs) demonstrated the stepwise features @:-
to the ballistic electron tunnelling via the Au NCs. Notettha tributed to the quantum confined states in the Au NCs. The
there is almost no correlation between the STM and BEEMheory predicts the peaks in thi#lc/dVZ dependencies of
images in Figures 3(a) and 3(b), respectively except thie varthe QDs corresponding to the quantum confined energy lev-
ations of the averaged BEEM image brightness [Fig. 3(b)] inels in the QD$C. Accordingly, the steps should be observec.
the scales of- 10 nm, which is of the same order of magni- in thedlc/dVgy spectra of the QDs as it has been observed
tude to the typical sizes of the Au grains in the STM imagethe BEEM spectra of the Au NCs in YSZ films in the present
[Fig. 3(a)]: namely, the higher the local thickness of the Austudy (Fig. 4).

film, the darker the background of the BEEM image. This ar- The BEEM/BHEM spectra of the nanocomposite YSZ:nc-
tifact is typical for the BEEM investigatio8 and is related to ~ Au/Si films were measured with reducd= 2 nA (i. e. 5

a higher total electron energy loss in a thicker metal base fil times lower than in the pinhole measurements of the YSZ/Si

3.2 YSZ films with Au nanoclusters

4| Journal Name, 2010, [vol],1-6
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reference samples described in the previous subsectioh) an
with theVy sweep amplitude limited to 2.5 V just in order not calculated
to damage the YSZ:nc-Au film. Provided these precautions, YSZ ___NC-AU = = emeasured

the steps related to the quantum confined states in the Au NCc E
were well reproducible in the curves measures at both fatwar 14,05 8 ¢
and backward/y sweep. The absence of the hysteresis in the 11,7> 13,2>
BEEM/BHEM spectra evidenced the non-destructive nature *[2,4>
of the measurements in this mode. S oristr> 16

The BHEM spectra of the Au(5 nm)/YSZ(3 nm)/nc- et 12.3> N1

. > | 130> 1,5>
AuU/YSZ(3 nm)h-Si stack measured between the Au NCs g |1‘4>‘f‘ﬁ:|2,2>
(Fig. 4) exhibited the thresholds & = (26+0.1) V at- 5 Nl = = = E
tributed to the YSZ valence band edgg as in the reference 11,3> ~[2,1> =y
Au/YSZ/Si sample (Fig. 1). The spectra measured on the Au 112> _ ‘If?:
NCs demonstrated the stepwise features similar to the dnes o | [1.0> -
served in the BEEM spectra. These features were attribated t Sty
| | | 1 cAu

the ballistic electron tunnelling from the Si valence batades
into the free states above Fermi level in the STM tip material
via the quantum confined states in the Au NCs falling into the
interval betweerk,s; andE, (see Fig. 2). This phenomenon
could be also described in terms of the ballistic hole inggct  Fig. 5A band diagram of an Au NC in YSZ matrix. The measured
from the STM tip into the valence band states in the Si subguantum confined state energies in the Au NC determined from the
strate via the quantum confined states in the Au NCs belovBEEM/BHEM spectra presented in Fig. 4 and the ones calculated
Er. Note that according to the BHES data, the bottom of the2ccording to a spherical QD model for the NC diamé@gr- 1.96
potential well of Au NCs in YSZ matri€ea, ~ —5.5 eV ap- nm providing t.he best fit betwgen the calculated and measured.
pears to be lower tha, ~ —2.7 eV. Thus, the Au QDs in the quantum confined level energies are shown. Th_e quantum confined
YSZ matrix appeared to be the ones of type II. levels are marked ds |) wherer andl are the radlgl and
. i momentum squared quantum numbers, respectively.

Using the data on the energy gaps in the Au/YSZ:ncrAu/

Si(001) stacks provided by BEES/BHES (Fig. 2), the size

quantization spectra for the electrons in the Au NCs have beegyperimental ones determined from the BEEM/BHEM spectre
calculated as a function of the NC diamely according to presented in Fig. 4.

the model of a spherical QD with a finite potential barrier The statistical analysis of the BEEM/BHEM spectra
height in the effective mass approxmat?&n The applica-  \ocorded in several spots of the increasethy the best fit

bility of th? Ia_tt_er for the structures s_tu_dled in the presen ponyeen the calculated guantum confined states energies an~
Work was justified by the nanocrysta_lllmty of the YSZ lay- the measured ones yielded an estimatBof 2.5+ 0.8 nm.

ers in the samples undgr study, as it has been already ,d'sraking into account that the effective mass approximataen i
cussed above. Along with the standard boundary constraints, rough one for the Au NCs in YSZ matrix, the agreement

for the continuity of the radial parts of the envelope wave-q¢ g estimate with the TEM datd could be considered to
functions of the bound electron statgér) at the YSZ/Au 4 satisfactory.

interface: xau = Xysz, Bastard’s boundary constraints were
imposed onto the envelope derivatives:

|
01 2 3 4 5
Distance (nm)

oy oy 4 Conclusions
May =50 = Mysz =% (3) .
r r The results of present study demonstrate the capabilifies o

where mp, and mysz are the effective electron masses in BEEM/BHEM in imaging the Au NCs inside the YSZ films
Au and YSZ, respectively. We assumeatygz = 0.7)>> and  and in measuring the size quantization energies of elestron
mau = 1. The envelope wavefunction were considered to ban small enough Au NCs directly. As neither the apparatuc
twofold spin-degenerated, the spin-orbit interaction a s  used nor the experimental techniques developed were the r -
Coulomb one for the electrons inside the QDs were neglectederial specific ones, one can expect BEEM/BHEM method to
An example of the size quantization energy spectrum in arbe applicable to the NCs made from any metal (or even from
Au NC calculated forD. = 1.96 nm is presented in Fig. 5. semiconductore.g. Si quantum dots in Si@films, etc) em-
The value ofD; = 1.96 nm provided the best fit between the bedded into thin films of any dielectrie.g. polymers,etc)
calculated quantum confined state energies in the NC and trees well. So far, the present results indicate the prospects f

Journal Name, 2010, [voll, 1-6 |5
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wide application of BEEM/BHEM for characterization of the 9
ultrathin dielectric films with metal or semiconductor N@®s i
research and also in production.
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Ballistic Electron Emission Microscopy was applied to imaging and spectroscopy of
metal nanoclusters (NCs) in dielectric films. The possibility of measuring the size quantization
energies in the NCs was demonstrated.



