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Abstract—This paper presents quantitative analysis of electron
emission from nanocrystalline Si dots, and discusses its mechanism
based on the calculations of electronic and phononic states. Anal-
ysis of emission energy distribution measured from the vacuum
level shows that the energy at the peak of the distribution increases
linearly with increasing voltage applied across the nanocrystalline
Si system. The slope of the linear law is unity, regardless of process
conditions. Increasing voltage significantly changes the shape of
the distribution at the energies smaller than the peak, while it has
minimal impact at the energies larger than the peak. Both the con-
ventional field emission model and the metal-oxide-semiconductor
model fail to explain those behaviors. Calculations of electronic and
phononic states in a chain of the nanocrystalline Si dots indicate
a possibility of strong suppression of electron energy relaxation,
which may be a possible mechanism of the high-energy electron
emission phenomena.

Index Terms—Electron emission, nanocrystal, porous silicon,
phonons, electrons.

I. INTRODUCTION

I T IS WIDELY known that high-porosity porous silicon (PS)
comprises tree-like network of many nanometer size silicon

quantum dots surrounded by thin oxide layer of a few nm (sil-
icon nanocrystallites, nanocrystalline silicon: nc-Si). Recently,
high-energy electron emission from the PS diode was reported
[1], which is schematically illustrated in Fig. 1(a). The silicon
substrate is electrochemically treated to form 1m thick porous
silicon region. On top of the surface, 5-nm-thick Au electrode is
formed. A positive bias applied to the Au electrode ejects elec-
trons from the emitting surface into the vacuum. The emission
energy distribution measured from the vacuum level exhibits a
peak, which shifts toward higher energy with increasing positive
bias [2], [3] as illustrated in Fig. 1(b). The PS diode is a poten-
tial candidate for cold cathodes in future flat panel displays due
to its low turn-on voltage and high current stability. Therefore,
the electron emission from the PS diodes has been intensively
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Fig. 1. (a) Schematic Illustration of the electron emission from porous silicon
diode under positive bias,V . (b) Energy distributions of the emitted electrons
measured from the vacuum level under various applied voltage. The energy at
the peak of the distribution is denoted asE .

investigated for the last several years. However, there are certain
aspects that had yet to be satisfactorily examined, including the
dependence of the emission energy and its distribution on the
voltage applied to the PS diodes. Furthermore, previously sug-
gested models [2], [4] have not been satisfactorily assessed yet.

In this paper, we analyze the relationship between the peak
energy and the voltage applied to the PS diode, as well as the de-
pendence of the distribution shape on the applied voltage. Sev-
eral models are discussed based on the analysis. Finally, we cal-
culate electron wave functions and phonon normal modes in a
chain of the nc-Si dots to examine a microscopic mechanism of
the high-energy electron emission phenomena.

II. A NALYSIS OF THEEMISSION ENERGY DISTRIBUTION

Fig. 2 shows a conduction band profile of the PS diode under
positive bias (10–20 V) applied to the Au electrode. Major
voltage drop occurs across the PS region due to its high resis-
tivity [1], and therefore, Fermi energy difference across the PS
region is given by . Electrons in the silicon substrate are
injected into the PS region, and travel toward the emitting sur-
face. Some of those electrons have enough energy to overcome
the work function of Au, ( 5 eV), and are emitted into the
vacuum with certain energy distribution. The peak energy mea-
sured from the vacuum level, , can be written as,

(1)
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Fig. 2. A conduction band profile under positive biasV . W andE
denote the work function of Au and the energy difference between the Fermi
level at the silicon substrate, and the peak energy level, respectively.

Fig. 3. The peak energyE plotted as a function of applied voltage,
showing linear law with unity slope.

where denotes the energy difference between the Fermi
level at the substrate and the peak energy.

Fig. 3 shows the peak energy as a function of the ap-
plied voltage plotted for various PS diodes, showing virtu-
ally linear dependence of on . The data were taken
from the literatures [2]–[6]. It is important to note that the slope
is unity for all the PS diodes, irrespective of device structure or
fabrication process. In general, in (1) is a function of
and depends on nature of electron transport in the PS region.
The linear law with unity slope, however, indicates that is
nearly independent of , and is a virtually constant parameter
of each individual device. This is confirmed in Fig. 4, where the

, calculated from the data in Fig. 3 using (1), is nearly in-
dependent of .

