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Efficient energy transfer from InGaN quantum wells to
Ag nanoparticles
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Nonradiative energy transfer from an InGaN quantum well to Ag nanoparticles is unambiguously

demonstrated by the time-resolved photoluminescence. The distance dependence of the energy

transfer rate is found to be proportional to 1/d3, in good agreement with the prediction of the dipole

interaction calculated from the Joule losses in acceptors. The maximum energy-transfer efficiency of this

energy transfer system can be as high as 83%.

1. Introduction

Förster resonance energy transfer (FRET), in which a fluorescent
donor transfers energy via nonradiative dipole–dipole inter-
action to a fluorescent or nonfluorescent acceptor, has been
of great interest over the past decades.1,2 FRET occurs when
there is appreciable overlap between the emission spectra of
donors and the absorption spectra of acceptors, and its effi-
ciency strongly depends on the distance of separation between
donors and acceptors. Further, there is a strong dependence on
spatial orientation of the involved dipoles in FRET. No FRET is
expected in a configuration where the dipole moment of a
donor is perpendicular to that of an acceptor. FRET has
extensive applications in biomedical systems, materials science,
and optoelectronics.3–5 However, the application of FRET some-
times suffers from the nature of the dipole–dipole mechanism,
which restricts the distance between donors and acceptors on
the order of B10 nm. Beyond this distance, the energy transfer
becomes too weak. An alternative energy transfer involving
fluorophores near metal nanoparticles (NPs) has also been
found to exhibit a FRET-like process.6–8 The nonradiative

transition due to energy transfer between fluorophores and
metal NPs leads to a strong fluorescence quenching at a close
proximity to the surface, referred to as the nanometal surface
energy transfer (NSET).6–8 NSET does not require a resonant
electronic transition, which is fundamental to a FRET. Rather,
it is associated with the interaction of the electromagnetic field
of the donor dipole with the delocalized conduction electrons
of the metal NP (acceptor). Factors affecting NSET include the
physical and chemical characteristics of the fluorophores and
metal NPs. NSET has been considerably studied because this
technique is capable of measuring distance about twice as
far as FRET, which help to understand the large scale con-
formational dynamics of complex biomolecules and to detect
inorganic metal ions, viruses, and proteins.9

Recently, the development of donors and acceptors has
focused on the use of nanomaterials as novel donors. Quantum
dots, which provide remarkable optical properties, have been
explored as the energy donors and a variety of quantum-dot-
based energy-transfer sensors with high sensitivity have been
implemented.10–13 On the other hand, the semiconductor
quantum wells (QWs) can also substitute for traditional organic
fluorophores as the alternative energy donors.14,15 Because of
their size-tunable optical properties and excellent resistance to
photobleaching and blinking, QWs are expected to be efficient
donors in the energy transfer system. This suggests that QWs
and metal NPs could provide good donor–acceptor pairs. The
QW-based energy transfer is further motivated by the potential
of incorporating it into on-chip nanostructures for applications
in optoelectronic and biophotonic devices. In this study, we
propose an energy-transfer system, in which the InGaN QW acts
as the donor, the Ag NPs act as the acceptor, and the GaN cap
layer acts as the spacer between the QW and the Ag NPs (Fig. 1(a)).
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Such energy transfer was investigated by the time-resolved
photoluminescence (PL). Distance-dependent interactions of
InGaN QWs with Ag NPs were studied to analyze the mecha-
nism of energy transfer processes. A theoretical model based on
the Joule loss of the electromagnetic field in the Ag NPs was
used to calculate the energy transfer rate and the energy
transfer efficiency. This new type of energy transfer could pave
a way toward its potential applications for the development of
nanosensors.

