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Infrared-to-visible photon upconversion has potential applications in photovoltaics, sensing, and
bioimaging. We demonstrate a solid-state thin-film device that utilizes sensitized triplet-triplet
exciton annihilation, converting infrared photons absorbed by colloidal lead sulfide nanocrystals
(NCs) into visible photons emitted from a luminescent dopant in rubrene at low incident light
intensities. A typical bilayer device consisting of a monolayer of NCs and a doped film of rubrene
is limited by low infrared absorption in the thin NC film. Here, we augment the bilayer with an
optical spacer layer and a silver-film back reflector, resulting in interference effects that enhance
the optical field and thus the absorption in the NC film. The interference-enhanced device shows
an order-of-magnitude increase in the upconverted emission at the wavelength of k ¼ 610 nm
when excited at k ¼ 980 nm. At incident light intensities above 1.1 W/cm2, the device attains
maximum efficiency, converting (1.6 6 0.2)% of absorbed infrared photons into higher-energy
singlet excitons in rubrene. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4984136]

Infrared-to-visible upconversion devices turn two or more
low-energy infrared photons into a higher-energy visible photon. Such devices could extend the fraction of the solar spectrum usable by a solar cell,1 expand the material choices for
infrared detection and imaging, and aid in deep-tissue bioimaging.2 Notably, infrared-to-visible upconversion can sensitize
silicon to sub-bandgap light, which could lead to enhanced
solar cell performance and relatively inexpensive infrared
imaging arrays. A typical approach to converting infrared into
visible light uses lanthanide ions doped in a bulk3 or nanoparticle2 host matrix, exploiting their multiple ladder-like and longlived excited states.4 The lanthanides, however, have narrow
and relatively weak absorption,4 necessitating high excitation
intensity on the order of 100 W/cm2 to attain efficient upconversion.5,6 Recently, infrared-to-visible upconversion based on
triplet-triplet exciton annihilation (TTA)7,8 sensitized by colloidal nanocrystals (NCs) has been reported in both solutions9
and solid-state films.10 Importantly, the long lifetime of molecular triplets11 and the relatively strong and broadband absorption of the NC sensitizer12 allow for upconversion even when
the incident light is incoherent and of low intensity. TTAbased upconversion reaching an efficiency of (8.4 6 1.0)%
with pump wavelength k ¼ 808 nm and incident light intensity
as low as 3.2 mW/cm2 has been demonstrated in solutions.13
In the solid state, however, state-of-the-art devices require
12 W/cm2 of incident light at k ¼ 808 nm.10 Here, we report an
interference-enhanced thin-film upconversion device that operates efficiently with an excitation intensity of 1.1 W/cm2,
pumped at k ¼ 980 nm.
Our previous work demonstrates a solid-state device that
upconverts from k > 1 lm to k ¼ 610 nm.10 The device consists of a spin-cast monolayer of colloidal lead sulfide (PbS)
NCs capped with oleic acid ligands and an 80 nm-thick thermally evaporated film of rubrene doped with 0.5 vol. % of
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dibenzotetraphenylperiflanthene (DBP); see Fig. 1(a). As
depicted in Fig. 1(b), the NC quantum dots absorb incident
infrared photons and form excitons, which transfer energy to
rubrene molecules, promoting them to excited spin-triplet
states. When two rubrene triplets meet, they can undergo TTA
to form a higher-energy spin-singlet exciton, which then transfers energy to the dopant DBP. Excited DBP molecules relax
to give visible light.
One key limitation in the bilayer solid-state device is that
the NC film has to be kept as thin as one or two monolayers to
maximize the upconverted emission.10 This is likely due to
short exciton diffusion length in PbS NCs capped with long
oleic acid ligands,14 as well as increased re-absorption of visible emission in thicker NC films. As a result, the thin NC film
in the device absorbs less than 0.5% of incident infrared light.
In the present study, we improve the bilayer device by
adopting a device structure similar to a critically coupled resonator,15 in which interference effects lead to increased
infrared absorption in the NC film. On top of the original
bilayer, we deposit a thin layer of tris-(8-hydroxyquinoline)aluminum (AlQ3) and a 100 nm-thick film of silver by
thermal evaporation; see Fig. 1(c). Glass substrates are
cleaned by sequential sonication in 2% detergent solution,
deionized water, and acetone, followed by immersion in
boiling isopropanol. The NC film and the subsequent layers
appear uniform and smooth to the naked eye, although under
an atomic force microscope, the NC film has sites which are
a monolayer higher or lower than the average.10 In addition,
crystallites tend to form in the rubrene film after a few days.
The devices are encapsulated in a nitrogen atmosphere with
two-part epoxy and a piece of cover glass and are characterized under ambient conditions within 24 h.
The AlQ3 film with a wide bandgap of (2.7 6 0.1) eV16
does not absorb the incident light but acts as an optical spacer
layer, separating the reflective silver interface from the optically active layers. The presence of a back reflector, together
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FIG. 1. (a) Solid-state device structure for upconversion consisting of 1–2 monolayers (ML) of PbS nanocrystals (NCs) capped with oleic acid ligands and
80 nm-thick rubrene doped with 0.5 vol. % of DBP. (b) Schematic illustration of upconversion via triplet-triplet annihilation (TTA) sensitized by colloidal PbS
NCs. The process involves absorption of incident infrared light in the NCs, triplet energy transfer to rubrene, TTA in rubrene, singlet energy transfer to DBP,
and emission of visible light from DBP. (c) Interference-enhanced device structure for upconversion. An AlQ3 optical spacer layer and 100 nm-thick silver
rear reflector are added to increase infrared absorption in the NC film.

