PHYSICAL REVIEW B

VOLUME 51, NUMBER 4

15 JANUARY 1995-11

Light-emission mechanism of Si-MOS tunnel junctions
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The light-emission mechanism of Si-MOS (metal-oxide-semiconductor) junctions has been investigat-
ed. Si/SiO,/metal (Al or Au) MOS junctions with extremely smooth interfaces were fabricated by tak-
ing advantage of the well-developed Si processing technology. The observed light-emission spectra can
be accounted for by the current fluctuation theory of light-emitting tunnel junctions [B. Laks and D. L.
Mills, Phys. Rev. B 20, 4962 (1979)]. There are two channels of light emission: the direct emission from
the fluctuation of the tunneling current and the indirect emission that arises from the scattering (by sur-
face roughness) of surface-plasmon polaritons generated by the fluctuating tunnel current. The light
from the Si/SiO,/Al junction arises mainly from the direct emission from the fluctuating current. The
light from the Si/SiO,/Au junction contains both the direct and indirect emissions with approximately
equal strengths. The direct and indirect emissions have comparable strength in our junctions, because
our Si-based junctions are extremely smooth and the indirect emission is much weaker than in the junc-

tions used in earlier studies.

L. INTRODUCTION

The visible light emission associated with electron tun-
neling was reported by Lambe and McCarthy in 1975.}
They fabricated tunnel junctions that consisted of metal-
oxide-metal (MOM) multilayers, and observed visible
light emission by applying a few volts of bias voltage
across the oxide layer. The light-emitting tunnel junc-
tions (LETJ’s) are interesting not only from the practical
point of view as display devices but also from the funda-
mental physical point of view, because they offer an op-
portunity to investigate electron tunneling phenomena
through optical means.

Lambe and McCarthy proposed a mechanism for the
light emission in their original paper.! According to their
proposal, surface-plasmon polaritons (SPP’s) in the junc-
tion are excited first by inelastically tunneling electrons,
and then they decay into external light by scattering from
surface roughness of the junction. A theoretical formula-
tion of the proposal was developed by Laks and Mills.?
They formulated the light-emission process by consider-
ing the radiation from a fluctuating tunnel current em-
bedded in the oxide barrier. They found that there are
two channels of light emission from the tunneling
current. In addition to the surface-roughness-mediated
indirect emission channel proposed by Lambe and
McCarthy, there exists a direct emission channel from
the fluctuating tunnel current. This direct emission is
very interesting to explore, because its spectrum should
directly reflect the spectrum of the fluctuating current,
which has a quantum-mechanical origin. However, the
indirect emission that is mediated by surface roughness is
often much stronger than the direct emission in the usual
junctions. Thus it is not easy to isolate the direct emis-
sion from the total emission spectrum. To reduce the in-
direct emission and identify the direct emission unambi-
guously, it would be necessary to fabricate LETJ’s whose
surface is extremely smooth on the scale of a few
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angstroms.® Furthermore, the electrical properties of the
junction must be very well defined, so that the power
spectrum of the tunneling-current fluctuation can be cal-
culated rigorously.*

Recently Si-MOS (metal-oxide-semiconductor) junc-
tions (Si/SiO,/Al and Si/SiO,/Au) with stable and repro-
ducible electrical properties were fabricated by use of the
well-developed Si-processing technology, and visible light
emission associated with electron tunneling was ob-
served.’ The Si-MOS junction has a very smooth surface,
and the oxide barrier thickness and its dielectric proper-
ties are well controlled. Thus the relative contribution
from the direct emission is strong, and the power spec-
trum of the tunneling current can be calculated reliably
from the measured electrical properties of the junction.

In the present work we compare the observed light-
emission spectra of Si-MOS junctions® with the theoreti-
cal predictions. We calculated the current fluctuation
spectra of the junctions and inserted them as the source
term in the light-emission theory.> We found that the
emission from the Si/SiO,/Al junction is mainly from the
direct emission. In contrast, the indirect emission medi-
ated by surface roughness is comparable to the direct
emission in the Si/SiO,/Au junction. This difference be-
tween the Si/SiO,/Al and Si/SiO,/Au junctions arises
from the difference in the amplitude of the SPP that is ex-
cited at the interface between the metal electrode and the
SiO, barrier.

In Sec. II a brief summary of the light-emission theory
is presented, and the experimental details are described in
Sec. III. The experimental and theoretical results are
presented in Sec. IV. The emission mechanism is dis-
cussed in Sec. V, and Sec. VI is the conclusion.