Fig. 5 shows the impact of on the energy distribution
shape of a PS diode. The horizontal axis is the energy mea-
sured from , and the vertical axis is normalized so that the
number of electrons at the peak equals unity. The energy dis-
persion varies depending on . Note that the increasing
dramatically increases the normalized number of electrons at
the energies smaller than , while it has minimal impact at
the energies larger than . This behavior is quite different

Fig. 4. TheE , defined in Fig. 2, calculated from the data shown in Fig. 3,
being nearly independent of the applied voltage,V .

Fig. 5. Impact of increasing applied voltageV on the emission energy
distribution observed for PS diode. The horizontal axis is the energy measured
from the peak energy, and the vertical axis is normalized so that the number of
electrons at the peak equals unity. The inset is the same plot for a MOS emitter.

from that observed in the conventional metal-oxide-semicon-
ductor (MOS) electron emitters [7], where has significant
influence on the distribution shape at the energies larger than

, as shown in the inset.
The clarifications shown above facilitate assessments of pos-

sible models. Mimuraet al. proposed that nc-Si dots on the
emitting surface act as nano-scale field emitter tips [4], which is
analogous to the Spindt cathode array [8]. This model, however,
fails to explain two observations of the emission phenomena.
Firstly, the model cannot explain the constant nonzero
values shown in Fig. 4. It is well known that the Fowler-–Nord-
heim (FN) tunneling is the dominant mechanism in the conven-
tional field emission [9]. As there is no energy loss during FN
tunneling through vacuum, majority of emitted electrons have
the energy near the bottom of the conduction band at the emit-
ting nc-Si. The values should then be nearly zero when
there is no voltage drop across the PS region. When the voltage
drop is not negligible, it should be strongly dependent onbe-
cause diode current significantly changes with [1], resulting
in strongly voltage-dependent . Secondly, the field emis-
sion model cannot explain the broad energy distribution of PS
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Fig. 6. Comparison of energy distribution shapes observed for various electron
emitters.

diode. Fig. 6 compares the energy distribution shape of different
electron emitters. The energy dispersion of the PS diode (PSD)
is much larger than those of the conventional field emitters, that
is, the carbon nanotube (CNT) and the metal tip emitter (TIP)
[10], [11]. Thus, the conventional field emission model cannot
explain some of the important features of the electron emission
from the PS diode.

One may notice that the emission energy distribution of the
MOS emitter shown in Fig. 6 has similar energy dispersion as
that of the PS diode. Indeed, in oxidized PS diode, large number
of nc-Si dots are fully oxidized in the vicinity of the emitting sur-
face [12], so that the PS region may be effectively modeled as
bulk Si with SiO layer on top of it. However, the energy distri-
bution of PS diode and MOS emitter have different dependence
on as shown in Fig. 5, indicating that the MOS model also
fails to explain the electron emission from the PS diode.

Thus, the conventional electron emission models cannot ex-
plain the emission from the nc-Si system. This leads us to dis-
cuss another model, in which another physics plays an important
role.

III. A POSSIBLEMECHANISM OF SUPPRESSEDELECTRON

ENERGY RELAXATION IN THE nc-Si DOTS

A recently suggested phenomenological model asserts that
the electrons injected into the PS region can travel for a long
distance quasiballistically by multiple tunneling, which is called
quasiballistic emission model [2]. In this model, the smallness
of the nc-Si dots and strong electric field applied to the nc-Si
system are considered to play important roles for the quasibal-
listic transport [2]. This concept is qualitatively supported by ex-
perimental results of the time-of-flight measurement [13], [14]
and the strong temperature dependence of emitted electron en-
ergy distribution [5], [6], [15]. However, microscopic discus-
sion has not been given yet, and therefore, this model cannot
be quantitatively assessed at the present. Instead, we calculate
electronic and phononic states in the nc-Si system to examine
the possibility of the suppression of energy relaxation. These
calculations also give a microscopic footing for more quantita-
tive discussion of the quasiballistic emission model.

Fig. 7. (a) The electron states are calculated in a linear chain of quantum dots
under an electric field. (b) Electron dwell time as a function of the electron
energy in direction to a linear chain of quantum dotsE . The inset shows the
peak energies plotted as a function of voltage applied across each nc-Si dot. The
number of quantum dots is 30.

