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The complexity of the competition between nonradiative energy transfer and charge transfer is presented in
this work. This study uses ZnO nanocrystals as a donor component and rhodamine B (RhB) dye as an acceptor
component. Investigations reveal that the concentration of intrinsic defects and their localization, particularly
oxygen vacancies, zinc interstitials, and oxygen interstitials, play a vital role in nonradiative energy transfer
from ZnO nanocrystals to RhB dye. Additionally, photoluminescent spectra indicate that ZnO nanocrystals
degrade the emission signals of RhB dye via charge transfer. It is possible that a part of oxygen vacancies
may also contribute to the photocatalytic oxidation of the RhB molecule. The correlation between electron
paramagnetic resonance, photoluminescence, and the RhB emission decay rates indicates two processes that one
may encounter when dealing with semiconductor-dye conjugates. First is a complex energy transfer from ZnO
to RhB indicating a photoluminescent up-conversion and second is a charge transfer from photoexcited intrinsic
defect species in ZnO suppressing the RhB emission signals, which occur together. The defect species involved
in photoluminescent up-conversion in ZnO-+RhB is due to a nonradiative energy transfer from photoexcited zinc
interstitials or doubly charged oxygen vacancies in ZnO to RhB. Additionally, the suppression of RhB emission

occurs due to charge transfer from oxygen vacancies in ZnO.

DOI: 10.1103/PhysRevB.108.L.241401

I. ENERGY TRANSFER AND CHARGE TRANSFER

Forster resonance energy transfer (FRET) involves a
process where a photoexcited donor transfers energy nonra-
diatively to an acceptor fluorophore. The particulars of the
FRET phenomenon are illustrated in Fig. 1. Both donor and
acceptor components emit photons of a selected wavelength
after absorbing photons with energies that correspond to the
electronic structure of the individual components. For FRET
interaction to occur, it is essential that (i) the energy of the
donor emission overlaps with the absorption energy of the
acceptor [illustrated in Fig. 1(a)] and (ii) the donor component
and the acceptor component should be in close proximity to
each other (1-10 nm). When both of these requirements are
fulfilled, photonic energy absorbed by the donor component is
transferred nonradiatively to the acceptor component, result-
ing in a radiative emission from the acceptor component at a
selected wavelength. This phenomenon is an excellent tool to
determine the location of two components and the interaction
or noninteraction between them [as shown in Fig. 1(b), right].

The FRET phenomenon is applied in a wide variety
of devices with a significant maturity in biomedical [1],
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biosensing (as an indicator of successful functionalization
of molecules) [2-5], environmental sciences, signal enhance-
ment in florescence imaging, and surface enhanced Raman
scattering (SERS) [6]. The ability to tag and untag a va-
riety of dye molecules to polar metal oxides such as zinc
oxide (ZnO) leads to various applications in devices such
as photodetectors, photovoltaic energy converters, whispering
gallery mode lasers (lasing upon binding) [7], cell tagging,
intracellular sensing and signaling, imaging, water effluent
degradation [8—14], biocontrolled photonic devices such as
enzyme linked immunosorbent assay (ELISA) [15,16], and
photocatalytic devices. Several wide band-gap metal oxides
are used in making sensor devices that work on FRET. Our
previous set of works cover a wide range of applications and
investigate the localization of intrinsic defect species in ZnO
nanocrystals [17-21]. It is also known that the photocatalytic
activity of metal oxides is influenced by the size, structure,
defects, and dopants in the metal oxides [10]. Although there
are studies that cover the influence of size and morphology on
the photocatalytic activity [14,22-28], few studies present the
competition between FRET and photocatalytic activity [5],
while both activities may be influenced by the localization
and concentration of intrinsic defect species in the donor ZnO
component.

One method to understand the influence of ZnO’s local
electronic structure on FRET and non-FRET is by asking
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FIG. 1. (a) Gray puzzle pieces depict the donor component
and black puzzle pieces represent an acceptor component. FRET
phenomenon occurs only when the energy window of the donor
component’s emission signal (DE) overlaps (highlighted in blue)
with that of the acceptor component (AA). Here DA, DE, AA, and
AE represent energy windows of donor absorption, donor emission,
acceptor absorption, and acceptor emission signals, respectively.
(b) The advantage of FRET is visualized here. By detecting the
wavelength or energy of the emission signals, one can detect inter-
action or noninteraction and the proximity between the donor and
acceptor components. When the acceptor component is away, only
donor emission signals are detected. When the donor and acceptor
components are in close proximity, a signal with a wavelength that
corresponds to the acceptor emission is detected.