II. THEORY

Light emission from LETJ’s is calculated by consider-
ing the radiation from a fluctuating-current source em-
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bedded in an n-layered structure with n —1 interfaces as
shown in Fig. 1.3 z,, (m =1-n —1) is the z position of
the mth average interface plane and §,,(x,) is the rough-
ness profile function of the mth interface. x, is a two-
d1mens1ona1 vector in the x-y plane. Thus (£, (x,))=0
where { - - ) means a statistical average over the inter-
face plane d, and g, are the mean thickness and the
dielectric function of the mth layer, respectively. The
effect of the roughness is included in the theory as a per-
J
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turbative term in the Maxwell equation.?® The Si-MOS
junction is modeled by a four-layered structure that con-
sists of an n-type Si layer with a semi-infinite thickness, a
Si0, layer for the tunneling barrier, a metal layer for the
counterelectrode, and a vacuum layer with semi-infinite
thickness above the junction.

We assume that the emitted light is observed in the x-z
plane. Then the final expressions for the radiated power
with p and s polarizations are given by>

2 deIdZ”’V#z k(o),wlzl)t,y#z(k;o)’m|zu)Jzz(kéo)’mlzﬂzl:)
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FIG. 1. Model structure for the theoretical calculation.

Light emission is formulated as a radiation process from a
current source embedded in the n-layered structure. The two
unit vectors denoted by p-pol. and s-pol. define the directions of
the electric field for the p- and s-polarized light.

)'d,,z(Qp,wlz z"' W, (Qp,wlz’z") )

where the directions of the electric field of p- and s-
polarized light are defined in Fig. 1, A4 is the area of the
junction, 8, is the radiation angle measured from the sur-
face normal, k;f” is the component of the light wave vec-
tor parallel to the surface, and d Jkwlzz') and
v ,w(k,colz ) are the electromagnetic Green s functions for
the structure of Fig. 1 with flat interfaces [, (x,)=0].
Their explicit forms are found in Ref. 6. Ag,, is deﬁned
by Ae,=¢,,—€,+1. &n(k) is the two-dimensional
Fourier transform of £, (x,). Here we assume a Gauss-
ian distribution for the correlation function of roughness:
(§m(k)‘§m,(k))=A1ra282exp(—}a2|k|2)8mm, , (3)
where a is the autocorrelation distance of surface rough-
ness and § is the root-mean-squared amplitude of rough-
ness. The Kronecker symbol §,,,,.- in Eq. (3) refers to the
assumption that there is no correlation between corrugat-
ed profiles £, (x,) and §,,(x,) at different interfaces.
J.(Q,,w|z'z") is “defined by

1 eiQp-(x;'—x",)
(27)?
X(J,(x’,w)'Jz(x”,w)) , 4)

J.(Q,,0lzz)= [ dXx;)—x;)

where J,(x,w) is the tunneling-current density at position
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x in2 the junction, and ( - - - ) means a statistical aver-
age.

The first terms of both Egs. (1) and (2) represent the
direct emission from the fluctuating tunnel current, and
they do not depend on the surface roughness. The light
with s polarization is not radiated directly from the fluc-
tuating current, because y,, of Eq. (2) is zero.5 The
second terms of Egs. (1) and (2) physically correspond to
the process in which the SPP’s excited by the fluctuating
current emit light by scattering from the surface rough-
ness. The information on the properties of the SPP’s that
depend on the constituent. materials is contained in
d,w(kp,wlzz').

According to Laks and Mills,> the current-current
correlation (J,(x',0)*J,(x",w)) in Eq. (4) can be written
in the form

(@)= [ "t (R0)*1(0) ye ~o*
2

e 2
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=21
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Here T is the quantum-mechanical tunneling-current
operator represented by

~__le
I="73 (Tygeqscns —Tieichs) (8)
k,g,s

where T, is the tunneling matrix element between the
state k in the source electrode and the state g in the coun-
terelectrode. c,-f s and ¢; ; are the creation and annihila-
tion operators of the electron, respectively. The subscript
s represents the spin states.

