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Harnessing Near-Infrared Light via S0 to T1 Sensitizer Excitation in 
a Molecular Photon Upconversion Solar Cell 
Drake Beery,†a Ashley Arcidiacono, †a Jonathan P. Wheeler,a Jiaqi Chena and Kenneth Hanson*a

Integrating molecular photon upconversion via triplet-triplet annihilation (TTA-UC) directly into a solar cell offers a means 
of harnessing sub-bandgap, near infrared (NIR) photons and surpassing the Shockley-Quessier limit. However, all integrated 
TTA-UC solar cells to date only harness visible light. Here, we incorporate an osmium polypyridal complex (Os) as the triplet 
sensitizer in a metal ion linked multilayer photoanode that is capable of harnessing NIR light via S0 to T1* excitation, triple 
energy transfer to a phosphonated bis(9,10-diphenylethynyl)anthracene annihilator (A), TTA-UC, and electron injection into 
TiO2 from the upcoverted state. The TiO2-A-Zn-Os devices have five-fold higher photocurrent (~3.5 μA cm-2) than the sum of 
its parts. IPCE data and excitation intensity dependent measurements indicate that the NIR photons are harvesed through a 
TTA-UC mechanism. Transient absorption spectroscopy is used to show that the low photocurrent, as compared to visible 
light harnessing TTA-UC solar cells, can be atributed to: (1) slow sensitizer to annihilator triplet energy transfer, (2) a low 
injection yield for the annihilator, and (3)  fast back energy transfer from the upconverted state to the sensitizer. Regardless, 
these results serve as a proof-of-concept that NIR photons can be harnessed via an S0 to T1* sensitizer excited, integrated 
TTA-UC solar cell and that further improvements can readily be made by remedying the performance limiting processes 
noted above. 

Introduction
Solar energy conversion is a critical approach for meeting ever 
growing energy demands and mitigating the effects of 
anthropomorphic climate change. Consequently, there is a 
continuing push to reduce costs and increase solar cell 
efficiencies. Accounting for the optimum balance between 
thermalization, transmission, and other losses, the maximum 
theoretical efficiency for a single-junction solar cell is ~33% 
(a.k.a., the Shockley-Quessier limit.1 A promising strategy to 
surpass this limit is to harness the transmitted, low energy 
photons using photon upconversion via triplet-triplet 
annihilation (TTA-UC).2 TTA-UC combines two, low energy 
photons to generate one higher energy excited state and can be 
achieved even under low intensity, non-coherent irradiation.3 
Theoretical analyses indicate that if harnessed in a solar cell 
TTA-UC could increase the maximum efficiency limit to >43%.4 

TTA-UC can be harnessed in a solar cell using either 
optically5-9 or electronically coupled schemes.10-17 The latter 
relies on incorporating sensitizer and annihilator molecules 
directly into the solar cell and has achieved photocurrent 
enhancements up to 0.315 mA cm-2.18 While a promising proof 
of concept, all electronically coupled TTA-UC solar cells to date 
absorb visible light (i.e., <700 nm). To maximize the utility of 
TTA-UC, it is necessary to upconvert and harness near infrared 

(NIR) photons (i.e., >700 nm).4 It has been estimated that 
upconverting photons from 800-1000 nm and harnessing them 
at a 20% photon to current efficiency could increase the short 
circuit current (Jsc) and power conversion efficiencies (PCE) of 
record solar cells by ∼2.5 mA and ∼2 percentage points, 
respectively.19

Near infrared to visible TTA-UC requires the appropriate 
annihilator and sensitizer pair with the latter absorbing at >700 
nm.20-22 Molecules that exhibit direct S0 to T1* excitation are 
particularly intriguing as sensitizers because they not only 
exhibit low energy absorption but also circumvent energy losses 
associated with intersystem crossing from S1* to T1*.20 Although 
a spin forbidding process, S0 to T1* absorption is common in 
osmium(II) containing polypyridyl complexes which has been 
applied as a sensitizer in both dye-sensitized solar cells 
(DSSCs),23, 24 and TTA-UC.25-27 One fundamental limitation with 
these sensitizers is that the same heavy atom effect that 
enables the S0 to T1* transition also results in a relatively short 
triplet excited state lifetime, typically <10 ns, that hinders 
diffusion limited triplet energy transfer necessary for TTA-UC.  

