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Electrostatic mechanism of strong enhancement of light emitted by semiconductor quantum wells
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Currently, it is understood that the carrier recombination rate in semiconductors can be modified by metals due
to pure electrodynamic interactions through surface plasmons. We propose here an electrostatic mechanism for
carrier-metallic nanoparticle interaction comparable in effect to plasmonic interactions. Arising from Coulomb
attraction of electrons and holes to their images in metal, this mechanism produces large carrier concentrations
near metallic nanoparticles. Increased concentration results in increased quantum efficiency and enhances the
rate of e-h recombination. This manifests as emission enhancement in InGaN quantum wells radiating in the
near-UV region. The proposed fundamental mechanism provides a new perspective for improving the efficiency

of broadband light emitters.
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The internal quantum efficiency (IQE) of semiconductor
light emitters depends primarily on the radiative electron-hole
recombination rate, which can be significantly modified by
electromagnetic coupling of the carriers to surface plasmon
(SP) modes. This electrodynamic interaction shows promise
for applications from light emitters to communications.'~
Essential enhancement of light emission has been demon-
strated in various systems, including a semiconductor quantum
well (QW),'~ a distributed Bragg reflector,’ an ionized center
in adiamond,® and a plasmonic nanocavity.” This enhancement
is due to interaction of the carriers with the field of SPs. If the
frequency of emitted light matches the resonant frequency
of the SPs, the rate of spontaneous e-k recombination
increases by up to two orders of magnitude due to the Purcell
effect.!” Metallic nanoparticles may also enhance photocurrent
generated in a semiconductor diode!' and light-absorbing
chlorophyll molecules'? providing resonant electromagnetic
coupling between the metal and light.

Carriers in the QW, however, interact with the metal
not only through the SP fields but also through Coulomb
forces. Coulomb attraction of the carriers to a neutral metallic
nanoparticle (NP) increases the local concentration of e-
h pairs, leading to efficient recombination and a strong
enhancement in photoluminescence (PL). This universal (i.e.,
independent of the type of metal) electrostatic mechanism is
not restricted by the frequency matching conditions. Here
we present a comprehensive model for, and experimental
evidence of an electrostatic mechanism for enhancement of
light emission in In-GaN/GaN QWs. The proposed theory
correctly predicts several significant new features which are
related to the electrostatic nature of the mechanism: strongly
inhomogeneous light emission with high concentration near
the NPs, saturation with increasing pumping power, and an
anomalously long decay time observed in time-resolved PL
experiments. We have ruled out the plasmonic mechanism
in our experiments since the energy of SP resonance at
the metal-semiconductor interface hw, = 2.3 eV is well
below the energy of the light emitted from the QW hw =
3.05eV.

It is well known that depending on the final density
of photonic states, the environment may either suppress'’
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or enhance'?>%!%1% the spontaneous emission rate. Much

less attention has been paid to local modulation of carrier
concentration. The concentration of e-h pairs depends on the
excitation power and is usually homogeneous over the QW. In
the case of an inhomogeneous distribution, the regions with
increased concentration have higher emission intensity leading
to localized emission peaks. The probability of radiative
I', and nonradiative ', recombination both depend on the
concentration n of e-h pairs. However, it is known that the non
radiative component is linear in n, I',, = An, whereas the
radiative component is quadratic in n, ', = Bn?. Therefore,
the IQE

n = Bn*/(An + Bn?) (1)

increases with the concentration of carriers.!”> Here we have
neglected the cubic Auger recombination term which becomes
significant at much higher concentrations.

Therefore modulating the concentration of carriers in a QW
may increase IQE and localize the emission—a problem which
so far has only been considered for plasmonic devices.'®!’
To generate this inhomogeneous distribution we have placed
metallic NPs within a QW (Fig. 1). Neutral metal attracts
electrons and holes, causing the carriers to drift towards, and
concentrate near, the NP. The size of the NP plays a principal
role here, determining the increase in concentration and light
intensity. The drift is not destroyed by thermal fluctuations if
theratio y = (¢?/eR)/kT ~ 1. For the effect to be observable
at 300 K, this condition requires that the typical size R of the
NP be R < 50 nm given that ¢ ~ 10.