By use of the WKB method for calculating the electron
wa\;e functions, the tunneling matrix element can be writ-
ten

_ | _# ki, q,
Ty = |57 I L P — [dzlK 2,k Ep )|
Xexp [—de|K1(Z,q“,Eq)| ] , 9)

where m * is the effective mass of the electron in the tun-
neling barrier, L; (j =k,q) is the normalization constant
of the electron wave function for the j state, k, and k||
(g, and g,) are the wave-vector components perpendicu-
lar and parallel to the junction interface, respectively. K
is the component of the electron wave vector in the bar-
rier perpendicular to the junction interface. It is given by
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(J,(x',0)*],(x",0)) =|1(0)|*G (x,x') , )
where G (x,x') is given by the phenomenological form?

_ exp(—|x—x'| /&)
mELA

G(x,x’') Alz,z") . (6)

A(z,z') will be taken to be unity only in the barrier, and
the autocorrelation distance of the tunneling electron &,
is assumed to be 10 nm following Ref. 2. The specific
functional form of G (x,x’) has only a weak influence on
the calculated emission spectra. Thus we can make these
assumptions about A(z,z') and £, without affecting the
calculated spectra in any significant way. |I(w)|? is the
power spectrum of the current fluctuation defined by the
Fourier transform of the correlation function of the tun-
neling current:’

E,—E
o |~ [Cklef cq.la) 1% [“—ﬁ—i—w ] (7)
[
Vi 5 172
K, (z,k), E) =" V(z)—E+2:'1_kﬁ (10)

Here V' (z) is the barrier potential and z is the coordinate
of the axis perpendicular to the junction interfaces.

By substituting Eq. (9) into Eq. (7) we finally obtain the
following expression for the power spectrum of the
current fluctuation:

eldAm
!I(a))|2=71‘r2ﬁ—3"
deEde"exp [—fdlel(z,k",E)l ]

X exp ‘—fdlel(z,k”,E —fiw)| ] ,
(11)

where A is the area of the junction. m, is the effective
mass of the electron moving parallel to the junction in
the source electrode from which the tunneling electrons
are injected into the barrier, and E| = (#/2m 1k ﬁ

Let us transform Eq. (11) into a more suitable form for
the Si-MOS junction. All the light-emission measure-
ments were carrier out in the Fowler-Nordheim tunnel-
ing regime® where Eq. (11) can be simplified further to the
form

2\/?‘ 3/2
_2V2m*ledp) ‘ (12)

3/2
fiw
+1
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edg
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E, is the electric field in the barrier, and ¢ is the tun-
neling barrier height through which the tunneling elec-
trons are injected into the barrier. As expected at
0=0, |1(0)|®> becomes the product of the elementary
charge e and the Fowler-Nordheim tunneling current:

e’4 m, 2
[=—£tf E
167 #i(ed ) ‘m' ’l o

42m* )1/2(e¢B )3/2

T ShlE_] ] : (13)

Xexp

To carry out the computation of Eq. (12), we need to
obtain ¢ and E .. For this purpose we consider the en-
ergy diagrams of the Si-MOS junction illustrated in Fig.
2: (a) and (b) correspond to the two biasing conditions of
the metal electrode, negative and positive, respectively,
relative to the Si substrate. We define the sign of the bias
voltage V,,, as positive when the metal is biased positive-
ly with respect to the Si substrate. The origin of the z
axis is taken at the interface between the metal layer and
the oxide layer.

For V,,, <0, ¢p corresponds to the barrier height at
the interface of the metal layer and the oxide layer. Since
no band bending occurs in the metal, ¢ is the energy

A
¢Bm
EFm ‘{
~Vin .
Ecs \
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. ¥ S e
&_ Ey
M o S
> z
o dOX
(b)
¢ 4>Bl

Vapp _— Ev

E Fm

M o S

‘ o dOX

FIG. 2. Potential diagram of the electron in an n-type Si-
MOS junction. (a) and (b) correspond to the biasing conditions
with the metal negative and positive with respect to the Si sub-
strate.
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difference between the electron affinity of SiO, and the
work function of the metal (¢35 =d¢p,,). In the numerical
calculation of Eq. (12), the value of ¢, is taken from the
literature (see the caption for Table I). For ¥V, >0, from
the geometrical consideration of Fig. 2(b), ¢ is

Nc

Np

e

¢B=¢Bs+ In ~¢s ’ (14)

where ¢p, is the difference in electron affinity between
SiO, and Si. (kzT /e)In(No/Np) is the energy difference
between the Fermi level and the bottom of the conduc-
tion band of Si,® and ¢; is the surface potential. N and
Np are the effective density of states in the conduction
band the donor impurity density, respectively.

