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ABSTRACT
Enhancement of the surface photoemission from metal into semiconductor by resonance tunneling of photoexcited electrons through
(quasi-) discrete level in quantum well, located within Schottky barrier of the metal–semiconductor interface, is studied theoretically taking
into account the difference between the electron masses in metal and semiconductor. It is shown, in particular, that resonance tunneling
through the discrete level can lead to the redshift of the threshold wavelength of surface photoeffect, higher slope linear growth in
photocurrent near the threshold (in contrast to quadratic growth, i.e., Fowler’s law), and the possibility to increase substantially the
photoemission efﬁciency similarly to recent experimental results on hot carrier generation in plasmonic structures with a discrete energy
level at metal interface. The difference in the effective masses is shown to signiﬁcantly affect the results. Double-barrier tunneling structures
with resonant tunneling may become attractive for applications in photochemistry and in plasmonic photodetectors in near IR and middle
IR regions of the spectrum.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0048804

Generation of hot electrons in metal–semiconductor (MS) structures for applications in energy conversion technologies, such as photocatalysis (so-called “hot electron chemistry”), is a very attractive
topic.1,2 Recently,3,4 it was demonstrated that discrete or quasi-discrete
states at the interface of metal-(surrounding matrix) in plasmonic
nanostructures can greatly enhance the quantum efﬁciency (up to tens
of percents) of hot electron generation. Two mechanisms have been
proposed for the plasmon enhancement of the hot electron generation.
One is “plasmon-induced interfacial charge-transfer transition,”3 and
the other is “coherent electron transfer.”4 In fact, both mechanisms fall
under the umbrella of surface photoeffect in terminology by Tamm
and Schubin in Ref. 5 (see also Ref. 6) and the surface photoeffect
dominates over volume photoeffect in structures studied in Refs. 3
and 4. Most recently it has been suggested that discrete Tamm states7
at MS interface can signiﬁcantly enhance the surface photoeffect, and
hot electron injection from metal into semiconductor.8 Thus, it is
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important to investigate what impact can the existence of discrete
interface states have on the efﬁciency of different hot carriers schemes.
In this Letter, we perform theoretical study of injection of
plasmon-generated hot carriers across the Schottky barrier with quantum well (QW) and show that the injection efﬁciency does get
increased by resonant tunneling through discrete level in the QW. In
particular, we show that threshold wavelength experiences a redshift,
and that injection current grows linearly rather than quadratically near
the threshold.
One should note that unlike,9 where no changes of electron mass
between metal and semiconductor had been considered, the theory
developed in this Letter does take into account the electron masses discontinuity. This discontinuity is found to strongly inﬂuence the photoemission characteristics and thus predicted to affect the strategy for
realization of effective devices to generate hot electrons for photochemistry and for photodetection.
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Figure 1 shows the energy diagram for the conduction band of
the MS structure which comprises two potential barriers separated by
a quantum well (QW). Axis z is normal to the structure. Heights and
widths of the barriers and QW can be chosen in such a way as to emulate Schottky barrier with QW—see dotted curve in Fig. 1. The conﬁned energy level in QW is shown with red line. Unless otherwise
noted, electron masses in metal and semiconductor are supposed to be
different: mm ¼ mo in metal and ms ¼ 0:07mo , mo being the electron
mass in vacuum. We assume the electric ﬁeld of the optical frequency
x is applied normal to the interface as is typical in the case of surface
plasmon polaritons. Since the dielectric constants em and es in the
metal and semiconductor, respectively, are supposed to be different,
the amplitudes of the optical ﬁeld in the metal Fm and the semiconductor Fs also differ since em Fm ¼ es Fs (see also Fig. 1). As a result of collisions with the interface, electrons in the metal can absorb a photon hx
and be ejected from metal into semiconductor—a process which is
known as the surface electron photoemission.5,6 If the electron energy
after photon absorption is near the energy of the conﬁned level in
QW, the tunneling through the double barrier proceeds resonantly10–12—see Fig. 1. Obviously, the resonance photoemission
requires lower photon energy compared with “conventional” (nonresonance) photoeffect, at which an electron is emitted above the
barrier (see Fig. 1). Therefore, resonant photoemission has lower
threshold and different spectrum from the conventional one.
Although the potential UðzÞ is one-dimensional, quantummechanical problem on electron in the structure is quasi-1D due to