Here we incorporate NIR absorbing Os(II) complexes into 
metal oxide bound, metal ion linked molecular multilayers28-30 
with the goal of overcoming diffusion limited triplet energy 
transfer dynamics and generating an integrated TTA-UC solar 
cell. The device architecture and energetics are depicted in 
Figure 1. The photoanode is composed of mesoporous TiO2, a 
phosphonated annihilator molecule (A), a zinc linking ion, and 
carboxylated osimum(II) polypyridyl sensitizers (Os). As shown 
in Figure 1, the proposed mechanism is S0 to T1* absorption by 
Os, 3Os* to A triplet energy transfer (kTET), TTA, and electron 
injection from 1A* (kinj). Herein we show that device 
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measurements support a TTA-UC photocurrent generation 
mechanism, but the performance (~3.5 μA cm-2) is lower than 
previous integrated TTA-UC solar cells. Using time-resolved 
spectroscopy we demonstrate that the low performance can be 
attributed to a combination of slow TET and low electron 
injection yield due to competitive back energy transfer from 1A* 
to Os. 

Figure 1. Integrated TTA-UC solar cell architecture with 
energetics and dynamics as well as the structure of A and Os. 
(kinj = electron injection, TTA = second order rate constant for 
TTA, kTET = triplet energy transfer, keT = electron transfer, and 
kregen = regeneration rate constants). 

Experimental Section
Materials and Methods

Zinc acetate dihydrate (Alfa Aesar), 1-butyl-3-
methylimidazolium (Sigma-Aldrich), iodine (Sigma-Aldrich), 4-
tert-butylpyridine (Sigma-Aldrich), H2PtCl6 (Alfa Aesar), and 
polyethylene glycol bisphenol A epichlorohydrin copolymer 
(Sigma-Aldrich) were purchased from their respective suppliers, 
in parenthesis, and used as received. ((anthracene-9,10-
diylbis(ethyne-2,1-diyl))bis(4,1-phenylene))bis(phosphonic 
acid) (A), [Os(H3tcterpy)(bpy)Cl]PF6 (Os),23 triphenyl-4,4'-
diphosphonic acid (B),31 and TiO2/ZrO2 sol-gels32 were 
synthesized according to previous procedures with any 
modifications described in the supporting information. All other 
reagents and solvents (analytical reagent grade) were 
purchased and used without further purification from Sigma-
Aldrich. Fluorine-doped tin oxide (FTO) coated glass (sheet 
resistance 15  □-1) was purchased from Hartford Glass Co. 
Meltonix film (1170-25) and Vac’n Fill Syringe (65209) were 
purchased from Solaronix. Micro glass cover slides (18  18 mm) 
were obtained from VWR.

Device Assembly

TiO2 films were cast using the doctor blade method (3M 
ScotchTM tape) onto a FTO-glass substrate then sintered in an 
oven at 500 C for 15 min.10 The resulting films were then 
immersed into a 1 mM or 200 M solution of A or B, 
respectively in DMSO for 48 hours then rinsed with methanol 
and dried under a stream of air. Next, the films were immersed 
into a 0.5 M solution of Zn(CH3COO)2 in MeOH for 3 hours then 
rinsed with MeOH and dried. Following this, the films were 

immersed in a 1 mM solution of Os in a 1:1 mixture of tert-
butanol and MeCN for 24 hours23 then rinsed with MeOH and 
dried. The resulting films were etched to a 1  1 cm active area 
and used as the anode. The Pt cathode was prepared by drop-
casting H2PtCl6 solution in ethanol (50 μL, 5 mM) that was heat-
dried at 400 °C for 20 min. The films were then sealed together 
using Melatonix thermoplastic at 150C using a home built 
pressure and heating apparatus.33 The sandwiched cells were 
then transferred to a glovebox where dry and oxygen free 
MeCN containing 0.1 M BMII/0.01 M I2/0.1 M TBP was injected 
using a Vac’n Fill Syringe (Solaronix) and solvent injection hole 
was sealed using thermoplastic and a small glass cover slip 
heated with a soldering iron.