As we will describe later, ¢, and N, are obtained
from the literature and N, is determined experimentally.
In order to calculate ¢z by Eq. (14), one needs to know
the surface potential ;. It has a finite value of ¥, even
at the zero bias condition (¥,,,=0). The main origin of
o for the Si(100)-MOS junction with a thermally formed
SiO, barrier is the oxide charge.® If we represent the dis-
tribution of the charge in the oxide layer by p(z), the flat-
band condition 1, =0 is attained at the bias voltage of

dDX
VFB:"’"”_ZLIO zp(2)dz , (15)

OX

where ¢, is the work-function difference between Si and
the metal, and ¢, is the static dielectric constant of SiO,.
When the surface potential has a finite value, the z com-
ponent of the electric field at the interface of Si and the
oxide layer on the oxide side E (1, ) is given by®

TABLE 1. Parameters used in the theoretical calculations.
my, is the free-electron mass.

Si/Si0,/Al Si/Si0,/Au
. 4.1 eve 5.0 eV*
X, 405 eV® 405 eV*
Yox 0.9 eV* 0.9 ev*
m* 0.33m,° 0.45m®
my (Vopp >0) 0.19m,? 0.19m,*
my (Vapp<0)  1.00m," 0.0002m0°
e, 11.9° 11.9°
€ox 3.9 3.9°
N¢ 2.85X10" cm™3* 2.85X 10" cm™32
n; 1.455X10'° cm™—32 1.455X10° cm 32
dox 6.6 nm° 5.9 nm®
Np 6.65X10'® cm™3° 5.95X 10" cm 3¢
Ves 0.20 V¢ 0.0018 Vv°©
T 300 K 300 K

“Reference 8.

*Determined to fit the theoretical I-V characteristics of the junc-
tions to the experimental data. The details are described in
Ref. 5.

°Obtained by C-¥ measurements.
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with a positive sign in front for ¢, >0 and a negative sign
for ¢ <0. n; is the intrinsic carrier density for the Si lay-
er and its value is obtained from the literature.

Here we make a reasonable assumption to proceed in
the calculation; that is, we assume that p(z) is fixed and
does not depend on the bias voltage.® Then the bias volt-
age V,, is given by

Vapsz(¢s )dox+'/}s + VFB . (17)

As described in Sec. IV, Vg is obtained experimentally
for each individual junction used. Therefore one can cal-
culate ¢ as a function of V,;, from Eq. (17).

Typical Vgg of our junctions is a few tenths of a volt or
less as shown in Table I. This means that the electric-
field strength created by the oxide charge is very weak in
comparison to that created by the biasing voltage for
light-emission measurements (it is above 6 V as described
below). Thus E_, is obtained by dividing the potential
difference between the right- and left-hand sides of the
barrier layer by the thickness d , of the barrier layer.
The energy difference is seen from Fig. 2 to be

Vapp+¢Bs_¢Bm +(kgT/e)ln(N¢c/Np)—1; .

v, ]/dox :

(18)

Thus E, is given by
Nc
Np

kyT

E,= Vapp +ép—bpm T+ In

with 1, determined by Eq. (17).

III. EXPERIMENT

Figure 3 illustrates the cross-sectional view of the Si-
MOS junction that we fabricated on a commercially
available p-type Si(100) wafer. It comsists of a highly
doped n-type layer, a thin SiO, layer around 6 nm thick,
and a metallic counterelectrode layer (Al or Au). The

p-pol.
SiOp . Au | 60° -pol.
+
n ¢~6nm
P-Si

FIG. 3. Cross-sectional view of the Si-MOS junction. The Al
electrode on the n-type layer is for the electrical contact.
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light emitted from the junction at 60° from the surface
normal was observed with a combination of a spectro-
graph and an optical multichannel detector. The relative
sensitivity of the spectrograph system as a function of the
wavelength was calibrated with a standard lamp before
the measurements, and the spectrum ranging from 460 to
810 nm was taken in a single exposure with a resolution
of 27 nm. All the optical measurements were performed
at room temperature. The details of the fabrication pro-
cess of the junction and the experimental setup for the
optical measurements were described in our previous
publication.’

IV. RESULTS

A. Experimental results

Figure 4 shows the emission spectra from a Si/SiO,/Al
junction. The solid curves are the experimental data® and
the dashed curves are the theoretical results. Figure 4(a)
is the V,,,=+6.5 V and Fig. 4(b) is for the V,,,=—8.0
V. The thickness of the Al layer was 24.0 nm. By com-
paring Figs. 4(a) and 4(b) we see that the spectral shapes
show no bias-polarity dependence.

