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Inconsistency of basic optical processes in plasmonic nanocomposites

T. V. Shubina,'! V. A. Kosobukin,' T. A. Komissarova,! V. N. Jmerik,! A. N. Semenov,' B. Ya. Meltser,' P. S. Kop’ev,!
S. V. Ivanov,' A. Vasson,? J. Leymarie,> N. A. Gippius,??® T. Araki,* T. Akagi,* and Y. Nanishi*
Yoffe Physico-Technical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
2LASMEA-UMR, 6602 CNRS-UBP. 63177 Cedex, France
3A. M. Prokhorov General Physics Institute, RAS, Moscow 119991, Russia
4Ritsumeikan University, 1-1-1 Noji-Higashi, Kusatsu, Shiga 525-8577, Japan
(Received 6 February 2009; published 9 April 2009)

Plasmonic nanocomposites, comprising metallic clusters within a semiconductor matrix, exhibit a huge
discrepancy between characteristic energies of luminescence, absorption, and generation of photocarriers. This
phenomenon, discovered experimentally in InN/In and supported by GaAs/In data, appears because the optical
processes occur in spatially different areas which undergo different influence of local plasmons. Manifestations

of that in infrared emission and thermally detected absorption are considered using the formalism of electro-
magnetic enhancement, taking into account the statistics of cluster shapes and the transitions between parallel

bands inherent for In.
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Rapidly developed plasmonics suggests new concepts of
light manipulation and amplification.! Recently, it has been
demonstrated that combination of metal and semiconductor
can enhance the light-emission efficiency.? This enhance-
ment results from the interaction of surface plasmons at me-
tallic films or clusters (particles) with dipole transitions ex-
cited nearby.? The local plasmons at the clusters are effective
emitters with rather high radiative decay rate* that amplifies
recombination efficiency of coupled dipole-plasmon states.’

Most of previous studies dealt with the clusters situated
either inside a dielectric matrix or on structure surface.!~® We
focus on another much less investigated system—the nano-
composites, which contains metallic nanoclusters inside an
optically active semiconductor host. They can be defined as
an effective medium whose optical properties are governed
by the plasmons. It seems to be the case of InN with spon-
taneously formed In clusters’ that causes a controversy on its
absorption and emission nature. Furthermore, InN has long
been proposed as a promising material for full-spectrum so-
lar cells. However, no data on the photovoltaic effect below
1.3 eV have been reported so far for unknown reason. Gen-
eral features of the plasmonic nanocomposites are still un-
clear although InN/In is suitable to study them, being a sim-
plest binary-element system.

To provide the plasmonic effects, the well-known require-
ments to the metal permittivity &(w) at frequency w are (i)
Re &(w) <0 and (ii) |[Re &(w)|/Im &(w) > 1. They are reason-
ably fulfilled for In in the infrared range [Fig. 1(a)]. Tetrag-
onal In can easily form clusters of good crystalline structure
within hexagonal InN.® On the other side, parallel bands
emerge along certain directions due to electron-lattice
interaction.”!® The transitions between these bands are in-
tense near the Fermi surface [Fig. 1(b)] and might interfere
with plasmons.

In this Brief Report, we state a major inconsistency in
plasmonic nanocomposites related to their strong optical in-
homogeneity. It manifests itself as a discrepancy between
characteristic energies of basic optical processes, e.g., onsets
of absorption and generation of photocarriers, which match
well in a semiconductor. This inconsistency is a key to dis-
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tinguish a nanocomposite from a semiconductor, in particular
InN/In from InN. Without that, optimization of a structure
using absorption or emission data does not guarantee, e.g., its
applicability for the solar cells.

