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ABSTRACT

We report on application of Ballistic Electron/Hole
Emission Microscopy (BEEM/BHEM) to imaging and
spectroscopy of Au nanoclusters (NCs) in the ultrathin
(≈ 6 nm) yttria stabilized zirconia (YSZ) films on Si
grown by Magnetron Sputtering. Cross-sectional Trans-
mission Electron Microscopy (TEM) revealed spherical
Au NCs of 1.5 to 3.5 nm in diameter arranged in a single
sheet inside the YSZ film. The BEEM images demon-
strated the spots of increased collector current of 1 to
2.5 nm in size related to the ballistic electron tunnelling
via the Au NCs. BEEM spectra of the NCs demon-
strated the stepwise features attributed to the quantum
confined states in the Au NCs. The estimate of the NC
diameter by the best fit between the measured quantum
state energies and the ones calculated for a spherical
quantum dot model yielded 3± 4 nm that is consistent
with the TEM data.
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1 INTRODUCTION

Recently metal nanoclusters (NCs) embedded into
the ultrathin (∼ 10 nm) dielectric films attracted much
attention because of their potential application in the
floating gate Metal-Oxide-Semiconductor Field Effect
Transistors (MOSFETs), which are promising for the
non-volatile memory devices [1]. Transmission Electron
Microscopy (TEM) is applied for structural characteri-
zation of the metal NCs in the dielectric matrices usu-
ally [2]. In the present study we have applied Ballistic
Electron/Hole Emission Microscopy (BEEM/BHEM) to
imaging and spectroscopy of the electron states in the
Au NCs in the ultrathin (≈ 6 nm) yttria stabilized zir-
conia (YSZ) films on Si. Such films are promising for the
resistive non-volatile memory applications [3]. Earlier,
BEEM/BESS has been proven to be a powerful tool for
measuring the energy barrier heights in the MOS stacks
and for imaging and spectroscopy of the semiconduc-
tor quantum dots (QDs) [4]. In the present work we
have demonstrated the capabilities of BEEM/BHEM in
imaging the metal NCs embedded into the ultrathin di-
electric films and in the spectroscopy of the quantum
confined electron states in the ultrafine metal NCs.

2 EXPERIMENT

The YSZ films with Y2O3 molar fraction of ≈ 0.12
were deposited by Magnetron Sputtering at the sub-
strate temperature 300◦C using Torr International 1G2-
2G1 setup. The nanocomposite films for BEEM/BEES
investigations consisting of the ≈ 3 nm thick underly-
ing YSZ layers, the ≈ 1 nm thick Au layers, and the
≈ 3 nm thick cladding YSZ layers were deposited onto
the n-Si(001) substrates with the electron concentration
n ≈ 2.5 × 1015 cm−3. and annealed in air at 800◦C for
2 min. Also, the YSZ/Si(001) films ≈ 6 nm in thick-
ness were fabricated to serve as the reference samples.
Finally, the ≈ 5 nm thick Au base electrodes were de-
posited onto the YSZ surfaces.

The structure of the YSZ:nc-Au films was examined
by Cross-sectional High Resolution (HR) TEM using
Jeol JEM-2100/F instrument. The YSZ:nc-Au films for
TEM investigations were deposited on the Au/Si sub-
strates, the thicknesses of both underlying and cladding
YSZ layers were selected to be ≈ 20 nm in order to make
the cross section preparation easier. The Au layer thick-
ness, annealing temperature and time were the same as
in the samples for the BEEM measurements.

The BEEM/BHEM experiments were carried out in
ambient air at 300K using a home-made setup based on
NT-MDT Solver Pro atomic force microscope (AFM).
The scanning sample scheme was utilized. The first
stage collector current preamplifier (the current voltage
converter) was built inside the sample holder mounted
onto the tube piezoscanner. The ground contacts to the
Au base electrodes were provided by a bronze spring.
The home-made scanning tunnelling microscope (STM)
head utilized a tip-biased tip current preamplifier form
NT-MDT Smena EC electrochemical AFM. The STM
probes were made from a tungsten wire sharpened by
electrochemical etching.