with the small layer thicknesses compared to the coherence
length of the incident light, results in interference between the
incident and reflected waves. By tuning the thickness of the
AlQ3 layer, one can maximize the optical field at the position
of the active NC film, thereby enhancing absorption of the
incident infrared light. In this work, we use PbS NC thin films
with the lowest-energy exciton absorption peak at k ¼ 960 nm.
The device exhibits upconverted photoluminescence (PL) at
k ¼ 610 nm when pumped at k ¼ 980 nm, as shown in Fig. 2.
The light absorption in our device structures can be
modeled using the transfer matrix method, as has previously
been done for 1-D light propagation and absorption in
organic thin-film solar cells with reflective electrodes.17,18 In
the model, we assume that the device consists of a 10 nmthick layer (2 monolayers) of k ¼ 960 nm PbS NCs on
glass, 80 nm-thick rubrene, varying thicknesses of the AlQ3
layer, and 100 nm of silver. By adjusting the AlQ3 layer
thickness, we can maximize the optical field intensity at the

FIG. 2. Absorption spectrum of a thin film of k ¼ 960 nm PbS nanocrystals
(NCs) and upconverted emission from DBP when the NC-sensitized device
is excited at k ¼ 980 nm. Inset: photograph of an upconverting device glowing under k ¼ 980 nm pump light incident at a shallow angle.

NC layer, therefore enhancing the infrared absorption. The
optical constants used in the model are obtained by spectroscopic ellipsometry on individual films. With excitation at
k ¼ 980 nm and at normal incidence, the optical electric field
intensity at the NC layer is computed to be maximized with
20 nm-thick AlQ3; see Fig. 3(a). Compared to the bilayeronly device, the optimized device structure should increase
the absorption in the NC film by over five times.
Experimentally, we measure the upconverted PL of
interference-enhanced devices sensitized by k ¼ 960 nm NCs
and excited at k ¼ 980 nm; see Fig. 3(b). The PL is collected
from the same side as the incident beam. The results show a
slight deviation from our absorption model: visible emission
is maximized when the AlQ3 spacer layer is 30 nm thick
instead of 20 nm. The optimized device enhances the upconverted PL integrated from k ¼ 550 nm to k ¼ 850 nm by
about 11 times, approximately twice the calculated enhancement in absorption alone; see Fig. 3(a). The factor of two is
partly due to the redirection of the upconverted light that
would otherwise have exited from the back of the device
toward the front face by the silver mirror. In addition to the
slight shift in the optimal spacer thickness, the dependence
of the observed visible emission on the spacer thickness is
more pronounced than that of the modeled absorption and
varies with the emission wavelength, as seen in Fig. 3(b).
These differences can be attributed to changes in the emission pattern and outcoupling efficiency of the visible light in
the rubrene:DBP layer in the presence of a rear silver
reflector.19,20
We then measure the dependence of upconverted PL on
incident light intensity. As shown in Fig. 4, the interferenceenhanced device structure increases the PL integrated from
k ¼ 550 nm to k ¼ 850 nm by an order of magnitude over a
range of incident intensities. Typical for TTA-based upconversion,21 at relatively weak excitation, the upconverted PL
depends quadratically on the incident intensity, when most of
the triplets do not undergo TTA upconversion, but are lost via
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FIG. 4. Dependence of upconverted PL integrated from k ¼ 550 nm to
k ¼ 850 nm on incident light intensity for devices sensitized by k ¼ 960 nm
nanocrystals (NC) excited at k ¼ 980 nm. An interference-enhanced device
(blue) is an order of magnitude brighter than a bilayer device (red) at each
incident power density. The threshold intensity, where the PL dependence
transitions from quadratic to linear, is reduced from 3.3 W/cm2 in the bilayer
to 1.1 W/cm2 in the enhanced device.