A set of InN/In structures was grown by plasma-assisted
molecular-beam epitaxy at the loffe Institute by means of
periodic deposition of pure In separated by 25 nm of InN.
This permits us to be sure on the metal amount. The nominal
In thickness in different samples was 0 (reference sample), 2,
4, 8, 16, and 48 monolayers (ML); one ML equals approxi-
mately 0.3 nm. Hereafter the thickness in ML is used for the
sample notation. The number of the insertions was 20, except
for the 48 ML sample (6 periods). All structures exhibit
n-type conductivity with the Hall concentration around
10" cm™3.!" Despite our efforts (N-rich growth of InN), the
0 ML, sample of this series contains spontaneously formed
clusters. Their density is estimated to be five times lower
than that in the sample 0 ML, grown at N/In~1 and ex-
amined by transmission electron microscope (TEM) earlier.’
Similar In planes were inserted in GaAs. The critical thick-
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FIG. 1. (a) |Re &|/Im & spectra shown for In and few other
metals (Ref. 10). (b) Drude (1) and parallel-band (2) absorptions
calculated for bulk In. The peaks at 0.6 and 1.5 eV correspond to
(200) and (111) transitions, in notation of (Ref. 9). The insert pre-
sents the parallel bands in k space with the Fermi energy (F) shown
as a guide.
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FIG. 2. SEM and CL (150 K) images taken from InN/In samples
at 15 keV using a HITACHI S4300SE microscope at the Ritsumei-
kan University (the OXFORD CL stage with a detector sensitive
from 0.6 eV and a filter cutting sapphire emission). The arrows
mark In cluster agglomerations.

ness of In insertions in a semiconductor is very small (~1
ML in InN). With it exceeding, the continuous layers are
transformed into clusters. Then, the small clusters are dis-
solved in favor of large ones, in line with Ref. 12. This
promotes homogenization of the cluster shape toward more
spherical and formation of cluster agglomerations, well re-
solved in scanning electron microscopy (SEM) images as
lighter areas (Fig. 2, left).

The InN/In composites exhibit emission and absorption
edges near 0.7-0.8 eV, i.e., in the range typical of InN
films.!® The striking difference is the spatial correlation of
the emission sites with the In clusters, revealed by SEM and
cathodoluminescence (CL) imaging of the same areas (Fig.
2). The “spot” mono-CL measurement shows difference by
the factor of ~70 between the intensities at the In agglom-
erations and the rest area. On an average, the 48 ML sample
comprising 1/3 of metal has the luminescence intensity five-
fold higher than 0 ML,.

These findings are suggestive of plasmonic effects. To
reveal their influence on the basic optical processes, we have
performed a comparative study of thermally detected optical
absorption (TDOA) and photocurrent (PC). The TDOA is the
most sensitive technique to record the nonradiative decay of
plasmons accompanied by transforming their energy into
heat. This effect has to be stronger below an InN absorption
edge, where it is not suppressed by interband transitions. On
the contrary, PC is a measure of carrier generation in the
spectral range of the interband absorption in a semiconduc-
tor; it should reproduce an InN absorption onset in any case.

The PC was detected with the excitation by 100 mW
semiconductor lasers of various wavelengths in a planar ge-
ometry with contacts placed on the film surface. The PC
spectra were recorded at 25 K in several samples with a low
In amount (Fig. 3). With an In content increase, a signal
drops down by 2 orders at 1.5 eV; and it cannot be measured
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FIG. 3. PC and TDOA recorded in 0 ML, and 0 MLy samples
having the Hall concentration 2X 10! c¢cm™. The double arrows
denote emission peak energies. The dashed lines are to guide the
eyes. The inset shows the GaN spectra.

below. In accordance with the PC data, the absorption edge
in the host is around 1-1.2 eV. The variation in the PC edge
may be induced by InN nonstoichiometry, accompanying the
cluster formation, due to the strong difference in the N and In
atomic orbital energies.'* The negligible PC signal below 1
eV proves that there is no density of states here because the
plasmons must enhance the carrier generation in a defect
band which could be due to the high impurity level. How-
ever, we cannot positively deny that the apparent PC edge
might be associated with such a band.