We measured the PL. enhancement from the same mate-
rial heterostructures of InGaN/GaN which were previously
used in Ref. 2 to demonstrate the plasmonic mechanism of
enhancement.'® We, however, used gold instead of silver in
order to exclude resonant coupling to SPs and also formation of
hybrid excitons.!” The positions and geometry of the metallic
NPs are pictured in Fig. 1. NPs of typical size R ~ 17 nm are
embedded in inverted hexagonal pits at the surface resulting
from threading dislocations.?® As shown in Fig. 1, this peculiar
feature of InGaN-multi-QW growth provides an elegant means
of incorporating the metallic NPs directly into the core of the
heterostructure without any strain modification.?'
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FIG. 1. Images of the heterostructure. (a) TEM of the InGaN
multi-QW showing a gold NP embedded within the naturally
occurring pit. (b) Scanning electron microscopy images of the same
structure.

The PL spectra of the multi-QW with and without gold
NPs are shown in Fig. 2 with a maximum PL intensity at
hw = 3.05 eV. There is roughly a 60% enhancement in the
PL emission with gold at room temperature increasing to 80%
enhancement at 77 K. As mentioned before, a gold thin film
(or a gold NP) does not enhance the emission of an InGaN QW
due to having a lower SP energy. Light scattering by the gold
NPs with R < 50 nm also cannot have any significant effect at
hw = 3.05 eV. Scattering cannot be a source of enhancement
also because of the 10 meV blue shift in the spectrum. Thus, we
may completely rule out light scattering along with plasmonic
enhancement and other known mechanisms as a source of
the enhancement presented in Fig. 2. The known nonresonant
plasmonic mechanisms®? are ruled out since they require
special geometry.

Instead, the Coulomb attraction of the free carriers to
their image charges acts as a catalyst for recombination by
increasing the local concentration of carriers and leading,
according to Eq. (1), to higher IQE. Image charges cause
both electrons and holes to drift towards the NP. Since the
accumulation of e-h pairs occurs near NPs, the enhancement
of intensity is strongly inhomogeneous, n = n(r). Figure 2
shows the average over the sample intensity measured in the
far field. Although the total number of electron transitions is
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FIG. 2. (Color online) Enhanced PL emission in Au/InGaN multi-
QW. Spectra from the reference (black) and gold NP InGaN QWs
(red). Enhancement is observed in the near-UV region for the sample
with gold NPs. At T =77 K (solid) the effect of enhancement is
noticeably stronger than at 7 = 300 K (dashed). A blue shift in
the spectra on the order of 10 meV is present at both temperatures
for Au/InGaN multi-QW.
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fixed by the number of available e-h pairs in the QW, the
regions with higher concentration have higher ratio I,/ I,
resulting in higher IQE.

The origin of this electrostatic mechanism is best demon-
strated by Thomson’s theorem which states that a neutral
conductor attracts any given set of electric charges.?® Therefore
electrons and holes are attracted towards the metal NPs. They
are attracted even if they form excitons. A direct manifestation
of this attraction is stronger enhancement at 77 K than at
300 K shown in Fig. 2. The attraction of a single carrier
located at a distance r from a metallic sphere of radius R
decays fast far away from the sphere, e E(r) ~ r~>. However,
close to the surface, it grows as eE(r) ~ (r — R)™2. This
Coulomb force leads to a permanent drift of the carriers.
The local concentrations of carriers are obtained from the
coupled nonlinear diffusion equations in the presence of the
electrostatic force eE(r). For electrons it has the following
form:

eD,
V- (En.)—n.(A—Bny)+g. (2)

n, = D,V’n, + T

The equation for holes is obtained by replacement e < h.
Here D, are the diffusion coefficients, and g is the density
of e-h pairs produced by the pumping laser per second.
The field E in the drift term is obtained from the Poisson
equation:

V - (¢E) = 4x[e(n, — n,) + €'8(r — r') — €'8(r)], 3)

where the charge density has three components. The first is the
standard noncompensated bulk charge. Second is the image
charge ¢/ = —eR/r induced by a carrier ¢ in the QW. This
image charge is situated inside the nanosphere at a distance
r" = R?/r from its center. Third is a charge —e’ at the center
which provides electrical neutrality.

