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Abstract – We report the enhancement of the mid-infrared (MIR) luminescence intensity in a
nanoscale metal/semiconductor structure by the coupling of surface plasmon polaritons (SPPs)
with excitons in a narrow-gap semiconductor. The SPPs are efficiently excited by the total in-
ternal reflection photons at a metal/semiconductor interface. The intense electric field induced
by SPPs, in turn, greatly changes the radiative recombination rates of the excitons generated by
the pumping laser and thus the MIR luminescence intensity. The finding avails the understanding
of fundamental science of SPs in narrow-gap semiconductors and the development of novel MIR
devices.

Copyright c© EPLA, 2016

Surface plasmons (SPs) have recently attracted much
attention due to their capabilities of confining and ma-
nipulating sub-wavelength light in the visible and infrared
region [1–6]. Studies showed that when light frequencies
approach the SPs resonance modes at a metal/dielectric
interface, sub-wavelength confinement and internal quan-
tum efficiency are greatly enhanced [3,7,8]. The SPs reso-
nant coupling in metal/semiconductor structures has been
extensively studied for the enhancement of luminescent ef-
ficiency of light-emitting devices (LEDs) [9–11]. However,
most of these studies have focused on the visible and near-
infrared region. Only a few of the studies on the enhance-
ment of luminescent intensity in mid-infrared region are
reported [6,12,13].

Lead telluride (PbTe) is a narrow-gap semiconductor
and has been widely used in MIR light emitters, photonic
detectors and thermoelectric devices [14–16]. However,
for optoelectronic device applications, only a small frac-
tion of emitting (or incident) photons can escape (enter)
into the free space (interior of PbTe) because narrow-
gap semiconductors commonly have high refractive indices
(nPbTe ∼ 6.1 at 3.8 μm) [17], impeding the application of

(a)E-mail: hzwu@zju.edu.cn (corresponding author)

optical devices based on PbTe materials. For example, to
date PbTe-based LDs are almost all of low power output.
In our previous work, Cai et al. discovered that the in-
herent polar CdTe/PbTe(111) interface spontaneously ex-
hibits a metallic character with high density of electrons.
A 15-fold intensity enhancement of the MIR luminescence
was demonstrated by the resonant coupling between lo-
calized SPs (LSPs) at the CdTe/PbTe interface and the
emitting photons from PbTe [13]. However, here a ques-
tion arises, i.e.: can plasmons couple with MIR photons
in a metal/PbTe nanostructure? In this work, we answer
this key issue by the synthesis of an Ag/PbTe nanostruc-
ture and exploration of the coupling mechanism between
surface plasmon polaritons (SPPs) and emitting photons
from PbTe.

Six Ag/PbTe samples were fabricated for the studies
of plasmonic coupling. The procedure of synthesis of the
samples is as follows. First, a PbTe layer (∼ 400 nm) was
grown at 250 ◦C on a freshly cleaved BaF2 substrate by
molecular beam epitaxy, which is the same for all the sam-
ples. Then, an Ag film was deposited on the clean surface
of the as-grown PbTe layers at room temperature by ther-
mal evaporation with different Ag thicknesses for different
samples, viz. 5, 10, 20, 50, 100 and 200 nm, respectively.
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Fig. 1: (Colour online) (a) The SEM image of cross section of a Ag/PbTe sample. (b) The schematic of PL experimental setup.
The red circles in the PbTe layer represent the distribution of laser excited excitons. (c) MIR PL spectra of the Ag/PbTe
structures with various Ag film thicknesses. (d) Integrated MIR PL intensities vs. Ag film thickness.

The cross-section view of an Ag(200 nm)/PbTe(400 nm)
sample by scanning electron microscope (SEM, Hitachi
S4800) is shown in fig. 1(a). Photoluminescence was mea-
sured by an Edinburgh FLS920 spectrofluorimeter using
the 1064 nm excitation line from a YAG laser, an InSb de-
tector, and a Stanford SR830 lock-in amplifier. As shown
in fig. 1(b), the excitation laser beam is incident from the
BaF2 substrate and the PL signal is collected from the
same side.