The TDOA spectra are measured at 0.35 K in a pumped
3He cryostat and normalized to those of an InAs bolometer.
The TDOA edges are found to be lower in energy than PC
ones (Fig. 3). Note that in GaAs/In the principal PC edge is
constantly at 1.5 eV, while the TDOA is markedly extended
toward lower energies. Without plasmons, the onsets of PC
and TDOA coincide perfectly, as has been proved by the
similar measurements of pure GaAs and GaN (Fig. 3, inset).

The TDOA and CL spectra in InN/In (Fig. 4) exhibit other
features which are related to the plasmon-induced discrep-
ancy, as will be discussed in detail in the following para-
graphs. (i) The CL and TDOA peaks move to the opposite
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FIG. 4. (a) CL and (b) TDOA spectra recorded in different
samples with the Hall concentration (in units of 10" cm‘3):
0 ML, -2, 16 ML - 4.0, and 48 ML - 4.5. The dotted lines give the
TDOA onsets showing a weak concentration dependence.
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directions with the In increase. (ii) The emission band has
frequently two components. (iii) TDOA spectra have pecu-
liarities at the energies of parallel-band transitions, e.g., a dip
at 1.5 eV.

We analyze the experimental findings in the framework of
electromagnetic enhancement,? which implies that the local
electric field E is much stronger than the external field E,,
i.e., |g|=|E/Ey|>1. In such a field E, both emission and
absorption spectra are enhanced as |g|>. A metal cluster is
simulated by a spheroid whose rotation axis c is parallel and
two other axes, a=b, are perpendicular to the growth direc-
tion. Surface plasmon polarized along i-th axis of the spher-
oid provides at its poles the partial enhancement factor,

€

- (1)

Here, e(w) and &,(w) denote the permittivities in and out of
the spheroid, L; is the depolarizing factor dependent on the
aspect ratio a/c. The factor [Eq. (1)] becomes as large as
approximately L;1|Re g|/Im £>1 at the resonance condition
Re[e;+L;(e—&,)]=0 which is satisfied by the plasmon fre-
quency wizwp/[sx+sl(Li_1— 1)]"2, with w, and ¢., being the
plasma frequency and the background dielectric constant, re-
spectively, of bulk metal. The local enhancement factor
|gi(w,r)| as a function of position r outside the spheroid
follows the dipolar field of i-th surface plasmon and varies
from Eq. (1) at i-th poles down to about L;'|Re &|/Im &
~ 1 at the pole of an orthogonal axis and in the spheroid
interior, where the field is uniform.

The enhancement for an In cluster is estimated with the
dielectric function &(w)=€,.+i4mo(w)/ w, where the conduc-
tivity o=0p,+ op includes the Drude contribution op(w) and
the term

w’

op(w) = E Uf—z/—;f(}(w - ), (2)

V" - w;

describing absorption due to the parallel-band transitions.”
The function oy, is fitted using the data of Ref. 10 for In. In
Eq. (2), ;=2U;/h, where U, is the Fourier component of the
lattice pseudopotential; 9(£)=0 if £€<0, and H(&)=1 if ¢
>0. We take 2U(50)=0.6 eV, 2U =15 eV, and o;=1
X 10" s7! for both. For real crystals, to smooth the singular
term in Eq. (2) we add to o the imaginary part of 1.6
X 10" s7! equal to the damping parameter in o,. For dem-
onstration, the &;(w) function is chosen to match the ~1-eV
optical gap of the semiconductor host.

In composites, the shape and orientation of clusters are
random. To get an enhancement averaged over the ensemble,
we use a model of spheroids with random ratio a/c and the
same volume. Then, the inhomogeneously broadened en-
hancement spectrum G(w)={|g(w,r)[?) due to a total set of
plasmons is obtained by spatial averaging about a spheroid
followed by averaging over the spheroid shapes governed by
alc. For oblate [prolate] spheroids, their distribution function
is nonzero in the interval 1 =a/c=(a/c)pl(a/c)myn=alc
=1], where it is presented by a part of Gaussian having the
center at a/c=1 and a width 8 [1/68]. When & increases, the
maximum in the G(w) spectrum undergoes a low-energy
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FIG. 5. (a) Averaged enhancement spectra calculated with 2
< 8<20 and (a/c¢)max=20. (b) Enhanced absorption spectrum (1)
and its constituents from clusters (2) and a host (3) calculated with
6=4. Inessential interference features are subtracted in the TDOA
spectrum (4).