FIG. 3. Devices with varying thicknesses of the AlQ3 spacer layer, capped
with a 100 nm-thick silver film. (a) Left y-axis: enhancement of nanocrystal
(NC) absorption at k ¼ 980 nm, normalized to a bilayer device, modeled by
the transfer matrix method at normal incidence. Inset: simulated electric
field intensity profile in a bilayer device and in a device with 20 nm of AlQ3.
Right y-axis: enhancement of upconverted PL, measured for devices sensitized by k ¼ 960 nm NCs pumped at k ¼ 980 nm. The enhancement is calculated by integrating each PL spectrum in (b) from k ¼ 550 nm to k ¼ 850 nm,
and normalizing it to the PL of a bilayer device. Experimentally, upconverted emission is maximized with 30 nm of AlQ3 and is about 11 times
higher than that in a bilayer device.

first-order processes such as conventional non-radiative decay.
The dependence switches to linear at higher incident intensities,
when the triplet density becomes sufficiently high for bimolecular TTA to dominate, leading to maximum upconversion yield.
In other words, the quantum yield increases linearly at low
intensities and plateaus to a maximum value at high intensities.
The intensity at which the upconverted PL becomes linear, and
the yield approaches the maximum, is termed the threshold
intensity. It indicates the minimum incident intensity required
to attain efficient upconversion. Enhanced by interference
effects, the device with 20 nm-thick AlQ3 and a silver back
reflector displays a threshold intensity of 1.1 W/cm2 when
excited at k ¼ 980 nm, one-third of that required for the original
bilayer device and two orders of magnitude lower than typical
lanthanide-based upconverters.5,6

To determine the upconversion efficiency, we measure
the absorption and visible PL of the optimized device in an
integrating sphere at two excitation wavelengths: k ¼ 980 nm
and k ¼ 450 nm. We define the upconversion efficiency
(gUC ) as the fraction of absorbed infrared photons that turn
into higher-energy singlets in rubrene. This is equivalent to
the PL quantum yield of infrared-to-visible upconversion
divided by the PL quantum yield of doped rubrene and multiplied by two to normalize the maximum upconversion quantum efficiency.2,7 This definition of gUC allows us to probe
the combined efficiency of triplet energy transfer and TTA,
isolated from the emission efficiency of the rubrene layer,
which varies with thickness and dopant concentration.
Experimentally, gUC can be determined by
gUC ¼

Pk ¼ 980nm
Lk ¼ 450nm  Ak ¼ 450nm

 2  100%:
Lk ¼ 980nm  Ak ¼ 980nm
Pk ¼ 450nm

The subscripts indicate the pump wavelength. P is the visible
PL intensity measured by a lock-in photodetector at the exit
port of the integrating sphere. L is the number of photons in
the incident laser beam, measured by a calibrated power
meter. A is the absorption in the active material, i.e., NCs at
k ¼ 980 nm and doped rubrene at k ¼ 450 nm. Absorption is
measured by comparing the difference in laser intensity exiting the sphere with and without the sample inside. Parasitic
absorption in the silver layer is accounted for by subtracting
the absorption of a control sample consisting of glass/AlQ3/
silver/glass. For an interference-enhanced device with a
monolayer of k ¼ 960 nm NCs and 80 nm-thick doped
rubrene, absorption in the PbS NC film at pump wavelength
k ¼ 980 nm is (1.5 6 0.2)%, and absorption in the rubrene film
at pump wavelength k ¼ 450 nm is (20 6 1)%. By comparing
the absorption and PL signals at the two excitation wavelengths, we measure an upconversion efficiency of
(1.6 6 0.2)%.
In the absence of a silver reflector, the upconversion
efficiency of a bilayer device sensitized by k ¼ 960 nm NCs
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is gUC ¼ (0.51 6 0.07)% when excited at k ¼ 808 nm.10 The
lower efficiency is partly due to the difference in the emission pattern with a smaller fraction of upconverted light scattered out of the sample when the silver mirror is absent.19
But we also expect that efficiency measurements in the
interference-enhanced structure are less subject to parasitic
losses. The single-pass absorption of a monolayer NC film in
a bilayer device is too low to be measured reliably with the
usual angle of incidence (35 with respect to the normal)
given the noise floor of our integrating sphere setup. To
boost the infrared absorption, a device can be pumped at a
shallow angle with the laser beam landing at the edge of the
glass substrate and traversing the entire sample length,10
increasing the effective path length of light. However, in
such an edge-pumped geometry, the measured absorption
includes parasitic losses such as scattering by the epoxy and
reflection by the edge of the glass substrate out of the sphere.
The value of gUC reported previously10 is thus a lower bound
of the upconversion efficiency. Here, the devices with interference enhancement have increased absorption that can be
measured reliably with the conventional incident angle,
which minimizes parasitic losses by confining as much light
as possible within the sphere. The interference-enhanced
device structure therefore enables more accurate determination of gUC .
In summary, we present a simple, improved device
structure for solid-state infrared-to-visible upconversion sensitized by colloidal NCs. We incorporate an optical spacer
and a silver reflector to optimize interference effects and
achieve improved infrared absorption, enhanced upconverted
PL, and reduced threshold intensity. More sophisticated
reflective structures, such as distributed Bragg reflectors,15
can potentially be used to further boost infrared absorption
and visible emission. This work highlights the benefits of
optical management in solid-state upconverting devices and
brings NC-sensitized infrared-to-visible upconversion a step
closer to integration for photovoltaic, sensing, and imaging
applications.
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