The BEEM/BHEM images were recorded in the con-
stant current mode at constant gap voltage Vg applied
between the STM tip and the Au base electrodes. The
BEEM/BHEM spectra were measured with the tip cur-
rent feedback switched on. The differential BEEM/BHEM
spectra dIc/dVg where Ic is the collector current were
calculated from the measured Ic(Vg) curves by numeri-
cal differentiation with nonlinear smoothing.
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Figure 1: A cyclic BEEM/BHEM spectrum (300K) of
an Au(5 nm)/YSZ(6 nm)/n-Si stack. The arrows denote
the directions of the gap voltage Vg sweep.

3 RESULTS AND DISCUSSION

The cyclic BEEM/BHEM spectra of the Au/YSZ/Si
reference sample (Fig. 1) demonstrated an expressed
hysteresis. The spectrum measured at the forward Vg

sweep demonstrated a threshold at Vg = (−2.5± 0.1) V
related to the YSZ conduction band edge Ec (Fig. 2).
Also, a peak at Vt ≈ −2.15 V attributed to the elec-
tron transport via the oxygen vacancy band (α-band)
in YSZ lying at ≈ Ec − 0.3 eV [5] has been observed.
The hysteresis in the BEEM spectrum was attributed
to the damage of the sample by the increased setpoint
tip current It = 10 nA at Vg < −2.5 V so that a pinhole
has been burned through both the Au base and the YSZ
layer. Ballistic Electron Emission Spectroscopy (BEES)
measurements in a pinhole appeared to be a powerful
tool for the investigations of the inner barriers in the
complex structures [6]. In the present study, a threshold
at Vg = (−0.5 ± 0.1) V has been observed in the spec-
trum recorded at the backward Vg sweep (Fig. 1). This
threshold was related to the conduction band edge in
the Si substrate at the YSZ/Si interface Ec(Si). Because
of a small size of the pinhole (several nm) the surface
potential at the Si surface inside the pinhole could be
assumed to be equal to the one at the YSZ/Si interface
outside the hole [6]. The conduction band edge in the
quasi neutral layer of the Si substrate Ec0(Si) relative
to the Fermi level energy for non-degenerated n-Si could
be calculated according to a well known formula [7]

Ec0(Si)− EF =
kT

e
ln

(
Nc

n

)
(1)

where k is Boltzmann constant, T is the temperature,
and Nc is the effective density of states in the conduc-
tion band of Si. For n = 2.5 × 1015 cm−3 at 300K one
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Figure 2: Band diagram of a contact of a STM tip to
an Au(5 nm)/YSZ(3 nm)/nc-Au/YSZ(3 nm)/n-Si stack
and the schematic of the ballistic electron transport via
a quantum confined energy level in the Au NC in the
BEEM measurements. The measured (bold grey lines)
energy levels in the Au NC and the calculated ones for
Dc = 3.6 nm (solid lines) are shown.

gets Ec0(Si)−EF ≈ 0.25 eV. So far, the potential barrier
height at the YSZ/Si interface ∆ϕ = Ec(Si)−Ec0(Si) ≈
0.25 eV. Now, the conduction band offset at the YSZ/Si
interface can be found taking into account the poten-
tial drop across the YSZ film from the condition of the
electric flux density continuity at the YSZ/Si interface:

εYSZFYSZ = εSiFSi (2)

where FYSZ and εYSZ are the electric field strength and
the dielectric constant for YSZ, respectively; FSi and εSi

are the respective quantities for Si. Assuming εYSZ =
25 [5] and εSi = 11.7 [7] one gets ∆Ec = 1.9± 0.1 eV.