The polarization of the emitted light was measured.
We found that almost all of the emitted light is p polar-
ized. By direct numerical comparison the intensity ratio
of the s-polarized light to the p-polarized light was L.

Figure 5 shows the emission spectra from a
Si/SiO,/Au junction. The solid and dashed curves are
the experimental data’® and the theoretical results, respec-
tively. The bias voltage was —12.5 V. The thickness of
the Au layer was 35.2 nm. By comparing Figs. 4 and 5,
we see that there is a difference in the spectral shape be-

40

(@) Vapp=+ 6.5V

30 |4
Theory

20 | |

Experiment
10

.
\

() Vo= - 8.0V

Intensity (arb. units)
o

' Theory
-—

50 |

Experiment

1.5 2 25 3
Photon Energy (eV)

FIG. 4. Light-emission spectra from a Si/SiO,/Al junction.
(a) is for Vyp,=+6.5 V and (b) is for V,,,=—28.0 V. The solid
curves and the dashed curves correspond to the experimental
and theoretical results, respectively.
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1.5 2 25 3
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FIG. 5. Light-emission spectra from a Si/SiO,/Al junction.
The bias voltage V,,, is —12.5 V. The solid curves and the
dashed curves correspond to the experimental and theoretical
results, respectively.

tween the two junctions with Al and Au counterelec-
trodes, especially around the photon energy of 2 eV.

B. Comparison with the theory

Now let us compare the experimental results with the
predictions of the theory described in Sec. II. The pa-
rameters that determine the tunneling characteristics are
tabulated in Table I for the junctions of Figs. 4 and 5. As
we have described in our previous paper,’ the donor con-
centration Np, the thickness of the oxide layer d,, and
the flatband voltage Vg were determined from the mea-
surement of the junction capacitance as a function of the
applied voltage (C-V measurements). Other parameters
were obtained from the literature cited in Table I. The
validity of these parameters was confirmed by comparing
the observed I-V curves with the calculated Fowler-

. @ Vapp =+ 6.5V

0.1

— 0.05 |-

08} ~--.

[l(u))|2 (10'3 esu2/s

0.6 RN

0.4

Energy (eV)

FIG. 6. Calculated current fluctuation spectra for the
Si/8i0,/Al junction. (a) is for V,,,=+6.5 V and (b) is for
Vapp = —8.0 V. The solid curves and the dashed curves are ob-
tained by Egs. (12) and (20), respectively.
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Nordheim tunneling current.” Excellent agreement was
obtained between them.

The solid curves of Fig. 6 are the current fluctuation
spectra calculated by Eq. (12): Figs. 6(a) and 6(b) corre-
spond to the biasing conditions of V,,,=+6.5 and —8.0
V, respectively. No clear difference in shape is seen be-
tween Figs. 6(a) and 6(b). Both spectra decrease exponen-
tially toward the high-frequency side without showing
any prominent feature. Similar results were obtained for
the other junctions.

To proceed to the next step of the calculation [Egs. (1)
and (2)], we need the dielectric constants €,, and the sta-
tistical properties of the interface roughness [a and 8 in
Eq. (3)]. The dielectric constants for Al, Au, Si, and SiO,
were obtained from Ordal et al.,® Johnson and Christy,'©
Edwards,!! and Philipp.'>? The autocorrelation distance
and the root-mean-squared amplitude of roughness were
estimated to be ¢ =20 nm and §=1.3 nm as described in
the next section.

By using the parameters specified above, the dashed
curves in Figs. 4 and 5 were calculated. Each theoretical
curve is normalized to the corresponding experimental
curve at the photon energy of 1.8 eV. We see that excel-
lent agreement is obtained between the experimental and
theoretical results for all the cases.