The increased intensity in Fig. 2 for T = 77 K is partially
related to a natural increase of the probability of radiative
recombination at lower temperatures. If this were the only
reason, however, the enhancement would be identical to that
in the reference sample, which is not the case. Stronger
enhancement in Fig. 2(a) is due to 1/T dependence of the
drift term in Eq. (2). Physically this means that the width of
the region y R o< 1/T where drift is not destroyed by thermal
fluctuations increases at lower temperatures.

The proposed mechanism explains the enhanced spectra in
Fig. 2. At the same time the emission spectrum of the QW
coated by gold film does not exhibit enhancement at all.'~> In
this case the carriers in the QW are also attracted towards their
images. However, in the plane geometry electrons and holes
drift towards the metal film, without changing the average
in-plane separation between them. It turns out that the increase
of the concentration only along a single coordinate is not
sufficient to produce the effect of enhancement. In this case
normal to the metal forces may only reduce the effective width
of the QW. This gives rise to the blue shift which was reported
in Refs. 1-3 but not explained so far. Gold nanospheres, being
practically point attractors, lead to both effects—blue shift and
emission enhancement. The image-charge-induced blue shift
has been observed previously in the case of dielectric-dielectric
interfaces.*
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FIG. 3. (Color online) (a) Power-dependent PL intensity for
the Au/InGaN (red circles) and reference systems (black squares).
(b) Simulated intensity / o [ n.n, dr versus pump power for the
Au/InGaN and reference systems. The concentrations are obtained

numerically as stationary solutions of Egs. (2) and (3). The inset
shows the effect of the depletion layer at low powers.

The electrostatic mechanism exhibits a specific power
dependence. Figure 3 shows how the enhancement saturates as
pump power is increased. The source of this power dependence
is competition between the Debye screening of the image
charges by carriers and the increased IQE as the carrier
concentration increases [see Eq. (1)]. The general form of
saturation is correctly predicted in our simulation results in
Fig. 3(b). We also note at this point that, although the calculated
intensity in Fig. 3 exhibits the correct saturation at powers
>4 W/cmz, the model based on Eqgs. (2) and (3) fails to
predict the change of curvature in the experimental data in
Fig. 3(a) at low power (<1 W /cm?). This obvious “retardation”
in saturation is due to the formation of a 40-nm-wide depletion
layer in the InGaN along the area of contact with the gold NP.
By calculating the depletion layer we are able to include the
band-bending effects in the electric field in Eq. (3). When this
corrected field is introduced, we find that a flex point appears
in the curve, as shown in the inset in Fig. 3(b).

A principal difference in origin of plasmonic and electro-
static enhancement can be seen in the time-resolved PL mea-
surements in Fig. 4. Plasmonic enhancement is accompanied
by a strong decrease in the decay lifetime.">?> Contrary to
this, our samples with metal NPs show (see Fig. 4) a decrease
in the decay constant « [1(¢) o< exp(—at)] which in our case is
not the same as the inverse decay lifetime I', + I';,,. The two
are equal, if the carriers recombine near the point where they
are generated. This scenario is realized when the drift of the
carriers is absent, i.e., the enhancement is due to the plasmonic
mechanism.