the following questions. Does annealing metal oxides in an
oxygen rich atmosphere affect the concentration of defect
species and their localization? Which intrinsic defect species
localize on the surface? Does the intrinsic defect carry along
with it a hole or an electron to enable ease of transfer [17,29]?
Do emission and absorption regions of defects localizing on
the surface of ZnO nanocrystals and the dye molecules over-
lap to enable nonradiative charge transfer [14,30,31]? If yes,
then does the energy from the overlap transfer entirely to the
acceptor, thereby enhancing the emission signal proportion-
ally? Do defect induced charge species take part simul-
taneously in photocatalytic oxidation of the acceptor dye
molecule?

This study intends to provide observational insight into
the questions presented above while presenting quantitative
information on the influence of intrinsic defect species on
photoinduced energy transfer and/or photocatalytic activity.

II. METHODS AND CHARACTERIZATION TECHNIQUES

A. Sample preparation

In this study, zinc nitrate hexahydrate Zn(NO3), - 6H,0,
Alfa Aeser, Germany, ammonium hydroxide (NH,OH, Sigma
Aldrich, Germany), soluble starch powders [(C¢H;9Os),,
Sigma Aldrich, Germany], absolute ethanol (Sigma Aldrich,
Germany), and rhodamine B (C,gH3;CIN,0O3, Merck, Ger-
many) are used. A starch solution is prepared by mixing

5 g of soluble starch to 150 ml deionized water at room
temperature. This solution is stirred for 60 min on a heating
plate. To this starch solution, 0.01 mol Zn(NO3), - 6H,O is
added and stirred at 85 °C for 30 min. The resulting precip-
itate is centrifuged, washed with deionized water, and dried
overnight at 50°C. The obtained powders are calcinated at
100, 200, 300, 400, 500, 600, and 700 °C, respectively, in air
to obtain a variation of ZnO crystalline sizes. A separate dye
solution is prepared by mixing 0.001 M absolute ethanol and
rhodamine B. This dye solution is mixed with ZnO powders
by stirring for 12 h in a dark enclosure.

B. Characterization techniques

X-ray powder diffraction patterns are collected with a
Bruker D8 Advanced Series powder diffractometer (40 kV, 40
mA, CuKe radiation, A = 1.5405 10\) at ambient temperature
in steps of 0.03° in the range 20° < 26 < 80°.

The morphology and size of the ZnO crystals are ob-
tained using a Transmission Electron Microscope (TEM) 912,
Model - Zeiss LEO 912 Omega, instrument with an elec-
tron acceleration voltage of 120 kV. Samples for the TEM
are prepared by evaporating a dilute suspension of particles
onto a carbon-coated copper grid. X-band (9.8 GHz) electron
paramagnetic resonance (EPR) measurements are performed
on Bruker EMX spectrometer using a rectangular TE102
resonator. Every sample is measured at 2 mW microwave
power modulation amplitude and 100 kHz modulation fre-
quency. Data processing is carried out with the software
WIN-EPR (Bruker). Photoluminescence spectra are recorded
with a Perkin-Elmer LS 55 fluorescence spectrometer with
325 nm excitation wavelength and 5 nm excitation and emis-
sion slit width. A pulsed Xenon lamp is used as the excitation
source. To remove spurious emission from the source, a UG
5 filter is used. The UV-VIS spectrum is obtained from a
Shimadzu UV-2450 UV-VIS spectrometer with a measuring
wavelength range 190-900 nm with 0.1 nm resolution at room
temperature. Data processing is carried out with the software
UVPROBE.

III. OBSERVATIONS AND DISCUSSIONS

The x-ray diffractograms of uncalcinated ZnO crystals and
those calcinated at various temperatures (100 °C to 700 °C)
are given in Fig. 2(a). The peaks of the diffraction lines for
all the samples overlap and align with the fingerprint ZnO
wurtzite structure [17]. A small shift in the centers of the
diffraction peaks is observed with change in calcination tem-
perature [shown in Fig. 2(b)]. This shift becomes negligible
for ZnO crystals calcinated at temperatures above 400 °C.
TEM images displayed in Fig. 2(c) show hexagonal platelike
morphology. Images show that the size of the ZnO crystals
ranges from 60 to 150 nm for samples calcinated at 500 °C
and 700 °C.