Characterization

Instrumentation. UV-Vis absorption, NMR, MS, ATR-FTIR, 
incident photon to current efficiency (IPCE), amperometric 
current-time (i-t), intensity dependence, steady-state and 
time-resolved emission, and transient absorption 
measurements were performed on previously described 
instrumentation and details are provided in the supporting 
information.13, 34

Surface Coverages. Surface coverages ( in nmol cm-2) were 
estimated with the expression  = (A(λabs)/ε(λ))/1000,35 where 
A(λ) is the absorbance of each component on the fully loaded 
films and ε is the molar extinction coefficient of A (ε440nm = 9.4 
 103 M-1 cm-1) and Os (ε888nm = 3.1  103 M-1 cm-1)25 in DMSO.

Results & Discussion

Multilayer Assembly

The photoanode in these devices is composed of 
nanocrystalline TiO2, ((anthracene-9,10-diylbis(ethyne-2,1-
diyl))bis(4,1-phenylene))bis(phosphonic acid) (A), Zn2+ linking 
ions, and [Os(H3tcterpy)(bpy)Cl]PF6 (Os) as depicted in Figure 1. 
A was chosen as the annihilator molecule because the parent 
9,10-bis(phenylethynyl)anthracene,10, 36 is known to facilitate 
TTA and also has sufficient potential for electron injection into 
the conduction band of TiO2 (-0.5 V vs. NHE)37 from the singlet 
(1A*/A+ = -0.64 V) but not triplet (3A*/A+ = -0.15 V) excited 
state.10 Phosphonate binding groups were chosen for A because 
they exhibit greater surface stability than COOH,38 and will 
prevent competitive desorption during subsequent loading 
steps. A was synthesized in five steps using slight variations of 
known procedures38-41 with details provided in the supporting 
information. 

Os was selected as the sensitizer because it is a known NIR 
absorbing dye, it has COOH binding groups, and has been used 
as the triplet sensitizer for TTA-UC.23, 25 Additionally, the triplet 
excited state energy of Os  (~1.3 eV) is sufficient for favourable 
triplet energy transfer to A (1.2 eV).36

The films were prepared by a stepwise soaking procedure 
and monitored with UV-Vis (Figure 2) and ATR-IR (Figure S4) 
spectroscopy. First, the ~4 μm thick nanocrystalline TiO2 film 
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was submerged in a 1 mM solution of A in DMSO for 48h, 
followed by a 0.5 M solution of Zn(OAc)2 in MeOH for 3h, and 
finally a 1 mM solution of Os in a 1:1 mixture of tert-
butanol/acetonitrile. As can be seen in Figure 2, the absorption 
spectrum of the bilayer film is the summed contribution of each 
chromophore. From spectral deconvolution, surface coverages 
of 175 nmol cm-2 and 25 nmol cm-2 were determined for A and 
Os, respectively, giving an ~7:1 annihilator to sensitizer ratio 
(see the supporting information for details). In the absence of 
Zn2+

 treatment, no Os loading was observed on TiO2-A (Figure 
S6) indicating that the above procedure results in a multilayer 
structure (TiO2-A-Zn-Os) and not simply a co-deposited film.
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Figure 2. Absorption spectra of dry TiO2, TiO2-A, TiO2-B-Zn-Os, 
and TiO2-A-Zn-Os films.

The films were incorporated into a standard sandwich DSSC 
architecture with TiO2-dye as the photoanode, Pt coated FTO 
glass as the cathode, and I-/I3

- as the redox mediator (0.1 M 
BMII/0.01 M I2/0.1 M TBP in acetonitrile). For comparative 
purposes, a series of devices were prepared with photoanodes 
composed of anthracene only (TiO2-A), the A-Zn-Os bilayer 
(TiO2-A-Zn-Os) and a sensitizer only bilayer (TiO2-B-Zn-Os). For 
the latter device, the photophysical and electrochemically inert 
triphenyl-4,4'-diphosphonic acid bridging molecule (B) was 
used as a means of mimicking the spatial separation between 
Os and TiO2 in the bilayer but without concerns of light 
absorption or energy/electron transfer to B.34

Photovoltaic Characterization

The short circuit photocurrent density (Jsc) was measured under 
solar irradiance (AM1.5) and the results are shown in Figure 3a. 
A 570 nm long pass filter was used to selectively excite the Os 
sensitizer and avoid direct excitation and electron injection 
from A. Under these conditions, less than 0.5 μA cm-2 
photocurrent was observed from TiO2-A and TiO2-B-Zn-Os. In 
contrast, the TiO2-A-Zn-Os device generated a ~3.5 μA cm-2 
photocurrent which is an ~5 fold increase in photocurrent 
compared to the sum of the individual components. 