2. Experimental section

The donor used for the present study is a single InGaN/GaN QW
structure grown by metal–organic chemical vapor deposition
on a single-side polished (0001)-oriented sapphire substrate.
After a 2 mm thick GaN buffer layer, a single InGaN QW layer
with a thickness of 2 nm was grown on the substrate. The
growth was terminated by the GaN cap layer with four different
thicknesses to control the separation between donors and
acceptors. At room temperature, the energy gap of the GaN
cap layer was found to be as high as 3.452 eV.16 Thus, the GaN
cap layer cannot absorb the light emitted from the InGaN QW
(photon energy = 3.062 eV), and it can thus act as a spacer
between donors and acceptors. The cap-layer thicknesses of
four samples used in this study were 2, 4, 6, and 8 nm. The
acceptor in this study was the Ag NP with a citrate-stabilized
surface at concentrations of 0.02 mg mL�1, which was pur-
chased from Sigma-Aldrich. To determine the size of Ag NPs,
transmission electron microscope (TEM) measurements were
performed. Fig. 1(b) shows the TEM image of the Ag NPs
formed from droplets of the colloidal solution. The histograms
of particle size distribution obtained by counting about
100 particles in the TEM images are shown in Fig. 1(c). The
Ag NPs investigated are roughly uniform in size. The diameter size
distribution was fitted to the Gaussian shape, which is shown by
the solid line in Fig. 1(c). The average size of Ag NPs was found to
be 40 � 3 nm from the fit of the corresponding Gaussian shape.

To perform the energy transfer experiment, the Ag NPs were
incorporated on the top of the QW cap layer by the drop-casting
method upon evaporation of the solvent. Fig. 1(d) shows the
scanning electron microscope (SEM) image of Ag NPs on the
surface of the investigated InGaN QW. Basically, the Ag NPs are
uniformly dispersed without aggregation.

The steady-state and time-resolved PL of the InGaN QW was
measured at room temperature. A pulsed laser with a wave-
length of 260 nm, a repetition frequency of 20 MHz, and a
duration of 250 fs was used as the excitation source. The
collected luminescence from the surface of the InGaN QW
was projected into a spectrometer and detected using a high-
speed photomultiplier tube (PMT). Time-resolved PL was per-
formed using the technique of time-correlated single-photon
counting (TCSPC). The instrument response of the time-correlated
single photon counting system is about 250 ps.

3. Results and discussion

The open circles in Fig. 2 show the optical absorption spectrum
of the Ag NPs. A strong absorption band due to surface plasmon
resonance was observed at around 410 nm. This optical absorp-
tion can be fitted to obtain the dielectric constant of Ag NPs (e),
which will be used later. According to Drude free electron
theory and the Lorentz oscillator model, e can be represented
by an analytic function:17

e ¼ 1� op
2

o2 þ igo
þ a

o0
2 � o2 � iGo

þ e1; (1)

where op is the plasma frequency, g is the damping constant of
plasma, a is the amplitude of interband transitions, G is the
broadening term of interband transitions, o0 is the resonance
energy of interband transitions, and eN is the dielectric con-
stant at high frequencies compared to interband transitions.
The dielectric function of the conduction electrons is repre-
sented by the first two terms, while the interband and all other
non-Drude contributions are expressed by the last two terms.
With op = 9.868 eV, g = 0.395 eV, o0 = 4.429 eV, a = 4.9 e2 V2,
G = 0.658 eV, and eN = 2.3, the fits according to eqn (1) are
displayed as the dashed line in Fig. 2. The fitted result is in

Fig. 1 (a) Schematic representation of the energy transfer system. The energy
transfer from a quantum well (QW) to Ag nanoparticles (NPs) is marked by the
dashed arrows. (b) A transmission electron microscopy (TEM) image of Ag NPs.
(c) Particle size distribution obtained from TEM. The curve shows a Gaussian fit to
the histograms. (d) A scanning electron microscopy image of Ag NPs on the
surface of the QW.

Fig. 2 Absorption spectrum of Ag NPs (open circles) and photoluminescence
spectrum of the InGaN QW (solid line). The dashed line is the fitted curve
using eqn (1).
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good agreement with the measured optical absorption. This fit
produces a value of e = �3.6 + 1.06i for Ag NPs at the resonance
wavelength.

The solid line in Fig. 2 shows the PL spectrum of the InGaN
QW with a cap thickness of 2 nm. The PL reveals a narrow PL
band that peaks at around 405 nm. This wavelength is close to
the spectral range of strong absorption (surface plasmon reso-
nance) for Ag NPs, which allows strong coupling between the
InGaN QW and the Ag NP. Thus, a pronounced spectral overlap
between donor emission and acceptor absorption occurs.
On the other hand, in the QW-based system, the donor’s dipole
moment is oriented in the direction of the QW plane and the
acceptor’s dipole moment has a random orientation.18 With
the above conditions and the proximal distance between the
InGaN QW and the Ag NPs, the energy transfer in our system
can be feasible.