Firstly, electronic states in the nc-Si system were calculated
by solving the Shrödinger equation in a linear chain of nc-Si
dots under an electric field. Fig. 7(a) illustrates the model used
in our calculation, where Si dots were modeled as cubes of

, and . The transverse wave functions are expressed
as sinusoidal functions, and the longitudinal wave function is
described by the Airy function, asymptotic form of which de-
fines phase shift in this open scattering system. The electron
dwell time is the time for which an electron stays among bar-
riers, and given by the differentiation of the phase shift by the
electron energy. Fig. 7(b) shows the calculated dwell time as
a function of the electron energy in direction to a linear chain
of quantum dots , where the total electron energy
is given by the sum of and the electron energy perpendic-
ular to a linear chain, that is,

. Based on structural and op-
tical studies of the PS diodes [12], [16] the size of the silicon dots
were assumed to be 4.0 nm, and the oxide thickness and the bar-
rier height were set 1.0 nm and 1.0 eV, respectively. The voltage
across each dot was set 0.1 V, which is a typical value under de-
vice operation. The calculated dwell time sharply increases up
to several ns at certain values of , while it is less than 0.1 ps
elsewhere. These peaks represent quasibound states in the nc-Si
dots. The peak energies are plotted in the inset as a function of
voltage applied across each nc-Si dot. Fig. 8 shows the poten-
tial profile and the wave function at a resonance denoted by the
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Fig. 8. Potential profile and the wave function at a resonance denoted by the
arrow in Fig. 7.

Fig. 9. (a) Schematic illustration of the simplified model used for phonon
calculation. (b) Simulation procedure.

arrow in Fig. 7. Note that the wave function is virtually local-
ized in one quantum dot under the applied voltage, leading to
extremely sharp resonance peaks in Fig. 7.

Secondly, the phonon normal modes in the nc-Si system were
calculated using the linear chain model, that is, only one-dimen-
sional longitudinal displacements were taken into account. As
each nc-Si in the PS diode can be regarded as Si dot surrounded
by thin oxide layer [2], we considered a superlattice of Si layer
and oxide layer as shown in Fig. 9(a). The mass of Si and O
atoms were set based on their atomic weights, that is, 1.0 and
8/14, respectively. The spring constants between Si-Si and Si-O
bonds were assumed based on the Young’s modulus of bulk Si
and SiO, that is, 1.0 and 0.4, respectively. For simplicity, the
distance between two atoms is set unity. We considered a chain
of 1200 atoms satisfying the periodic boundary condition. One
unit cell contains 40 atoms, and each remote end of the unit cell
is defined as oxide layer. The oxide layer was assumed to com-
prise two Si and two O atoms alternating with each other, that
is, Si-O-Si-O. The calculation procedure is shown in Fig. 9(b).
The phononic states can be obtained by solving the equations

Fig. 10. Density of states of the phonons in a chain of nanocrystalline Si dots
plotted as a function of phonon energy. The inset shows the result calculated for
bulk Si.

of motion for 1200 atoms. We assumed that only neighboring
atoms interact, and that the potential energy is given as the
quadratic form of displacement as in harmonic oscillators. The
stationary wave solutions are given by solving an eigenequa-
tion, dimension of which can be reduced to 40 by taking the
translational symmetry into account. Eigenfunctions give the
wave forms of atomic displacement, and eigenvalues plotted
as a function of wave vector give dispersion relationship and
density of states of phonon. Fig. 10 shows the density of states
(DOS) as a function of phonon energy, and the inset shows that
of bulk Si for comparison. Note that the DOS of the nc-Si system
shows energy gaps. Especially, the DOS is fully quantized in the
high-energy (frequency) region, showing several sharp peaks.
In this region, neighboring atoms displace in opposite direc-
tions, and displacements vanish in the oxide layers. This is anal-
ogous to the phonon confinement known for superlattice struc-
ture of III-V compound semiconductors. In this paper, we refer
to such phonon modes as “confined optical phonons”, and the
other modes as “acoustic phonons”. Fig. 11(a) shows displace-
ments of 1200 atoms calculated for an acoustic phonon mode at
the arrow in Fig. 10. Note that the displacement wave form is
slightly different from the plain wave seen in bulk Si. Fig. 11(b)
shows the strain caused by the phonon, which is defined as the
differentiation of the displacements by position. The solid line
shows the strain in the nc-Si system, and the broken line shows
the result calculated for bulk Si. It is important to note that the
strain in the nc-Si system has large amplitude in the oxide layers
compared to that in Si regions. As a result, the strain in the Si
regions has smaller amplitude in the nc-Si system than in the
bulk Si. In other words, in the nc-Si system, the strain in the Si
regions is weakened due to the mechanically soft oxide layers.