It is interesting to compare the emission spectra and
relative intensities for the junctions with different metal
electrodes, Si/SiO,/Au and Si/SiO,/Al, and for the two
bias polarities. The comparison is shown in Fig. 7. Fig-
ure 7(a) shows the experimental data and Fig. 7(b) shows
the calculated results. We see that the experimental spec-
tra are well reproduced by the theory. Moreover, the rel-
ative strengths of the overall intensities for the different
junctions and for the different bias polarities are very well
reproduced theoretically. Since the absolute sensitivity of

100

(a) Experiment

80 - Si/SIO,/Au (-12.5V)

60 - Si/SIO,/Al (-8.0V)

40
Si/SiOz/A| (+6.5V)

20 _\_;
0
(b) Theory
Si/SiO,/Au (-12.5V)

/Si/SiOz/AI (-8.0V)

Si/’SiOZ/AI (+6.5V)

Intensity (arb. units)

Intensity (1072 erg/sr)

O n
1.5 2 2.5 3
Photon Energy (eV)

FIG. 7. Comparison of the emission spectra and the relative
intensities for the junctions with different metal electrodes and
for the two bias polarities. (a) and (b) correspond to the experi-
mental and theoretical results, respectively.
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our optical system is not calibrated, we could not com-
pare the absolute intensities in Figs. 7(a) and 7(b). How-
ever, apart from the absolute calibration of the intensity
axis, the agreement seen in Fig. 7 is remarkable.

V. DISCUSSION

Now let us discuss the light-emission mechanism of the
Si-MOS junctions. Both Egs. (1) and (2) can be divided
into two parts as follows:

dw

dQdodt {A4(w,d;e))+ 4,(0,d;,e;,6)} T ()]

(19)

As(w,dj,e;) and A4,(w,d},g;,§;) depend on the geometri-
cal structure (d; and §;) and the dielectric properties (¢;)
of the junction, but do not depend on the bias voltage
across the barrier. We call 4,(w0,d v j-) the antenna fac-
tor for the direct emission and 4,(w,d v € j,§ I ), which is
proportional to 82, the antenna factor for the roughness-
mediated emission. The power spectrum of the current
fluctuation, |I(w)|? depends on the bias voltage across
the barrier and the properties of the tunneling barrier.
Let us consider the junction-dependent spectral shapes
of |I(w)|? first and then the antenna factors separately.
A linear dependence of |I(w)|? on frequency o is often
assumed in the theoretical calculations of LETJ’s:>’

el [1— 12 | so<ev,,
I(w)|?= e¥o
0, ﬁ(l)>eV0 (20)

where I, is the tunneling current and ¥, is the bias volt-
age across the tunneling barrier. The dashed lines in Fig.
J

2
IE(Qp,wlz)|2=A—chfdz'dz” b d”z(Qp,a)|zz')*d#z(Qp,a)lzz')

H=Xp,2

Figures 8(a) and 8(b) show the contour maps of the
strength of the electric field for the Si/SiO,/Al and
Si/SiO,/Au junctions, respectively, at z=z,,+_1 (at the
top surface). We see high-field regions (in the w,IQp|
plane) in both Figs. 8(a) and 8(b) that correspond to the
SPP mode localized at the SiO,/Al and SiO,/Au inter-
faces (slow mode), respectively. The dashed lines in Fig.
8 are the dispersion curves of external light in vacuum
(w=ck). The slow mode has a larger wave vector than
that of the light of the same frequency; thus it is nonradi-
ative. The size of wave-vector mismatch (Ak) between
the slow mode and the external light is estimated from
Fig. 8 to be Ak ~0.4X 10° cm ™! around the photon ener-
gy of 2 eV. In order to scatter the SPP with wave vector
Q, into the external light with wave vector k,, the auto-
correlation distance @ must satisfy the condition

2 — 2
1a%k,—Q,I*<1 (22)
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6 are the plots of |I(w)|? obtained from Eq. (20) for the
two biasing polarities. We recall that the solid curves are
the plots of Eq. (12), which is based on the WKB approxi-
mation, and the solid curves are supposed to be more
realistic than the dashed curves. We see that the linear
approximation given by Eq. (20) is very poor for the junc-
tion parameters relevant to the present work. The reason
for this difference between the two approximations can be
easily understood. Equation (20) holds only for the limit-
ing case of a very thin tunneling barrier and for a very
low bias voltage.7 On the other hand, the barrier thick-
ness of our Si-MOS junctions was not very thin (around 6
nm) and the bias voltage was not very low; i.e., in the
Fowler-Nordheim regime. Thus the comparison shown
in Fig. 6 suggests that the linear approximation for
|I(w)|? given by Eq. (20) is inappropriate for our junc-
tions. If we had adopted Eq. (20) instead of Eq. (12) in
calculating |I (w)|? no agreement between the theory and
the experiments would have been achieved.