FIG. 1. Conduction band diagram of MS interface with QW in semiconductor—the
electron potential U(z) over the structure. Dotted curve is a Schottky barrier, which
is emulated by the diagram. Quasi-discrete level in QW is depicted with red thick
line. Fm and Fs are the amplitudes of the optical ﬁeld, normal to the interface, in
metal and semiconductor, correspondingly. Electron (blue circle) collides with the
interface, acquires the photon energy 
hx from the ﬁeld and leaves metal into semiconductor over the barrier (blue arrows, conventional photoemission) or through
QW level (red arrows, resonant photoemission). eF is the Fermi energy in metal;
Wb1 and Wb2 are the heights of the ﬁrst and second barriers, correspondingly,
accounted from the Fermi level; WQW is the energy of the QW bottom over the
Fermi level, W1 is the distance between the top of semiconductor bandgap and
the Fermi level behind the barriers (z ! 1); db1 and db2 are the thicknesses of
the ﬁrst and second barriers, correspondingly; dQW is the width of QW.
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the difference of electron masses in metal and semiconductor,
ms ¼
6 mm . Namely, while the electron wavefunction can be written as
wðx; y; zÞ / exp ðikx x þ iky yÞ  wðzÞ, as in pure 1D case, the wavefunction wðzÞ is deﬁned by 1D Schr€odinger equation with the effective
potential in semiconductor (z > 0)


ms
 Ejj ;
(1)
Ueff ðz Þ ¼ U ðz Þ þ 1 
mm
where Ejj ¼ h2 ðk2x þ k2y Þ=2mm is the kinetic energy of electron motion
parallel to the interface. Thus, the wavefunction wðzÞ is dependent not
only on the kinetic energy Ez of electron motion along axis z, i.e., normally to the interface with semiconductor, but also on the in-plane
energy Ek: wðzÞ ¼ wðz; Ez ; Ejj Þ. Note that since ms < mm , electrons
with non-zero in-plane momentum experience increase in the effective
potential barriers, which is, in fact, the reason for substantial reduction
of the strength of the internal photoeffect in structures with large effective mass discontinuity at the interface.13
Figure 2 illustrates resonant nature of the double-barrier structure shown in Fig. 1; namely, the squared module of the electron wavefunction jwðzÞj2 vs. the coordinate z in the structure is shown for two
cases: (1) when the energy Ez of electron, which is incident normally
to the interface (i.e., Ejj ¼ 0), coincides with the energy
EQW ð¼ 6:03 eVÞ of the level in QW (red curve, “in-resonance”), and
(2) when the electron is off resonance with the level in QW (brown
curve, “off resonance”), Ez ¼ 5:8 eV. Inset in Fig. 2 shows the probability for metal electron to tunnel through the double-barrier potential
(the barrier transmission T) as a function of the energy Ez. This function reveals maximum when Ez equals to the energy EQW of QW level.
Calculation in Fig. 2 is done with the following values of parameters:
eF ¼ 5.5 eV; Wb1 ¼ 1 eV, Wb2 ¼ 0.7 eV, WQW ¼ 0.3 eV, W1 ¼ 0.1 eV;
db1 ¼ 1.3 nm, db2 ¼ 2.1 nm, dQW ¼ 2.66 nm. Note that these parameters have been chosen to provide the maximum of the transmission
probability, very close to unity—see the inset. In resonance (red curve),
jwðzÞj2 exponentially increases inside the barrier #1 and decays in the
barrier #2, reaching very large values inside QW, compared with
jwðzÞj2 off resonance (brown), when the wavefunction decays