Figure 1(c) shows the PL spectra of the six Ag/PbTe
samples and a PbTe single-layer sample. Figure 1(d) plots
the integrated PL intensity vs. the thickness of the Ag
films. The fitting of the experimental data shows that
the PL intensity varies in a negative exponential distri-
bution with the increase of the Ag thickness, having the
following relation: I = −40 ∗ exp(−x/d1) + 41, where d1
is defined as the correlation length (37 nm). When the
thickness of an Ag film exceeds 200 nm, the PL enhance-
ment factor is saturated at 40 folds. The observed intense
enhancement of the MIR PL intensity could be caused
by different mechanisms. First, the reflection by an Ag
film on PbTe undoubtedly contributes to the MIR PL
enhancement. However, the MIR reflectivity of the Ag
film approximately reaches the maximum when its thick-
ness increases to 15 nm [18], in other words the PL inten-
sity should approach the maximum at this very thin value
if the Ag reflectivity was a dominating factor in the PL
enhancement, which is a far cry from the observed phe-
nomenon: PL saturates at ∼ 200 nm rather than at 15 nm.
Second, the BaF2 substrate that is highly transparent for

a light wavelength range of 0.3–10 μm has a much smaller
refractive index than the PbTe epitaxial layer which in-
creases the escape of the MIR light from the PbTe film
to air. However, such effect should exist in all samples,
including the PbTe single-layer sample, and, as a result,
it cannot explain the intense enhancement of the MIR PL
intensity as well. The intense enhancement of the MIR PL
intensity observed in the Ag/PbTe structure is attributed
mainly to the third effect, i.e. the coupling between SPPs
and the emitting photons from PbTe. The penetration
depth of SPPs in an Ag film is calculated to be 30 nm in
the direction normal to the surface [19], which is close to
the value derived from fig. 1(b), d1 = 37 nm, suggesting
that SPPs and the phenomenon of MIR PL enhancement
are closely correlated.

We further performed a systematic PL characterization
on the Ag(20 nm)/PbTe structure with various PbTe film
thicknesses, viz. 120, 400, 750 and 1500 nm, respectively.
It is found that the PL intensity increases slowly with
the PbTe thickness at first and reaches the maximum
at ∼ 400 nm, then it decreases sharply as shown by the
(black) stars in fig. 2(a). The change of the MIR PL in-
tensity enhancement factor vs. PbTe film thickness can
also be explained by the SPPs coupling. With the extinc-
tion coefficient of PbTe being 1.8 at λ = 1064 nm [17],
the absorption coefficient of PbTe at this excitation wave-
length is calculated to be 2.216 × 105 cm−1. Thus, the
corresponding absorption length is 45 nm, indicating that
the laser beam is mostly absorbed in the very thin PbTe
region adjacent to the PbTe/BaF2 interface and, thus,
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Fig. 2: (Colour online) (a) PL enhancement factor vs. PbTe thickness: experimental (stars) and theoretical (magenta triangles).
(b) The photon-generated carriers distribution in the bare PbTe (red line) and the Ag/PbTe (green line) vs. the distance (Z)
to the Ag/PbTe interface, which is depicted in the fig. 3(a).

Fig. 3: (Colour online) (a) Schematic diagram of the light-SPPs coupling mechanism in the Ag/PbTe structure. The red (yellow)
line stands for the escaped light (the totally reflected light). (b) SPs dispersion, structure factor S(E) and Purcell factor Fsp

at the Ag/PbTe interface, together with the dispersion of light in PbTe and the MIR PL spectrum of the Ag(200 nm)/PbTe
sample. (c) An AFM image of the quasi-periodic surface of PbTe dislocations. (d) The line-scan profile of the sample along
the blue line in (c) and the structure factor S(k) calculated through one-dimensional discrete fast Fourier transformation of the
profile shown in panel (d).

excites a large portion of excitons around the interface
as shown in fig. 1(b). The excited excitons diffuse into the
interior of the PbTe film and recombine gradually to be
extinct. It is known that the penetration depth of SPPs
in PbTe is ∼ 350 nm [19], which equals the effective inter-
acting length of SPPs in PbTe. When the PbTe thickness
is beyond the SPPs interacting length, it is comprehensi-
ble that the quantity of excitons which could interact with
SPPs monotonically decreases as the PbTe film becomes
thicker than this value, leading to a diminution of the MIR
PL intensity.