The incident photon-to-current efficiency spectra (IPCE) of 
TiO2-A-Zn-Os (Figure 3b) resembles its absorptance spectra with 
a broad low energy peak at ~850 nm and photocurrent 
contribution ot to at least 950 nm (i.e., the limit of our broad 

band light source). In contrast, nominal current was observed 
from TiO2-A and TiO2-B-Zn-Os further indicating that direct 
excitation and electron injection from Os is not a major 
contributor to the photocurrent. Consequently, IPCE 
measurements indicate that TiO2-A-Zn-Os enables the 
harnessing of NIR light via a cooperative photon to current 
generation process. 

Figure 3. (a) Amperometric i-t curves under 1 equivalent AM 1.5 
solar irradiation passed through a 570 nm long pass filter 
(shutter open at t = 5 s, shutter closed at t = 25 s), (b) IPCE and 
absorptance spectra for TiO2-A-Zn-Os and TiO2-A, and (c) Jsc 
with respect to excitation rate for TiO2-A-Zn-Os and TiO2-B-Zn-
Os (λex = 635 nm). All measurements were obtained at 0 V.

Further insights into the photocurrent generation 
mechanism by TiO2-B-Zn-Os and TiO2-A-Zn-Os were obtained 
with excitation intensity versus photocurrent density 
measurement. As can be seen in Figure 3c, sensitizer only 
control device (TiO2-B-Zn-Os) exhibited a linear response (slope 
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= 1.0) throughout the entire intensity range which is consistent 
with direct excitation and electron injection from Os* into TiO2. 
In contrast, the TiO2-A-Zn-Os device exhibits a quadratic (slope 
= 2.0) to linear (slope = 1.0) dependence when transitioning 
from low to high intensity excitation. This quadratic-to-linear 
behavior is consistent with a TTA-UC photocurrent generation 
mechanism.42, 43

The intensity threshold between the quadratic and linear 
regimes, or Ith value, is the minimum excitation intensity 
necessary for TTA-UC to reach its maximum efficiency.43, 44 For 
the TiO2-A-Zn-Os device under 635 nm excitation, the Ith value 
is 8.7 mW cm-2 (Figure S11) or in terms of excitations per second 
(i.e., photons s-1 cm-2 × absorptance) 8.85 × 1015 s-1 cm-2. To 
provide context, the integrated AM1.5 solar intensity from 570-
1000 nm is 44.8 mA cm-2  or ~10 mA cm-2 assuming an 
absorptance of 20%. 

Collectively the above results indicate that in addition to the 
visible spectrum, the TiO2-A-Zn-Os device is harnessing nearIR 
light out to 900 nm and doing so through a TTA-UC 
photocurrent generation mechanism. However, the ~3.5 μA cm-

2 photocurrent is at least an order of magnitude lower than that 
obtained in the visible region.18 It is worth acknowledging that 
there is an approximately 50% decrease in solar intensity from 
500 to 1000 nm but that alone cannot account for the decrease 
in performance.

Energy and Electron Transfer Dynamics

To gain insights into the rate and efficiency limiting processes in 
the TiO2-A-Zn-Os device we monitored event dynamics using 
transient absorption spectroscopy (TA). The results are shown 
in Figures 5-7 with additional spectra provided in the supporting 
information. Due to experimental limitations, the excitation 
intensities for TA measurements (7 mJ/cm2 at 475 nm and 15 
mJ/cm2 at 650 nm) are much higher than solar flux and thus are 
conducted in the linear TTA-UC regime. But, it has been 
previously shown that interlayer energy transfer and electron 
injection dynamics quantified below are largely independent of 
the number of excitation events.34 Biexcitonic processes like 
TTA are fluence dependent but were not monitored here. 