FIG. 2. Spatial behavior of probability density jwðzÞj2 for electron in resonance
(red curve) and off resonance (brown) with quasi-discrete level in QW. Inset shows
the dependence of the transmission T on the electron energy Ez. EQW ð¼ 6:03 eVÞ
is the energy of level in QW. For parameters of calculated structure, see text.
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exponentially both inside the barriers #1 and #2. This resonance
behavior of the wavefunction leads to the resonance in absorption of
the photon energy—see below. Note that nonzero Ejj results in shift of
the resonance to higher energies (see also inset in Fig. 3), but the inresonance curve in Fig. 2 practically does not change.
We have applied time-dependent perturbation theory in continuous spectrum14 to calculate the probability pe for an electron in metal
with initial energy Ei ¼ Ei;z þ Ei;jj to absorb a photon of energy hx
and to be emitted from the metal into the semiconductor. The probability pe that can be written as


pe ¼ vf ;z =vi;z  jCþ j2 ;
(2)
where the amplitude Cþ is found as
Cþ ¼

2e
hxWf

þ1
ð


dz F ðz Þ

1


dwi ðz Þ
1
dF ðz Þ
wf ; ðzÞ þ wi ðz Þwf ; ðz Þ
;
dz
2
dz
(3)

and vi;z (vf ;z ) is the initial (ﬁnal) velocity of electron in metal (semiconductor) along axis z. Correspondingly, the probability (2) can be
written as


(4)
pe ¼ Ke hx; Ei;z ; Ei;jj  jFs j2 ;
where Ke ðhx; Ei;z ; Ei;jj Þ ¼ ðvf ;z =vi;z Þ  jCþ j2 =jFs j2 . In Eq. (3), wi
and wf ; are the electron wavefunctions in the initial state with
the energies Ei;z and Ei;jj , and in the ﬁnal state with the energies
Ef ;z ¼ Ei;z þ hx and Ef ;jj ¼ Ei;jj , respectively. Wf ¼ Wf ½wf ;þ ; wf ; 
is the Wronskian of the wavefunctions wf ;þ and wf ; in the ﬁnal
state.14 The wavefunctions wi and wf ;þ describe electron, which is
incident from metal to semiconductor, but wf ; , conversely, describes
electron which is incident from semiconductor to metal. Note also
that wf ;þ and wf ; in Wronskian Wf ½wf ;þ ; wf ;  have different
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normalizations.14 One should note that in the calculation of the integral in Eq. (2) an “adiabatic approximation”14 has used.
Figure 3 shows the energy spectrum of the probability coefﬁcient
hx; Ei;z ; Ei;jj Þ at a given initial electron energy Ei;z , equal to the
Ke ð
Fermi energy eF , and for Ei;jj ¼ 0 (red curve), Ei;jj ¼ 0:1 eV (blue
one), and Ei;jj ¼ 0:2 eV (green one). The curves clearly illustrate the
effect of resonance photoemission due to resonant tunneling through
QW. Resonance peaks in the spectrum of Ke ðEi;z ; hxÞ are due to resonance enhancement of the wavefunction wf ; in Eq. (3) when the
energy Ei;z þ hx is approaching the QW level energy EQW —see also
Fig. 2. Since typically ms < mm , in accordance with Eq. (1) nonzero
Ei;jj leads effectively to increase in the potential barriers in the semiconductor relatively to the metal, and ultimately to blue shift of the
resonance.
Inset in Fig. 3 shows the transmission curves as function of Ez for
the values of Ei;jj : 0.0, 0.1, 0.2 eV (the same colors are used). It is seen
clearly the behavior of the transmission curves correlates with the
behavior of the curves for the coefﬁcient Ke ðhx; Ei;z ; Ei;jj Þ. Decrease in
the maxima of Ke ðhx; Ei;z ; Ei;jj Þ with increasing Ei;jj is simply due to
the scaling Ke ðhx; Ei;z ; Ei;jj Þ / 1=x4 , so that the blueshift leads to
suppression of the peak amplitude.
In calculation above, we used the dielectric constants ed ¼ 13 and
em ¼ 1  x2p =x2 where xp is the plasma frequency, hxp ¼ 9 eV.15
In order to ﬁnd the photoemission rate R from a unit area of the
interface metal–semiconductor [1/(m2 s)], we must sum over all electrons of metal, colliding with the interface of the metal6
mm
R ¼ jFS j  2 3
2p h
2