Similar hysteresis has been observed in the spec-
tra recorded at the positive tip bias with respect to
the Au base, i.e. in the Ballistic Hole Emission Spec-
troscopy (BHES) mode (Fig. 1). A threshold at Vg =
(2.7 ± 0.1) V in the spectrum measured at the forward
Vg sweep has been attributed to the YSZ valence band
edge Ev (Fig. 2). Note that according to this result, the
Fermi energy in Au base EF − Ec(Au) ≈ 5.5 eV [8] is
higher than the energy spacing between the Fermi level
in the Au base EF and the valence band edge in YSZ
EF −Ev ≈ 2.7 V (Fig. 2). This factor makes the obser-
vation of the threshold related to the YSZ valence band
edge in the BHEM spectra possible. The threshold at
Vg = (0.6± 0.1) eV observed at the backward Vg sweep
was related to the valence band edge in Si at the YSZ/Si
interface Ev(Si). From the above data, the valence band
offset at the YSZ/Si interface ∆Ev ≈ 2.1 eV can be eval-
uated. Note that the resulting energy gap for Si Eg(Si)
= 0.5 eV + 0.6 eV ≈ 1.1 eV is consistent with the ref-
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Figure 3: High resolution cross-sectional TEM image
of an Au/YSZ(20 nm)/nc-Au/YSZ(20 nm)/Au/Si stack
with the Au NCs formed in the same conditions as in
the samples for BEEM/BHEM investigations (annealing
temperature TA = 800◦C; annealing time tA = 2 min).
The accelerating voltage UA = 180 kV.

erence data [7] that confirms the accuracy of the cal-
culations above. On the other hand, the BEES/BHES
measurements yielded the YSZ energy gap Eg ≈ 5.2 eV,
which appears to be lower than the respective value ob-
tained by optical transmission spectroscopy (5.6 ± 0.1
eV at 300K) [9]. This disagreement could probably at-
tributed to residual strain in the YSZ film originating
from the difference in the thermal expansion coefficients
for Si and YSZ (≈ 2.6 · 10−6 K−1 [7] and ≈ 8 · 10−6

K−1 [5], respectively).
Thus, applying the combination of BEES and BHES

allowed measuring all energy gaps in Au/YSZ/Si MOS
stack necessary to calculate a complete band diagram
of the structure (Fig. 2). These energy gaps obtained
have been used further to calculate the quantum con-
fined level energies in the Au NCs in the YSZ matrix.

The cross-sectional HR TEM studies performed on
the Au/YSZ(20 nm)/nc-Au/YSZ(20 nm)/Au/Si stack
(Fig. 3) revealed nearly spherical Au NCs with the di-
ameter Dc = (2.5 ± 1) nm to be arranged in a single
sheet between the YSZ layers almost strictly. It is worth
noting that cross sectional HR TEM with atomic resolu-
tion demonstrates clearly both underlying and cladding
YSZ layers to be the nanocrystalline ones so that the
nanocrystal size was approximately equal to the whole
underlying (cladding) YSZ layer thickness. At the same
time, X-ray diffraction patterns from the YSZ/Si films
deposited in the same conditions demonstrated a num-
ber of broad halos typical for the the amorphous ma-
terials [10]. Taking into account the TEM data, these
diffraction patterns could be interpreted to be a result
of the Scherrer’s reflection broadening due to small sizes
of the YSZ nanocrystals, which the films consisted of.

[b]

Figure 4: STM topography (a) and BEEM (b) images of
an Au(5 nm)/YSZ(3 nm)/nc-Au/YSZ(3 nm)/n-Si stack
measured at the tip current It = 10 nA and the gap
voltage Vg = 2 V.

The BEEM image of the Au(5 nm)/YSZ(3 nm)/nc-
Au/YSZ(3 nm)/n-Si stack [Fig. 4(b)] demonstrated the
spots of increased collector current Ic of 1 to 2.5 nm in
size related to the ballistic electron tunnelling via the Au
NCs as shown in Fig. 2. The surface density of the spots
in the BEEM image in Fig. 4(a) Ns ≈ 3.4 · 1013 cm−2

that is of the same order of magnitude as the NC density
estimated form the TEM image in Fig. 3 (Ns ≈ 1.8·1013