Figure 4.  Productive (green) and non-productive (red) dynamic 
events that occur in the TiO2-A-Zn-Os bilayer with their 
associated experimentally determined rate constants (all units 
in s-1). (kinj = electron injection, kr = radiative decay, knr = non-

radiative decay, kTET = triplet energy transfer, kET = back energy 
transfer, kex = excitation).

The productive and non-productive events of interest are 
depicted in Figure 4 in green and red, respectively, and the 
species involved in each process are summarized in equations 
1-6.

knr+r(Os): 3Os* → 1Os (1)

kTET: 3Os* + 1A → 1Os + 3A* (2)

kinj(Os): TiO2-B-Zn-3Os*→ TiO2(e-)-B-Zn-Os+  (3)

knr+r(A): 1A* → 1A (4)

kinj(A): TiO2-1A*→ TiO2(e-)-A+ (5)

kET: 1A* + 1Os → 1A + 3Os* (6)

Following excitation, we presume that 3Os* can decay via three 
primary mechanisms. The first is via intrinsic radiative and non-
radiative decay (knr+r(Os); eq 1). The transient absorption decay 
kinetics for Os in DMSO solution (i.e., in the absence of any 
quenching species) could be fit to a single exponential equation 
giving 1/t = knr+r(Os) = 4.4×108 s-1 (Figure 5). 
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Figure 5. Transient absorption decay traces at 500 nm for Os in 
DMSO (red) and ZrO2-A-Zn-Os in MeCN (black). (λex= 650 nm)

In the TiO2-A-Zn-Os bilayer film 3Os* can also decay via TET 
(eq 2) and electron injection into TiO2 (eq 3). To probe 3Os* to 
A triplet energy transfer we monitored the excited state decay 
of 3Os* at 500 nm in ZrO2-A-Zn-Os when only Os is excited 
(λex=650 nm) and the results are shown in Figure 5. ZrO2 was 
selected as the substrate for these measurements because in 
contrast to TiO2, its relatively high conduction band (>2.0 V vs 
NHE)45 hinders excited state electron transfer to the metal 
oxide substrate so photophysical events can be quantified in the 
absence of electron injection (Figure S12). Thus, assuming that 
the only additional decay channel present in ZrO2-A-Zn-Os is 
TET,34 then kTET can be calculated using equation 7:

(7)𝑘𝑇𝐸𝑇 =
1

𝜏𝑶𝒔(𝑏𝑙)
―

1
𝜏𝑶𝒔
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where Os is the lifetime of Os in solution and Os(bl) is the 3Os* 
lifetime in the ZrO2-A-Zn-Os bilayer. As can be seen in Figure 5, 
there is a decrease in excited state lifetime from 2.3 to 1.1 ns in 
the presence of A giving a calculated kTET of 4.9×108 s-1.

Excited state Osmium(II) polypyridyl complexes are also 
known to inject electrons into TiO2,23 albeit in the presence of 
Li+ which is known to lower the conduction band of TiO2 (Li+ is 
not present here).46 To probe electron injection dynamics 
(kinj(Os); eq 3) we monitored the decay of 3Os* in TiO2-B-Zn-Os 
(Os(TiO2)) and the results are shown in Figure S15. Assuming the 
only additional quenching pathway for 3Os* in TiO2-Os is 
electron injection, a kinj(Os) of  3.9×108 s-1 was calculated using 
equation 8: 

(8)𝑘𝑖𝑛𝑗(𝑂𝑠) =
1

𝜏𝑶𝒔(𝑇𝑖𝑂2)
―

1
𝜏𝑶𝒔

 

This electron injection rate slower than kTET and knr+r(Os) giving 
an estimated injection yield of <25%.31 Additionally, the 
intensity dependent results in Figure 3 suggests direct electron 
injection from 3Os* is not the preferred deactivation pathway. 
If it was significant, we would observe a slope of <2 in the low 
intensity regime for TiO2-A-Zn-Os and a higher photocurrent for 
TiO2-B-Zn-Os. 

In the absence of electron injection, the 3Os* to A triplet 
energy transfer efficiency (TET) can be calculated using 
equation 9. 