To demonstrate the energy transfer between QWs and NPs,
the PL decays of the bare QW and the hybrid structure
(i.e., QWs plus NPs) were measured. If the energy transfer is
mediated through a nonradiative process, a decrease in the
donor lifetime should be observed. Fig. 3 shows the PL decay
curves of QWs without (open circles) and with (open triangles)
the Ag NPs for four QWs with different cap thicknesses.
Evidently, the presence of Ag NPs in all samples accelerates
the QW PL decay, in agreement with the behavior of energy
transfer from donors to acceptors. The PL decay of the InGaN
QW is expected to be characterized by a distribution of lifetimes
owing to the presence of spatial disorder or/and phase separa-
tion in InGaN materials. All the PL decay curves in Fig. 3 were
thus fitted by the stretched exponential function:19

nðtÞ ¼ nð0Þe�ðktÞ
b

(2)

where n(t) are carrier densities in donors and k is the decay rate
of carriers in donors and b is a dispersive exponent. The solid
lines in Fig. 3 show the fitted curves using eqn (2), consistent
with the experimental data. In the stretched exponential func-
tion the average decay time is calculated as follows:20

th i ¼ 1

kb
G

1

b

� �
; (3)

where G is the mathematical gamma function.

According to the optical properties of QWs, the PL decay rate
of the bare InGaN QW can be expressed as

tQW
�1 ¼ tR�1 þ tNR

�1; (4)

where tQW and tNR represent the radiative and nonradiative
decay time of the bare QW, respectively. After introducing
Ag NPs, the PL decay of the QW can be described by the
following equation:

thybrid�1 ¼ tR�1 þ tNR
�1 þ tET�1 (5)

where tET represents the characteristic time of the energy
transfer process. In Fig. 3, reduction of the QW lifetime after
introducing the Ag NPs confirms the presence of an additional
decay channel that we have previously assigned to energy
transfer. The corresponding energy transfer rate can then be
determined from thybird

�1 � tQW
�1. The open circles in Fig. 4

display the experimental energy transfer rate (KET) for the
samples with four different cap thicknesses. Obviously, the
energy transfer rate decreases monotonically with an increase
in the cap thickness of InGaN QWs.

The energy transfer mechanism is strongly dependent on
whether the electronic excitations are unbound carriers (free
electrons and holes) or Coulombically bound electron–hole
pairs (excitons).14,15 For unbound carriers, the calculation of
the dipole–dipole interaction expects an energy transfer rate
that depends linearly on the carrier density.14 For excitons, the
energy transfer rate is independent of the density of excitons.
Therefore, it is necessary to determine the type of electronic
excitations in the QW before analyzing the energy transfer in
our system. The excitation-density dependence of PL in the bare
QW has been measured to find out the type of carrier. The open
circles in Fig. 5 show the dependence of the PL intensity of
InGaN QWs on excitation density. A least square fit of the
experimental data is displayed as the solid line in Fig. 5,
revealing a slope value of 1.9. Such linear scaling suggests that
the carriers in our InGaN QW are in the form of unbound
electrons and holes, indicating that the energy transfer rate
should also scale linearly with carrier density.15

The energy transfer rate from InGaN QWs to Ag NPs
was calculated based on a semiclassical approach, which con-
siders a microscopic quantum well model with a macroscopic

Fig. 3 The PL decay profiles of the InGaN QW in the absence (open circles) and
presence (open triangles) of Ag NPs with a cap thickness of (a) 2 nm, (b) 4 nm,
(c) 6 nm, and (d) 8 nm. The solid lines are the fitted curves using eqn (2).

Fig. 4 The dependence of the measured energy transfer rate on the cap
thickness (open circles). The solid line is the fit curve using eqn (6).
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electrodynamical description.14 In this model, the nonradiative
energy transfer rate due to the dipole–dipole interaction can be
calculated from the Joule losses of the electromagnetic field in
the acceptor materials.14 These are produced by the penetration
into the acceptors of the electric field generated by the polari-
zation of the QW excitations, which is proportional to the
imaginary part of the dielectric function in acceptors. According
to the model in ref. 14, we can estimate the energy transfer rate
KET taking into consideration the unbound carriers by the
following expression:

KET Lbð Þ ¼ A
nenh

h

Ime

eþ ebj j2
dvcj j2LT

2

Lb
3

; (6)

where A is a numerical factor, ne (nh) is the two-dimensional
electron (hole) densities in the system, h is the Planck constant,
dvc is the electric dipole transition moment, eb is the semi-
conductor background dielectric constant, and Lb is the cap
thickness. LT is the thermal length and defined by14

LT
2 ¼ �h2

2 me þmhð ÞT ; (7)

where me and mh are the effective mass of electrons and holes
in the QW, respectively.