X-band EPR spectroscopy results for ZnO crystals un-
calcinated and calcinated at temperatures 200 °C to 600 °C
are given in Fig. 2(d). For crystals calcinated at > 600 °C,
a single line at g = 1.96 is observed [32-34]. For ZnO
calcinated at 200°C to 500°C, an additional signal at g =
2.004 is observed, along with the signal at g = 1.96. From
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FIG. 2. (a) X-ray diffraction lines for uncalcinated and calcinated ZnO samples at various temperatures. (b) Relative 2theta shift of x-ray
diffraction (XRD) peaks in comparison to the uncalcinated sample. (c) TEM images for ZnO particles calcinated at 500 °C and 700°C. A
typical hexagonal (trigonal symmetry of ZnO) platelike morphology is observed. (d) EPR spectral lines for ZnO particles calcinated at various
temperatures in comparison to the uncalcinated sample. For crystals calcinated at and above 600 °C, a single sharp line at g = 1.96 is observed.
For ZnO crystals calcinated below 500 °C, a faint signal at g = 2.004 develops. This signal is attributed to the oxygen vacancies (Vo). (€)
Shows the fundamental requirement for FRET to occur, i.e., for a nonradiative energy transfer between ZnO to RhB, the donor (ZnO) emission
signal should overlap (areas shaded gray) with the acceptor (RhB) absorption signal. (f) Photoluminescence (PL) emission lines for ZnO
particles calcinated at 700 °C (in green), 600 °C (in red), and 500 °C (in black) along with the absorption spectra of RhB dye. The area shaded
blue in (f) is the overlap region between ZnO’s emission and RhB absorption signals. The numbers given in the shaded region represent the
area of the overlap region. (g) PL spectra of ZnO and ZnO+RhB at various calcination temperatures. (h) Visualization of quenching of RhB’s
emission signal when ZnO is mixed with RhB. Numbers represent the area under the PL peak. (i) Comparison of the RhB emission signals
with emission signals of RhB+ZnO annealed at 500 °C, 600 °C, and 700 °C. (j) Area under the emission signals of RhB+ZnO (annealed at
various temperatures) that resulted from FRET in comparison to emission signals of just ZnO at the same energy window. (k) PL areas that
represent electron transfers.
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previous studies, the signal at g = 1.96 is attributed to intrinsic
defects such as Zn vacancies (Vz,), whereas the signal at
g =2.004 is attributed to the oxygen vacancies (Vg) that
localize on the surface or shell of the particle [17,20,21,35].
For this reason, from here on, the EPR line at g = 1.96 is
called the core signal, and the line at g = 2.004 is called a
shell signal. TEM images show that samples calcinated at
500 °C have a distribution of nanocrystals (50-100 nm) lead-
ing to a prominent shell signal in EPR, whereas the samples
calcinated at 600 °C and above,have a larger distribution of
particles in the range 100-150 nm, leading to an individual
core EPR signal. The area under the integrated line of each
EPR signal gives a direct estimate of the concentration of
the defects being observed. The concentration of core (C)
defects for the ZnO crystal calcinated at 200, 400, 500, 600,
and 700 is CQ()Q =1.7x 105, C4()0 =4.1x 105, C500 =14x
10°, Ceoo = 1.1 x 10°, and Cr00 = 1.7 % 10°, respectively,
and the concentration of shell (S) defects is Sypp = 1.3 x 10°,
S400 =2.6x 106, S5oo =18 x 105, and SGOO = negligible.
Hence, annealing ZnO crystals at higher temperatures in an
ambient atmosphere leads to less or negligible Vo defect
species.

A detailed investigation on photoluminescence (PL) emis-
sion signals and their relation to intrinsic defect species is
covered in our previous work [17]. The green (in the A = 520
nm or 2.38 eV region) PL signal is attributed to Vg [36].
Figure 2(e) shows the overlap (highlighted in gray) between
ZnO emission and rhodamine B dye (RhB) absorption (the
plot is given for ZnO annealed at 500 °C), which is essential
for FRET to occur. Figure 2(e) also shows RhB emission
signal range. Figure 2(f) shows the PL emission for samples of
ZnO (annealed at 500 °C in black, 600 °C in red, and 700 °C
in blue). The region shaded in blue in Fig. 2(f) shows the
overlap integral between ZnO PL emission signals and RhB
absorption spectra. The area (Agﬁgﬂﬁp) for ZnO nanocrystals

is Agggrlap = 22.6, Agggﬂap =41.2, and Azggrlap =42.2. These
results show that ZnO nanocrystals with a higher concentra-
tion of shell defects (annealed at 500 °C) has a smaller overlap
when compared to those with a lower concentration of shell
defects (ZnO annealed at 600 °C and 700 °C).