(9)𝛷𝑇𝐸𝑇 =
𝑘𝑇𝐸𝑇

𝑘𝑇𝐸𝑇 +  𝑘𝑛𝑟 + 𝑟(𝑂𝑠)

A TET of ~50% suggests that at least half of the absorbed 
photon energy is being lost via emission (kr) and/or heat 
dissipation (knr) by 3Os*. Increasing the TET would not only 
increase the Jsc contribution from TTA-UC but also lower the Ith 
value and the maximum efficiency onset. 

3Os* to A TET and then bimolecular TTA between two 3A* 
results in the formation of the upconverted 1A* state. In the 
absence of a quencher (i.e., for A in solution) 1A* decays via 
radiative and non-radiative pathways (knr+r(A); eq 4) with a 
lifetime of 1.6 ns and rate constant of 6.0×108 s-1 (Figure S16). 
The spectra and kinetics for A in solution, as opposed to on ZrO2, 
were selected for the following analyses because although the 
time-resolved emission decays for both samples are similar 
(Figure S2 and S17) the former had a much better signal-to-
noise ratio in the TA measurements. 

On TiO2, A has sufficient excited state potential for electron 
injection into the metal oxide substrate (kinj(A); eq 5).10 We 
probed the electron transfer dynamics for TiO2-A and the 
results are show in Figure 6. TiO2-A, as opposed to TiO2-A-Zn-
Os, was selected for these measurements to allow for selective 
excitation and monitoring of A without simultaneous excitation 
of Os (Figure 2). But previously results have shown that metal 
ion coordination and bilayer formation has minimal impact of 
the intrinsic photophysical properties of the first layer 
chromophore.47 
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Figure 6. TA spectral evolution of TiO2-A from black to green 
with overlays of A in solution (red), and a spectrum consistent 
with A+ (purple) from the 6.5 ns time slice of TiO2-A. The inset 
contains decay traces at 605 nm for solution A and TiO2-A. (λex= 
475 nm)

In the early time slices we see a distinct peak at ~600 nm that is 
consistent with the excited state absorption from 1A* in 
solution (red spectrum in Figure 6). That feature rapidly 
decreases and a broad peak at ~675 nm remains present 
beyond our ~7 ns acquisition window which we attribute to the 
formation of the TiO2(e-)-A+ charge separated species. kinj(A) can 
then be calculated using equation 10:

(10)𝑘𝑖𝑛𝑗(𝐴) =
1

𝜏𝑨(𝑇𝑖𝑂2)
―

1
𝜏𝑨

 

where A is the lifetime of 1A* in solution (1.6 ns) and A(TiO2) is 
the lifetime of the 1A* feature in TiO2-A (0.46 ns). The calculated 
kinj(A) of 1.6×1010 s-1 is an order of magnitude slower than our 
previously reported 4.5×1011 s-1 for 4,4′-(anthracene-9,10-
diyl)bis(4,1-phenylene) diphosphonic acid which lacks the 
acetylene spacer of A.34 Presumably a combination of 
decreased excited state potential and increased spatial 
separation between the anthracene core and TiO2 is responsible 
for the decrease in electron injection rate. Regardless, the 
observed photocurrent from TiO2-A-Zn-Os indicates that 
electron transfer is sufficiently fast for at least some charge 
separation and photocurrent generation.  

Back energy transfer from the upconverted singlet state of 
the annihilator to sensitizer (kET; eq 6) is a well-known, non-
productive process in TTA-UC.19 To probe kET, we measured the 
excited state dynamics of ZrO2-A-Zn-Os following 475 nm 
excitation and the results are shown in Figure 7. 

Page 5 of 8 Journal of Materials Chemistry C



ARTICLE Journal Name

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

500 550 600 650 700 750
-0.14
-0.12
-0.10
-0.08
-0.06
-0.04
-0.02
0.00
0.02
0.04
0.06

 0.65 ps
 1.00 ps
 2.00 ps
 5.50 ps
 25.5 ps
 500  ps
 6000 ps
A*
Os*


A

Wavelength (nm)

0 500 1000 1500 2000 2500

0.00

0.01

0.02

0.03

0.04
A in solution ( =1.8 ns)

 ZrO2-A-Zn-Os ( = 0.06 ns)

Time (ps)

Figure 7. Spectral evolution from ZrO2-A-Zn-Os from black to 
green following 475 nm excitation with overlays of solution 
spectra of A (red, λex= 475 nm) and Os (purple, λex= 650 nm). 
The inset contains decay traces at 750 nm for solution A and 
ZrO2-A-Zn-Os (λex= 475 nm).