A theoretical model to estimate the PL enhance-
ment factor is proposed by taking account of SPPs
interacting with excitons and carrier diffusion in the
Ag(20 nm)/PbTe(400, 750, and 1500 nm) samples. The

equation of continuity for optically excited carriers in the
Ag/PbTe structure can be expressed as

D
d2N(z)

dz2 − N(z)
τ

+ N0e
−α(d−z) = 0 (1)

considering the synergistic action of carrier diffusion, re-
combination, and light excitation, where D, z, N(z), τ ,
α, N0, and d are, respectively, the diffusion coefficient,
the distance from the Ag/PbTe interface as shown by
the Z-axis in fig. 3(a), the density of carriers vs. z, the
lifetime of carriers, the absorption coefficient of PbTe,
the density of carriers at the PbTe/BaF2 interface, and
the thickness of PbTe. The influence of the surface re-
combination on the carrier density is ignored here be-
cause the PbTe/BaF2 interface grown by MBE is well
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lattice-matched and smooth. The equation of N(z) is then
solved to be

N(z) = Ae−( 1
τD )

1
2 (d−z) + Be(

1
τD )

1
2 (d−z) − N0

Dα2 e−α(d−z),

(2)
where A and B are constants determined by specific
boundary conditions. Taking the sample with PbTe
thickness of 400 nm as an instance, for the bare PbTe sam-
ple the excited carriers recombine either at the Air/PbTe
interface or in the PbTe film, while for the Ag/PbTe sam-
ples due to the effect of SPP coupling the carriers recombi-
nation rate within the SPP interacting region (from Z = 0
to 350 nm) gets intensely enhanced, so carriers can be as-
sumed to totally recombine at Z = 350 nm. Thus, the
boundary conditions are N(0) = 0; N(d = 400 nm) = N0
for the bare PbTe sample and N(d = 350 nm) = 0; N(d =
400 nm) = N0 for the Ag/PbTe (400 nm) sample. With
these boundary conditions, constants A and B are know-
able. The diffusion coefficient D in eq. (2) is obtained by
the relation with mobility, D = kT

q μ, where k, T , q, and
μ are, respectively, the Boltzmann constant, the absolute
temperature, the charge of an electron, and the mobil-
ity of carriers which was measured to be ∼ 600 cm2/V · s
by the Hall effect, τ ≈ 1 ns. The calculated results of
N(z)/N0 for the bare PbTe and Ag/PbTe samples are
plotted in fig. 2(b). The area beneath the red line rep-
resents the total carrier number generated in the bare
PbTe, and the area beneath the green line represents
the total carrier number generated in the Ag/PbTe sam-
ples. The difference of the two areas is the number of
the photon-generated carriers interacting with SPPs which
enhance the radiative recombination of excitons in the
PbTe crystal. The power of the pumping laser for PL
is about 0.1 W and the laser spot size on the samples
is ∼ 2 mm, corresponding to an exciton generation rate
of 6.25 × 1017 s−1. The radiative recombination rate in
the PbTe crystal is approximately 8.6×1021 cm−3s−1 [20].
The rate of excitons turning into luminescent photons is
then estimated to be 1.1 × 1016 s−1 (radiative recombina-
tion rate, 8.6 × 1021 cm−3s−1) × (volume of the region in
which excitons exist, estimated by π× (1 mm)2 ×400 nm),
which is only a small fraction of the excitons created in
the bare PbTe (1.73%). The enhancement factors can be
obtained via Pin+(1−Pin)×0.0173

0.0173 , where Pin is the portion
of excitons interacting with SPPs. The calculation of the
enhancement factors is plotted by magenta triangles in
fig. 2(a) which are in qualitative agreement with the PL
measurement. The difference between the calculation and
the measurement results could arise from the cited old
data of the radiative recombination rate for the bulk PbTe
crystal [20]. The proposed theoretical model can also qual-
itatively explain the reported results of visible light-SP
coupling experiments by Lai et al. [21].