1
ð1
ð



dEi;z dEi;jj  fF ðEi;z þ Ei;jj Þ  Ke h
x; Ei;z ; Ei;jj ;

0 0

(5)
where fF ðEi Þ is the Fermi distribution for electron in metal. In deriving
Eq. (5), we neglected occupation of the ﬁnal state, [fF ðEi;z þ Ei;jj
þ
hxÞ  1].
Instead of the rate R, which is proportional to jFs j2 , it is convenient to introduce the following dimensionless parameter:
g ¼ R=ðS=hxÞ;

(6)

pﬃﬃﬃﬃ
S ¼ 2 es eo jFs j2  c;

(7)

where

FIG. 3. Energy spectrum of the probability coefﬁcient Ke ¼ Ke ðhxÞ and for
Ei;z ¼ 5:5 eV and Ei;jj ¼ 0 (red curve), Ei;jj ¼ 0:1 eV (blue one), and
Ei;jj ¼ 0:2 eV (green one). Inset shows transmission curves for Ei;jj ¼ 0 (red
curve), Ei;jj ¼ 0:1 eV (blue one), and Ei;jj ¼ 0:2 eV (green one).
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is the energy ﬂux density of the applied ﬁeld in the semiconductor.
The value g can be considered as a quantum efﬁciency coefﬁcient of
the surface photoemission, for which only the component of the
optical ﬁeld, normal to the interface, “works.”5,6,14 If, for instance,
p-polarized light is incident on the interface from the semiconductor with an incidence angle #, the quantum efﬁciency is given by
g sin2 #.
Figure 4 demonstrates calculated results for the quantum efﬁciency coefﬁcient g. Red curve in Fig. 4 shows the quantum efﬁciency
coefﬁcient g for double-barrier structure, modeling Schottky barrier
with QW—see Fig. 1. In calculation, we used the same parameters as
in Figs. 2 and 3. For illustration of the effect of resonant tunneling
through QW, two curves are added: blue one for the step potential,
UðzÞ ¼ eF þ Wb1 at z > 0 (“step”), and green one for the same
Schottky barrier but without QW replaced with a barrier with the
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The double-barrier structures can be especially attractive for photodetection in near IR- and middle IR region of spectrum—see Fig. 4.
Also, the resonant levels are often formed on the boundary between
metal and photocatalytic material; hence, the efﬁciency of photocatalysis is also enhanced in such structures.
In conclusion, we have demonstrated that discrete energy level at
the interface metal-semiconductor can enhance coupling between electrons and photons in such structures, improving characteristics of the
devices to generate hot electrons and to detect light. One should also
stress similarity of the considered effect to the enhanced emission of
light in tunneling structures metal-barrier-metal with QW in the
barrier.22
A.V.U., I.V.S., and N.V.N. thank Russian Science Foundation
(Grant No. 20-19-00559) for support.
FIG. 4. Spectrum of the quantum efﬁciency coefﬁcient g: red curve for structure
with QW, shown in Fig. 1 (“Schottky with QW”); blue curve for step potential
(UðzÞ ¼ eF þ W at z > 0, step); green curve for potential, modeling Schottky barrier without QW (“Schottky without QW,” see text). The red border 
hxred ¼ Wb1 of
the photoemission for the step potential is shown.
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