cm−2).
The BEEM spectra dIc/dVg of the Au(5 nm)/YSZ(3

nm)/nc-Au/YSZ(3 nm)/n-Si stack recorded in the spots
of increased collector current Ic (corresponding to the
Au NCs) and between these ones are presented in Fig. 5.
The BEEM spectra measured between the Au NCs ex-
hibited the thresholds at Vg ≈ −2.4 V and the peaks
at Vg ≈ −2.1 V (Fig. 5) attributed to the conduction
band edge in YSZ Ec and to the oxygen vacancy α-
band in YSZ, respectively as in the BEEM spectra of
the reference Au(5 nm)/YSZ(6 nm)/n-Si stack (Fig. 1).
The BEEM spectra measured on the Au NCs demon-
strated the stepwise features attributed to the quantum
confined states in the Au NCs. The theory predicts the
peaks in the d2Ic/dV 2

g spectra of the QDs correspond-
ing to the quantum confined energy levels in the zero-
dimensional (0D) objects [11]. Accordingly, the steps
should be observed in the dIc/dVg spectra of the QDs
as it has been observed in the BEEM spectra of the Au
NCs in YSZ films in the present study (Fig. 5).

The BHEM spectrum of the Au(5 nm)/YSZ(3 nm)/nc-
Au/YSZ(3 nm)/n-Si stack measured between the Au
NCs (Fig. 5) exhibited a threshold at Vg ≈ 2.6 V at-
tributed to the YSZ valence band edge Ev, as in the
reference Au/YSZ/Si sample (Fig. 1). The spectra mea-
sured on the Au NCs demonstrated the stepwise features
similar to the ones in the BEEM spectra. These features
were attributed to the ballistic electron tunnelling from
the Si valence band states into the free states above
Fermi level in the STM tip material via the quantum
confined states in the Au NCs lying between the valence
band edge in Si Ev(Si) and the valence band edge in YSZ
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Figure 5: BEEM/BHEM spectra (300K) of an Au(5
nm)/YSZ(3 nm)/nc-Au/YSZ(3 nm)/n-Si stack. The ar-
rows denote the quantum confined states in the Au NC.

Ev (Fig. 2) that could be also described in terms of the
ballistic hole injection from the STM tip into the valence
band states in the Si substrate. Note that according to
the BHES data, the bottom of the potential well of Au
NCs in YSZ matrix Ec(Au) ≈ −5.5 eV appears to be
lower than the YSZ valence band edge Ev ≈ −2.7 eV,
i. e. the Au QDs in the YSZ matrix appeared to be the
ones of type II.

Using the data on the energy gaps in the Au/YSZ/n-
Si(001) stacks provided by BEES/BHES, the size quan-
tization spectrum for the electrons in the Au NCs has
been calculated as a function of the NC diameter Dc

according to the model of a spherical QD with a finite
potential well height in the effective mass approxima-
tion [12]. Along with a standard boundary conditions
for the continuity of the radial parts of the envelope
wavefunctions of the bound electron states χ(r) at the
YSZ/Au interface: χAu = χYSZ, Bastard’s boundary
conditions were imposed onto the envelope derivatives:

mAu
∂χAu

∂r
= mYSZ

∂χYSZ

∂r
(3)

where mAu and mYSZ are the effective electron masses in
Au and YSZ, respectively. We assumed mYSZ = 0.7 [13]
and mAu = 1. The spin-orbit interaction as well as
Coulomb one for the electrons inside the QDs were ne-
glected. An example of the size quantization energy
spectrum in the Au NC calculated for Dc = 3.6 nm is
presented in Fig. 2. An estimate of Dc by the best fit be-
tween the quantum confined state energies determined
from the BEEM/ BHEM spectra and the calculated ones
yielded Dc = 3.5±0.5 nm. Taking into account that the
effective mass approximation is rather rough for the Au
NCs in YSZ matrix, the agreement of this estimate with
the TEM data could be considered to be satisfactory.

4 CONCLUSIONS

The results of present study demonstrate the capa-
bilities of BEEM/BHEM in imaging the Au NCs in-
side the YSZ films and in measuring the size quanti-
zation energies of electrons in small Au NCs directly.
These results open the prospects for wide application
of BEEM/BHEM for characterization of the ultrathin
dielectric films with metal NCs in both research and
production.
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