Concerning the slight decrease of the PL enhancement
factor of the sample with a thin PbTe layer (120 nm),
two different influence factors may be involved. One is
the crystalline quality deterioration of the epitaxial PbTe

film if its thickness is thin, which has been systemati-
cally studied by Springholz et al. [22]. The other factor is
that the luminescence quenching effect becomes more pro-
nounced when radiating dipoles are too close to the metal
interface [23].

A coupling mechanism of SPPs with photons in PbTe
is schematically illustrated in fig. 3(a). In the single-layer
PbTe sample, only a small fraction of MIR emitting light
can escape into the free space, while the majority of the
emitted MIR photons are repeatedly reflected within the
PbTe crystal (total internal reflection, called TIR) and
thermally dissipated eventually. However, in the Ag/PbTe
structure things are completely different: The TIR pho-
tons possess a large momentum component in the plane
parallel to the Ag/PbTe interface. Thus, the evanescent
wave (or surface wave) of TIR photons at the Ag/PbTe
interface has high efficiency in exciting SPPs. The electric
field of the excited SPPs interacts strongly with the exci-
tons in PbTe which are generated by the pumping laser
and imposes a positive impact on the radiative recombi-
nation process [24]. Considering the penetration depth
of SPPs in PbTe (350 nm), the intense electric field of
SPPs interacts with excitons in almost the whole PbTe
film (∼ 400 nm). As a result, the MIR PL intensity in
the Ag/PbTe structure is greatly enhanced. Our experi-
mental results provide evidence supporting the theoretical
prediction that SPPs are more useful to the emitters with
high total internal reflection [25].

The assignment of the observed MIR PL enhancement
phenomenon to the SPPs coupling effect can be supported
also by the calculation of the structure factor S(E). Cou-
pling of the SPPs with MIR photons is realized by SPPs
scattering from the well-regulated dislocation features on
the epilayer surface as shown in fig. 3(c). These features
are quasi-periodic and through one-dimensional discrete
fast Fourier transformation of the line profile a structure
factor S(k) can be obtained as shown in fig. 3(d) [26].
Further, S(k) is converted to the S(E) plotted in fig. 3(b)
due to the one-to-one correspondence of photon energy
E and Δk, which is defined as the difference of wave
vectors between light dispersion and SPs dispersion at
photon energy E. A dominant peak of S(E) at 0.36 eV
shown in fig. 3(b) is well matched to the observed MIR
PL spectrum, signifying that the quasi-periodic features
can effectively scatter SPs to fulfill the conversation of
momentum and thus offset the disadvantage of small Pur-
cell factor Fsp (∼ 1.4) for the coupling of SPPs to the MIR
photons.

To analyze the influence of surface roughness on the cou-
pling of the SPPs with MIR photons, we grew an extra
PbTe sample with different surface roughness by chang-
ing substrate temperatures (280 ◦C). The AFM image of
the sample grown at 280 ◦C is shown in fig. 4(a). Obvi-
ously, it has different surface morphology and roughness
from fig. 3(c). The sample grown at 280 ◦C shows not
only low-density dislocations but also high-density deep
holes [27]. As shown in the inset of fig. 4(a), its structural
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Fig. 4: (Colour online) (a) The AFM image of PbTe grown at 280 ◦C. The inset shows the line-scan profile along the blue line
in (a) and the structure factor S(k). (b) The structure factor S(E) and PL of the sample shown in (a). (c) PL spectra of the
two Ag(200 nm)/PbTe samples grown at 250 and 280 ◦C, respectively.