Calculations demonstrated above indicate a possibility of
suppression of electron energy relaxation in the nc-Si system.
As seen in Fig. 8, the electron wave length varies in space
under an electric field. Scattering rate should then decrease
unless the transition occurs between resonant states. This
energy selection may restrict electron energy relaxation in the
nc-Si system. Similarly, Fig. 10 and 11 indicate reduction of
the phonon scattering rate for electrons confined in nc-Si dots.
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Fig. 11. (a) Displacement of an acoustic phonon normal mode denoted by the
arrow in Fig. 10. (b) Strain due to the acoustic phonon displacement plotted for
the nc-Si system (solid line) and the bulk Si (broken line).

As the average diameter of nc-Si dots is about 4 nm [12], [16]
the energies of a confined electron are well separated due to
quantum effect. For scattering process mediated by high-fre-
quency phonons, the discrete nature of the energy spectrum of
electrons and confined optical phonons reduces the number of
allowed transitions, during which the energy conservation must
hold. This is analogous to the phonon bottleneck phenomenon
observed for the III-V semiconductor quantum dot structures
[17]. For scattering process via low-frequency phonons, the
reduction of strain in Si layer observed in Fig. 11 leads to
smaller deformation potential in the nc-Si dots. As the wave
function of confined electron has small amplitude in the oxide
layers, the concentration of the deformation potential in the
oxide layers causes reduction of acoustic phonon scattering rate
in the Si dots. Thus, calculations of electronic and phononic
states both suggest a possibility of suppression of electron
energy loss process mediated by phonons in the nc-Si system.

It should be noted that the nc-Si linear chain model used in
our calculation is not too idealistic, because TEM images indeed
show that the nc-Si dot size is relatively identical, and that a qua-
sione-dimensional chain of the nc-Si dots is formed as seen in of
[12, Fig. 11]. The nc-Si dot linear chain can be observed com-
monly for high porosity porous silicon grown on a p-type Si sub-
strate [18], followed by natural oxidation.This structure is also
obtained by anodizing n-type Si under light illumination [2],
[3], [19], resulting in the same structure of high porosity porous
layer. This anodization technique is widely used for achieving
highly efficient electron emission [1]–[6], and our model is ap-
plicable for such quasione-dimensional structures. The imper-
fect translational symmetry in real structures may smear out the
sharp peaks of the optical phonon energy spectrum observed in
Fig. 10. However, the optical phonon vibration is still well con-
fined in each Si dot, and it can be approximated as vibration
in an isolated Si dot. Therefore, the phonon energy spectrum is
still discrete as long as local phonon vibration confined in one Si

dot is concerned, which lead to the reduction of electron-phonon
scattering rate. Similarly, the concentration of acoustic phonon
strain in oxide layers should still exist even with a lack of the
perfect translational symmetry, because this occurs mainly due
to the softness of the oxide layers. For these reasons, we believe
that our present theoretical model still gives a reasonable de-
scription for the real porous silicon despite its simplicity.

We should also discuss the influence of the impact ioniza-
tion scattering on the high-energy electron emission from the
PS diodes. In the bulk Si, the impact ionization scattering be-
comes comparable to the electron-phonon scattering at ener-
gies more than 5 eV [20]. In this case, the impact ionization
scattering may also affect the energy loss characteristics of the
high-energy electrons. However, the electrons have such a high
energy only at the vicinity of the emitting surface. Therefore, we
consider that the suppression of the electron-phonon scattering
plays the major role in the reduction of electron energy relax-
ation process.

IV. CONCLUSION

The electron emission from the nanocrystalline Si dot system,
implemented as porous silicon diode, was quantitatively investi-
gated. The relationship between the peak energy measured from
the vacuum level, , and the voltage applied to the PS diode,

, revealed that the energy difference between the Fermi level
at the silicon substrate and the peak energy, , is nearly inde-
pendent of . The increasing was found to have significant
impact on the shape of the energy distribution at the energies
smaller than , while it has minimal impact at larger en-
ergies. These clarifications revealed that both the conventional
field emission model and the MOS model fail to explain the
electron emission from the nc-Si system. This led us to discuss
the quasiballistic emission model, which assumes suppression
of electron energy relaxation in the nc-Si system. The calcula-
tions of electron wave functions and phonon normal modes in
a chain of the nc-Si dots indicated a possibility of suppressed
electron energy relaxation, which supports quasiballistic emis-
sion model. More quantitative discussions and further calcula-
tions of the electron-phonon interaction will be given in the fol-
lowing paper.
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