Contrary to the plasmonic increase of the decay constant
o, our samples with metal NPs show that o decreases. The
origin of this decrease is related to the electrostatic drift and
inhomogeneous distribution of carriers in the QW. Each NP
is surrounded by a narrow region of width ~y R where the
recombination rates and the IQEs are higher than in the rest
of the QW. While in these regions the e-A pairs recombine
much faster, the nonequilibrium carriers are not exhausted
there due to permanent diffusive flow from the bulk of the
QW. Each carrier drifting towards metallic NP increases
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FIG. 4. (Color online) Time-dependent photoluminescence for
the QW with (solid, red) and without (dashed, black) nanoparticles.
Left vertical axis: Measured time-dependent PL. Right vertical axis:
Numerical simulation of the time evolution of intensity derived
from Eq. (2) using material parameters from the InGaN system.
The excitation modeled as an instantaneous Gaussian laser pulse
at t = 1 ns. Note that the simulation qualitatively reproduces the
apparent increase in decay lifetime observed experimentally. The
simulation diverges from the experimental results due to neglect of
Debye screening and the Stark effect.

its probability to recombine radiatively. The probability of
nonradiative recombination also increases but slower than the
probability of radiative recombination. The further the carrier
is situated from the NP the longer time it drifts before this
probability is realized. Thus, the decay constant « deceases in
the presence of metallic NPs but in the case of the electrostatic
mechanism this decrease cannot be attributed to a decrease
of the recombination rate. The experimentally measured PL
decay follows the time dependence which can be obtained
from the intensity 1(f) o f n.n;, dr. Here the concentrations
are the time-dependent solutions of Eqgs. (2) and (3) where
the pumped density g o §(¢) is the initial concentration of
e-h pairs produced by the femtosecond pulse. The numerical
curve in Fig. 4 qualitatively reproduces the experimentally
observed increase of the PL decay. The observed intensity
enhancement and longer PL decay time occur due to those e-h
pairs which would decay nonradiatively if there would be no
gold NPs.

Strongly inhomogeneous distribution of emitted light over
the surface of the sample is shown in fluorescence lifetime
imaging in Fig. 5. There is significant change in inhomo-
geneity of photoemission between the reference and Au NP
samples. Also the Au NP sample exhibits a strong correlation
between intensity and recombination lifetime, as predicted
by the proposed model. This correlation is, however, entirely
absent in the reference sample. Anomalous increase of the
decay constant has been recently observed in the experiment
with Tamm plasmons.” Most likely this anomaly is due to
electrostatic interaction of the excitons in the GaAs QW with
gold microdisk.

While both plasmonics and the electrostatic mechanisms
have a similar end result—enhancement—they have different
physical origins. Because of their similarity it is important
to point out the following: First, it may be possible to
tailor systems whereby both mechanisms are simultaneously
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FIG. 5. (Color online) (a) Time-resolved PL intensity of the
measured over a 10 x 10 um region of the QW. (b) Decay lifetime
of the same region. (c) Reference system PL intensity over a
10 x 10 um region. (d) Decay lifetime for the reference system. Note
the difference in scale of the inhomogeneity and how a correlation
between intensity and lifetime is only present in the Au/InGaN
system. Specifically the brighter regions are correlated with longer
PL lifetimes.

manifested to further increase the efficiency of light-emitting
devices. Recently, anomalously large enhancements have
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been reported in In/InN?® and Ag/ZnO systems.?’ Since the
geometry in these systems is favorable to strong electrostatic
interaction, we believe that this anomalously large increase
in enhancement may be attributed to the simultaneous mani-
festation of these two mechanisms. Secondly, it is possible
that some effects currently attributed to plasmonics might
instead arise from electrostatics. For example, the plasmonic
mechanism has been invoked to explain enhancement in the
emission of ZnO due to gold NPs?® as well as emission in Si
using silver NPs.? Since in these cases the emitted light does
not match the corresponding resonant frequency, plasmonic
enhancement should be ruled out.

In conclusion, the results here clearly illustrate the existence
of a universal nonresonant mechanism for enhancement of
carrier recombination arising from the interaction of carriers
with their image charges within a metallic NP. The hallmarks
of this effect are increased carrier concentration resulting
in highly localized light emission, increased IQE and decay
PL constant, and saturation at high pump power. The image
charge effect provides a means for enhancing optical emission
in systems where the precise tailoring required by resonant
plasmonic enhancement is not possible.
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