Fig. 5: (Colour online) (a) The drawing of the experimental configuration of angle-resolved PL (ARPL). (b) Integrated ARPL
intensity vs. detection angle θ for an Ag(100 nm)/PbTe(400 nm) and a PbTe(400 nm) single layer.

factor S(k) peak is at 0.7 μm−1. Figure 4(b) plots the
S(E) peak locating at 0.38 eV, which is not far from the
energy of the emitted MIR photons of PbTe, signifying
that the dislocations alone can scatter SPs to fulfill the
momentum conversation. Figure 4(c) shows the PL com-
parison of the two samples grown at different temperatures
(250 and 280 ◦C) but the same Ag film coating (200 nm).
As seen from fig. 3(c) and fig. 4(a), they present visibly
different surface morphologies or different quasi-periodic
surface profiles. The varied S(E) for the Ag/PbTe samples
causes a clear PL peak shift (70 nm) by SPP coupling: the
PL peak sits at 3.64 μm (Eph = 0.341 eV) for the sample
grown at 250 ◦C and at 3.57 μm (Eph = 0.347 eV) for the
sample grown at 280 ◦C, respectively. The peak shift di-
rection is positively correlative with the S(E) peak change,
0.36 eV and 0.38 eV, respectively. The high-density holes
on the surface of PbTe grown at 280 ◦C are deep defects
which cause the decrease of the PL intensity of PbTe. The
line profile density of deep holes is about 3 times that of
dislocations. Thus, the S(k) for holes should locate at
about 2.1 μm−1, corresponding to a S(E) peak at 0.58 eV,

which is far from the energy of the emitted MIR photons
of PbTe. Consequently, these holes will disturb the scat-
tering of SPPs related to the quasi-periodic dislocations
rather than improve it. As a result, after coating an Ag
film on PbTe, the measured luminescence intensity en-
hancement factor for this sample is small (1.8 times that
of the uncoated PbTe). These results provide supporting
evidence for the conclusion that the MIR photons-SPPs
coupling is the dominant factor of the luminescence en-
hancement observed in the Ag/PbTe structure.

The MIR PL process occurred in the Ag/PbTe is further
investigated by angle-resolved PL (ARPL). The schematic
drawing of the ARPL configuration is shown in the inset
of fig. 5(a). A pumping laser beam (λ = 1064 nm) incident
from the BaF2 substrate excites excitons in PbTe. Con-
sequently, PbTe emits MIR photons in a 360 solid angle
by the excitons recombination. The emitted MIR photons
partially go forward to the Ag/PbTe interface. These MIR
photons can be separated into two parts: one with inci-
dent angles smaller than the critical angle and the other
with incident angles bigger than the critical angle (TIR
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occurs with this part). The TIR light propagates along
the interface as a surface (or evanescent) wave [28], which
can efficiently excite SPPs due to frequency resonance and
momentum conservation [29]. The integrated intensity of
MIR ARPL vs. detection angle (θ) is plotted in fig. 5(b).
The MIR PL intensity for the Ag/PbTe sample decreases
sharply while that of the PbTe sample increases as θ be-
comes big. The comparison of the ARPL results for the
PbTe single layer and the Ag/PbTe sample clearly shows
that the coverage of an Ag film on PbTe can significantly
enhance the surface wave propagating along the interface,
hence the conversion to SPPs.

In summary, the intense enhancement of the MIR PL
in a nanoscale Ag/PbTe structure by the interaction be-
tween SPPs and excitons in PbTe is demonstrated. The
maximum enhancement factor in MIR PL is 40 folds that
of the single-layer PbTe. A physical model to explain
the unusual enhancement of the MIR PL in the Ag/PbTe
structure is provided. The SPPs are efficiently excited by
the total internal reflection photons at the Ag/PbTe in-
terface. The intense electric field induced by SPPs, in
turn, imposes a positive influence on the radiative re-
combination process of the excitons in PbTe and greatly
enhance the MIR PL intensity. The metal/PbTe struc-
ture for SPPs-exciton coupling can also be extended to
other narrow-gap semiconductors that have high refrac-
tive indices for the development of new MIR optoelectronic
devices.
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