As seen from Fig. 6 the power spectra of the current
fluctuation have similar shapes for V,,,=+6.5 and —8.0
V. Since the antenna factors do not depend on the bias
voltage, the calculated emission spectra also have similar
shapes for the two bias conditions. This result is in
agreement with the observed results in Figs. 4(a) and 4(b).

Next we consider the spectral shape of the antenna fac-
tors. To evaluate the antenna factors, we need to esti-
mate the scale of the roughness in the junction. The
value of the autocorrelation distance a that is relevant to
the light-emission process can be estimated from the fol-
lowing consideration. The strength of the electric field
excited by the tunneling electrons |E (QI,,a)Iz)|2 for a unit
interval of |Qp| is a function of the wave vector Q, paral-
lel to the surface, the mode frequency w, and the observa-
tion position z. It is calculated by the following equation
as described in the Appendix:

Az,z")

———(2 . 21
Trgar 7lQ, 1) 21)

f

from wave-vector conservation. This means that @ must
be less than ~50 nm for efficient scattering of the SPP
into the external light. Thus we have assumed that a is
20 nm.

The root-mean-squared amplitude of roughness 8 can
be estimated from the observed polarization characteris-
tics of the emitted light. From Eq. (19) the polarization
ratio of the s-polarized light to the p-polarized light is
given by

Is pol — Ar(w’dj’ejigj )s pol (23)
Ipo  Aa(0,d),8)), pot 4,(0,d;,€5,55)p pol

Direct emission does not occur for s polarization. The
right-hand side of Eq. (23) is zero for §=0, and increases
up to the asymptotic value of

A @0,d},€,8;); por/ A (@,d},€5,8), ol
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FIG. 8. Contour map of the electric-field strength at the sur-
face of the Si/SiO,/Al junction (a) and the Si/SiO,/Au junction
(b). The dashed line is the dispersion relation of light in vacu-
um. The maximum value of |E(Q,,®|z)|* for the Si/SiO,/Au
junction is 49 times greater than that for the Si/SiO,/Al junc-

tion.

with increasing 8. Figure 9 shows the plots of Eq. (23) as
a function of 8 for a =20 nm for the Si/SiO,/Al junction.
Here the scale of roughness was assumed to be the same
at all interfaces and at the top surface. The polarization
ratio increases from 1% for §=1 nm to 5% for =4 nm.
As we have noted earlier, the observed s /p ratio for the
Si/Si0,/Al junction is &. Thus one can expect that § is
in the range between 1 and 2 nm for the Si/SiO,/Al junc-
tion.

In the estimation of the roughness described above, we
assumed that the roughness at all the interfaces and the
top surface has the same amplitude and autocorrelation
distance. Then the dominant contribution to the light

0.1
20.08 |
© 8=4nm
o006}
o 8=3nm
@
®0.04 |
§ //612";"//‘
$0.02 |
© 8=1nm
| %=tom

2 25 3

Photon Energy (eV)

0
1.5

FIG. 9. Calculated polarization ratios as a function of 8 for
the Si/SiO,/Al junction of Fig. 4. The autocorrelation distance
a is assumed to be 20 nm.
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emission comes from the roughness at the interface of the
oxide layer and the metal layer.> Since we used the same
batch of Si substrates and used the same process for both
types (Si/SiO,/Al or Si/SiO,/Au) of the Si-MOS junc-
tions before the final step (evaporation of the metal elec-
trode), we expect that the roughness at the interfaces on
the two sides of the oxide layer is the same for both types
of junctions.

For the Si/SiO,/Au junction the calculated spectral
shape is sensitive to the value of § and the best fitting be-
tween the experimental and theoretical spectra is ob-
tained at 8=1.3 nm. Thus we assumed that ¢ =20 nm
and 6=1.3 nm in the above theoretical calculation.
These are very reasonable values from the above con-
siderations.

Although the current fluctuation spectra and the
roughness for the Si/SiO,/Al and Si/SiO,/Au junctions
are similar, the spectral shapes of the two types of junc-
tions are appreciably different as seen from Figs. 4 and 5.
The origin of this difference lies in the difference in the
SPP characteristics. Figures 10(a) and 10(b) illustrate the
direct and roughness-mediated emission intensities sepa-
rately for the Si/SiO,/Al junction biased at —8.0 V (a)
and the Si/SiO,/Au junction at —12.5 V (b). For both
types of junction the direct emission monotonically de-
creases toward the higher-energy side. This spectral

feature arises from the spectral shape of the current fluc-
tuation. A large difference is seen for the roughness-
mediated emission spectra in the two junctions. The
roughness-mediated emission from the Si/SiO,/Au junc-
tions has a peak around 1.8 eV where the roughness-
mediated emission is comparable to the direct emission.
As we can see from Fig. 8 this peak is due to the slow
mode of the SPP’s. The maximum value of |E(Q,,w|z)|?
for the Si/SiO,/Au junction is 49 times greater than that
for the Si/SiO,/Al junction. Thus the roughness-