shift owing to additional contributions from spheroids with
smaller L;, supporting plasmons with smaller w; [Fig. 5(a)].
The maximum partial enhancement |g(w,)|> from Eq. (1)
may be as high as 10>~ 10* near the strongly curved surface
of a single spheroid. However, because of a small relative
volume of such regions and the dispersion of spheroids over
alc, the enhancement G(w) is somewhat smaller than ~ 102
at 0.7 eV, in reasonable agreement with the CL intensity
contrast. Using the experimental dielectric function gives
similar results.

The dissipative loss in n-th medium is ~w Im(e,)|E,|*. To
estimate these losses (heating) in a metal cluster and a ma-
trix, the related spectra G(w) multiplied by Im &(w) and
Im ¢,(w), respectively, are calculated. With §=4, this sum
fits reasonably the normalized TDOA in the 48 ML sample,
where the area not influenced by the plasmons is negligible.
One can see that the signal below the host absorption edge is
exclusively associated with plasmons of the clusters [Fig.
5(b)].

The calculated spectra have a dip at 1.5 eV, which is
similar to that reproducibly observed in the TDOA spectra
(Fig. 4). The dip appears due to selective suppression of the
plasmons by the (111) parallel-band transitions due to the
imaginary part increase in |Re &(w)|/Im &(w) ratio which de-
fines the strength of plasmonic resonances. It prohibits
mostly the enhancement of the semiconductor transitions in
the regions adjusting to the clusters. Therefore the depth of
the dip depends on a fraction of metal and its dispersion. The
(200) transitions, superimposed with the strong Drude ab-
sorption, do not exhibit such a peculiarity but diminish half
as much the enhancement. Both effects evidence the plas-
monic enhancement implicitly; without that the absorption
rise might be due to the parallel-band absorption in clusters.

Within the plasmon concept, the unusual shift of the CL
and TDOA peaks in the opposite directions in Fig. 4 is not
surprising since the emission and heating are dominated by
different plasmonic processes. The radiative decay of plas-
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mons, whose rate rises strongly on the cluster size,* prevails
in the dense cluster agglomerations (Fig. 2), where formation
of large particles is presumably facilitated. The decrease in
the plasmon frequency in these regions may be due to col-
lective interaction between local plasmons.'> We estimated
the relative frequency shift of the radiative collective plas-
mon mode with respect to the frequency of a single cluster to
be of tens of meV. This value is well consistent with the
energy difference of 50 meV between the CL lines, recorded
using the “spot” regime in the adjusting regions with the
agglomerated and well-separated clusters. On the contrary,
the plasmon dissipation (heating) dominates in the small
clusters uniformly dispersed inside the matrix. With increas-
ing In amount, homogenization of the such cluster shapes
results in & narrowing that shifts the TDOA peak to the
higher energy. The confirmation of such a scenario has been
obtained by the GaAs/In studies. This system does not suffer
from the instability at TEM studies, typical of InN.® The
TEM investigation has demonstrated that with exceeding the
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critical thickness in GaAs/In (~5 ML) the planar arrays of
the small clusters, almost round and uniform, appear along
with the large cluster agglomerations. This is accompanied
by the shift of the principal TDOA peak toward higher ener-
gies.

In conclusion, an essential discrepancy between character-
istic energies of absorption, emission, and photocarrier gen-
eration processes is found in metal-semiconductor nanocom-
posites. Calculated averaged enhancement is well consistent
with experimental data indicating strong plasmonic contribu-
tions to infrared emission and absorption. These results are
important for optoelectronic devices of next generation based
on InN and plasmonic nanocomposites.
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