By taking eb = 6.25, e = �3.6 + 1.06i, ne = nh = 3 � 1012 cm�2,
A B 1.23, me = 0.2m0, mh = 0.8m0, T = 300 K, and dvc = 14 Debye,
we can obtain the energy transfer rate as a function of the cap
thickness. The solid line in Fig. 4 shows the curve of the calculated
energy transfer rate according to eqn (6) and (7). It can be seen
that the calculated results agree with the experimental data. This
indicates that the energy transfer from the InGaN QW to the
Ag NC can be explained by the above model. For the 2 nm-cap
sample, the calculation deviates from the experimental result.
This discrepancy probably originates from the monolayer thick-
ness fluctuations in that sample, leading to local carrier accumu-
lation and affecting the energy transfer rate.21

The energy-transfer efficiency is the fraction of the photons
absorbed by the donor that are transferred to the acceptor and
can be described by

FET ¼
KET

tQW
�1 þ KET

: (8)

Taking tET = 1.6 ns, the experimental energy-transfer efficiency
for four samples can thus be obtained, displayed as the open

circles in Fig. 6. A descending trend of the energy-transfer
efficiency was observed as the cap thickness increases. The
maximum energy transfer efficiency obtained from experiment
is as high as 83% for the InGaN QW with a cap thickness of
2 nm. The high energy transfer efficiency in this system
indicates a higher signal-to-background ratio and thus better
sensitivity and a greater dynamic range for the applicability in
biological sensing. The theoretical plot of the energy transfer
efficiency as a function of the cap thickness was also estimated
using eqn (6)–(8), displayed as the solid line in Fig. 6. This
theoretical modeling fits quite well with measured data.

For the interaction between fluorophores and proximal
metal nanoparticles, an alternative model NEST, which
describes that the energy transfer efficiency has a distance
dependence of 1/d4, has been reported.6,10,22 In order to check
whether the mechanism of energy transfer in our system is
NSET, the energy transfer efficiency of NEST was calculated.
The empirical distance dependence of the energy transfer
efficiency in NEST can be expressed as:22

FNEST ¼
1

1þ d=d0ð Þ4
; (9)

where d is the distance between donors and acceptors and d0 is
the donor-to-acceptor distance at which the energy transfer
efficiency is 50%. With d0 = 4.4 nm, the fit according to eqn (9)
is displayed as a dashed line in Fig. 6. It is found that the model
based on the Joule losses in acceptors provides a better fit to the
data than NSET. This implies that the energy transfer efficiency
in our system follows a 1/d3 distance dependence since the
energy transfer rate in eqn (6) is proportional to Lb

�3. The 1/d3

distance dependence has also been reported for the energy
transfer from a two-dimensional donor layer to a three-
dimensional array of acceptors.23 In the NSET mechanism,
the interaction between a donor and an acceptor corresponds
to a point dipole and an infinite metal surface, respectively.
In the present case, the donor is a two-dimensional QW, not a
point dipole. Thus, NSET may have the deviation for describing
the energy transfer between QWs and proximal Ag NPs. How-
ever, we cannot completely rule out the possibility that NSET
contributes to the energy transfer in our system. According to
the result in Fig. 6, the NSET model can roughly explain the
distance dependence of the energy transfer efficiency.

Fig. 5 The dependence of the PL intensity in the InGaN QW on excitation
density. The nearly quadratic dependence reveals that recombination is domi-
nated by unbound electron–hole pairs. Fig. 6 The dependence of the measured energy transfer efficiency on the cap

thickness (open circles). The solid and dashed lines are the fit curves using eqn (8)
and (9), respectively.
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4. Conclusions

We have demonstrated an energy transfer from InGaN QWs to
Ag NPs by observing a shortening of the PL decay time for the
InGaN QW in the presence of Ag NPs. Upon increasing the
separation between QWs and NPs, the energy transfer rate and
efficiency decrease rapidly, following a 1/d3 distance depen-
dence. These results are well matched with the electrodynamics
model by considering the dipole–dipole interaction calculated
from the Joule losses in the acceptor. The transfer efficiency
obtained from the time-resolved PL is as high as 83% for the
QW with a cap thickness of 2 nm. Such highly efficient energy
transfer may be promising for developing sensing applications.
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