At this point, it is necessary for any study claiming to
have a FRET phenomenon involved to refer to the analy-
sis conducted by Moroz et al. [5]. Moroz et al. state that
(i) most studies presenting FRET efficiency analyze the PL
intensity of the donor before and after tagging it to the ac-
ceptor. This PL intensity difference is used to quantitatively
estimate the nonradiative photoinduced energy that is trans-
ferred from the donor to acceptor. (ii) However, one must not
rule out the non-FRET contributions, such as electron transfer
or exciton mediated transfer. To detect non-FRET contribu-
tions, one should monitor the change in the total charge of
donor and acceptor components during photoexcitation [5].

The current study intends to assess the contribution de-
fect localization in the donor component on the emission
signals of the donor + acceptor component. This study
uses the following steps to assess FRET and non-FRET
contributions. (i) Using the spin-counting method on EPR
spectra, one can extract information about defect local-
ization and, indirectly, the charge profile of the ZnO

nanocrystals. (ii)) The PL spectra of the donor and
donor+acceptor provide information about emission signal
regions that are either suppressed or enhanced. (iii) For
non-FRET-based electron transfers, a correlation between the
charge profile and suppressed PL emission signals should be
observed. For FRET-based energy transfer, the PL emission
signals for donor+acceptor should show an enhancement in
certain selected regions when compared to just donor emis-
sion signals.

Figure 2(g) compares the emission signals of ZnO
nanocrystals and those that are mixed with RhB. The first
observation is a stark suppression of the emission signals
above 450 nm for ZnO + RhB crystals. The second obser-
vation would be an enhanced emission signal for ZnO + RhB
samples starting at ~402 nm and ending at ~450 nm when
compared to ZnO nanocrystals. Figure 2(h) shows that the PL.
intensities of the RhB emission signals are drastically reduced
and emissions above 580 nm are null when RhB is mixed with
ZnO nanocrystals calcinated at 500 °C. Comparison of the
areas under the PL spectra for this region is given in Fig. 2(i).
The area under the emission spectra of the RhB dye molecule
is Agng = 51.93. The areas A;%‘iRhB of the PL spectral lines
for ZnO+RhB are A%%%+RhB = 6.51, A%%%+RhB =12.14, and
A rup = 11.42. From Fig. 2(h), it is clear that the RhB
emission signal is both attenuated and certain wavelengths
(=580 nm) are completely blocked. A suppression of the
PL signal for the ZnO+RhB composite in the range 480 <
A > 620 nm is representative of the concentration of RhB
molecules that is oxidized due to charge transfer between
the ZnO nanocrystals and RhB molecules. Furthermore, the
area under the PL spectra for ZnO nanocrystals is compared
with the PL spectra of the ZnO+RhB composite in the 405 to
450 nm region. An enhancement in the emission signals of the
ZnO+RhB when compared to native ZnO or RhB’s emission
signals is considered FRET [FRET regions are highlighted
in Fig. 2(g)] and the suppression of the PL signals may be
considered as charge transfer from ZnO to RhB molecules.

This study reveals the complexity of FRET and non-FRET
phenomena in such donor-acceptor composites. Addition-
ally, FRET-based emission in the region 405-450 nm [as
shown in Fig. 2(g)] can be attributed to features observed
in sensitizer-emitter complexes where PL up-conversion oc-
curs. Two possible photon up-conversion mechanisms such
as (a) energy transfer up-conversion and (b) triplet-triplet
annihilation up-conversion may occur either individually or
simultaneously in RhB-ZnO complexes after initial excita-
tion. The photon up-conversion may also include a vibrational
relaxation or internal conversion between the energy levels
attributed to intrinsic defect species, that is, from the conduc-
tion band to VOO/ ++, Zn;, and Oj energy states inside the band
gap, after which an intersystem crossing between the defect
species and RhB may occur [37,38].