(a) SI/SIOH /A
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Emission

= Direct Emission
~

o

(3]

&

|

S 0

g (b) Si/SiO2/Au

F

2

% 1} Roughness-Mediated

Emission

Direct Emission

2 25 3

Photon Energy (eV)

FIG. 10. Calculated direct emission spectra and roughness-
mediated emission spectra shown separately. (a) for the
Si/Si0,/Al junction and (b) for the Si/SiO,/Au junction.
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mediated emission from the Si/SiO,/Al junction becomes
small in comparison with that of the direct emission.

From the discussions above we can conclude that the
light emitted from the Si/SiO,/Al junction is mainly due
to the direct emission from the current fluctuation. On
the other hand, nearly one-half of the emitted light from
the Si/SiO,/Au junction is due to the direct emission and
the other half is the indirect roughness-mediated emission
from the SPP’s.

VI. CONCLUSION

The visible-light-emission spectra observed from the
Si/Si0,/Al and Si/SiO,/Au junctions were compared
with the theoretical spectra calculated by the current
fluctuation theory that incorporates a realistic power
spectrum of the current fluctuation in the Fowler-
Nordheim tunneling regime. The junction parameters
were determined by electrical measurements of the indivi-
dual junctions. Excellent agreement was achieved be-
tween the observed and the theoretically calculated spec-
tra. We conclude that there are two channels of light
emission, the direct channel and the roughness-mediated
indirect channel. The emission from the Si/SiO,/Al
junction is mainly due to the direct emission from the
current fluctuation. On the other hand, the emission
from the Si/SiO,/Au junction contains comparable con-
tributions from both channels.
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APPENDIX

The u component of the electric field generated at posi-
tion x by the tunneling current J,(x’,®) is calculated by
use of the electromagnetic Green’s function:?

2 4 ’ ’
aQ, 2@ x,x)
(27)?

Xd”z(QI',,a)lzz’)Jz(x’,m) .
(A1)

E#(x,w)=—%fd3x’f

The electric field with wave vector Q, is obtained from
the Fourier transform

E,(Q,0l0)= [d%,E,(x0)k' ™ . (A2)
By substituting Eq. (A1) into (A2) we obtain
E#(Qp,a)|z)=fdzxpE“(x,a))eiQP'x‘”
=”Zw7fd3x'e—"°»'*2
Xd,.(Q,,»|zz' ), (X,0) , (A3)

where z is the z component of position x. Then the (sta-
tistically averaged) strength of the electric field is given
by '

2
|E“(Qp,co|z)|2= A% fdz'dz”d“z(Qp,w|zz’)"‘d#z(Qp,a)|zz")Jzz(Qp,a)lz’z”)

wz ’ ” % "
=—(:de2 dz duz(Qp’wlzz ) d“z(Qp,aﬂZZ )—

1 __Alz2) )2, (A4)

277 (1+Q2E3)°"2

where A is the area of the junction. By summing (A4) for u=x,y,z we obtain the strength of the electric field at z creat-
ed by the fluctuating tunnel current. This is a general formula for the ‘“power density” of the excited plasmons ex-

pressed by P(k",co) in Refs. 3, 13, and 14.

When we discuss the characteristics of the roughness-mediated emission, it is important to know the Q, dependence
of |E M(Qp,a)|z)]2 for each frequency w. Since |I(w)|? decreases exponentially toward the high-frequency side, it is
difficult to show clearly the Q, dependence of |E M(Qp,wlz)lz in the high-frequency region in a contour map in the Q,-o
plane. Thus, instead of (A4), we plot a contour map of |E (Q,,w|z)|* defined by the following relation:

2
2__ @
|E(Q,,w|2)| =

N=x,5,%

S [dz'dz"d ,(Q,0lz')*d,,(Q, 0lz")—

1 A(z,z") (27T!Qp|) ’ (AS)

2m? (1+QRE)*”?

where 27|Q, | is the density of states of the SPP’s for a unit interval of |Q, | at wave vector Q,,.
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