Two bar charts, one showing the area under the PL
signals that indicate FRET [Fig. 2(j)] and the other show-
ing non-FRET charge transfer [Fig. 2(k)] are given. ZnO
nanocrystals annealed at 500°C and 600 °C show quanti-
tatively similar FRET phenomena. ZnO+RhB annealed at
500 °C enhance the emission signals in the 405 < A > 455
nm region by a greater extent than ZnO+RhB annealed
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at 600°C, as shown in Fig. 2(j). ZnO+RhB annealed at
700 °C shows a very bleak PL signal enhancement [Fig. 2(j)],
but the same sample shows a larger suppression of the
PL signal [ZnO+RhB at 700°C in Fig. 2(k)], indicating

that charge transfer dominates FRET in this sample. The
anneal.temp. __ ( AFRET _ AFRET

values gy = (Azno+rnB ~ A7Zn0 )/A%‘;le(;]i[l){hBemission are
nper = 0.33, néX. = 0.16, and n/o; = 0.07. One must
note that the definition of n here is not the usual FRET
efficiency. The numerator gives a value that indicates the en-
hancement of the PL in a range of wavelengths where FRET is
observed. The denominator is the area of overlap between the
PL emission of ZnO and the absorption signals of RhB, which
gives an estimate of the total energy transferred for FRET to
occur in an ideal scenario. Its seems that ZnO nanocrystals
annealed at 500 °C has the highest FRET efficiency compared
to those annealed at other temperatures. Additionally, a higher
green PL signal (520-540 nm) in ZnO nanocrystals correlates
to the attenuation of all the PL signals above 455 nm when
ZnO nanocrystals are mixed with RhB [see the PL intensities
in Fig. 2(g) and look at the non-FRET bar chart in Fig. 2(k)].
This shows that the green PL signal, which is attributed to Vo
defect species in ZnO [17], is responsible for electron transfer
between the ZnO nanocrystal and RhB molecule. It is possible
that photoexcitation from Vg to the conduction band or from
Vo to a shallow defect center Zn; may generate electron-hole
pairs. These photogenerated holes (h*) may promote direct
or OH™ radial mediated photocatalytic oxidation of RhB dye
molecules. Previous studies showed that the concentration of
the defects, dissolution of ZnO + RhB in liquid media, and
the light excitation wavelength and intensity will affect the
attenuation of the dye emission signal [5,39—41].

Since we have information on the amount of defect species
for ZnO nanocrystals from EPR, a correlation between the
defect species and non-FRET dye signal quenching could
be made. ZnO nanocrystals annealed at temperatures above
500 °C showed no prominent shell signal. However, the dye
emission signals showed greater suppression for ZnO+RhB
samples where ZnO nanocrystals are annealed at temperatures
600 °C and 700 °C.

On the other hand, Beane et al. showed FRET from a
defect state, unlike most studies which show a transfer of
excitonic energy between ZnO and A594 cadaverine, and
proved that only surface adsorbed dyes can actively quench

the defect emission signals [42]. Additionally, there are
studies that indulge in understanding the charge transmission
and charge transfer by polaron hopping where the rate of
transfer depends on the media (such as orientation, symmetry,
and media-molecule interaction) [29,43,44]. Hence this study
cannot draw conclusions about the origin behind FRET and
non-FRET with certainty. This study, however, shows that
there can be a competition between FRET and charge transfer
in semiconductor nanoparticles and dye conjugates.

Ideally, if only the FRET phenomenon occurs, photoexci-
tation from the band edge should trigger an energy transfer
from the trapped state or from the defect states of ZnO
to RhB, increasing the acceptor emission signal and conse-
quently quenching the donor’s emission signal. However, in
cases where there is a competition between FRET and electron
transfer, a successful transfer of energy might not result in
a strong acceptor emission signal, rather a quenching of the
defect state responsible for FRET is observed along with
the suppression of the dye emission signal. If the energies
of the defect state in ZnO responsible for FRET and the
energy of the dye’s emission signal have a small difference,
a convoluted signal is obtained. Additionally, looking at the
regions highlighted in the PL spectra [Fig. 2(g)], there is
a possibility that novel emissions may arise due to energy
transfer that do not correspond to the native emissions of the
acceptor or donor. This study raises the following questions:
To what do these low-energy emission signals that seem to
arise from energy transfer correspond to? When amount of
quenching of the donor emission signal does not correspond to
the enhancement of the emission signals resulting from FRET,
what happens to the energy that is transferred?
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