Due to the broad absorption of Os (Figure 2), it was not possible 
to selectively excite A so even at the earliest time slices we see 
a mixed contribution from both 3Os* and 1A* where the ground 
state bleach of the former below 600 nm offsets the excited 
state absorption of the latter in the same region. However, at 
750 nm there is minimal contribution of 3Os* and thus 1A* can 
be preferentially monitored. A kET of 1.5×1010 s-1 was calculated 
using equation 10:

(11)𝑘𝐸𝑇 =
1

𝜏𝑨(𝑏𝑙)
―

1
𝜏𝑨

 

where A(bl) is the 1A* lifetime in the ZrO2-A-Zn-Os bilayer. This 
kET is orders of magnitude larger than previously observed for 
diphenyl anthracene-Zn-Pt(II) porphyrin multilayer.34, 47 
Presumably any decreases in rate due to increased spatial 
separation between the anthracene and osmium transition 
dipole moments48 are offset by the near unity spectral overlap 
between emission from A and absorption of Os. This 
observation further emphasizes the utility of an absorption gap 
between the Soret and Q bands of metalloporphyrins and their 
continued popularity as sensitizers for TTA-UC.49 It is important 
to mention that while Figure 4 depicts a 1A* to 3Os* energy 
transfer process, this was done for the sake of simplicity 
because we have no evidence to support a particular 
mechanism (e.g., FRET versus Dexter) or the spin state 
generated (e.g., 3Os* versus 1Os*).  

With the rate constants above, an electron injection yield 
for 1A* into TiO2 (inj(A)) can be calculated using equation 12.

(12)𝛷𝑖𝑛𝑗(𝐴) =
𝑘𝑖𝑛𝑗(𝐴)

𝑘𝑖𝑛𝑗(𝐴) + 𝑘𝐸𝑇 +  𝑘𝑛𝑟 + 𝑟(𝐴)

The ~50% injection yield can be directly attributed to back 
energy transfer being highly competitive with the electron 
injection rate. Consequently, at least half of the upconverted 
states transfer their energy back to Os prior to injection. While 

not an absolute loss pathway since it results in regeneration of 
3Os*, one excited state was consumed during upconversion and 
the TTA-UC cycle must be re-initiated via TET.

Despite favorable driving force (Figure 4), we saw no 
evidence that for Os to A+ electron transfer occurring in the 
TiO2-A-Zn-Os film. While interlayer electron transfer has been 
observed,50 the increased distance and geometric constraint 
imparted by the metal ion linkage can also hinder electron 
transfer.48 Consequently, the post injection cation resides on A 
and is likely the cite of regeneration where access by the 
mediator is still possible due to the lower surface coverage of 
Os relative to A (~7:1).15

Conclusions
In this study, we have incorporated an Osmium polypyridyl 
complex as the senstitizer in a metal ion linked multilayer on 
TiO2 for application as the photoanode in an integrated TTA-UC 
solar cell. Photocurrent, IPCE, and intensity dependent 
measurements indicate that direct S0 to T1* excitation of the 
osmium complex can be used to harness NIR light and generate 
photocurrent via TTA-UC. Although, the ~3.5 μA cm-2 
photocurrent contribution from TTA-UC is at least an order of 
magnitude lower than those typically obtained in the visible 
region. Based on transient absorption measurements the low 
performance can be attributed to: (1) slow sensitizer to 
annihilator triplet energy transfer, (2) a low injection yield for 
the annihilator, and (3)  fast back energy transfer from the 
upconverted state to the sensitizer. Nonetheless, this work 
demonstrates that NIR, S0 to T1* excitation can be harnessed in 
an integrated TTA-UC solar cell (Jsc  3.5 μA cm-2) with a five-fold 
increase in photocurrent compared to the sum of its parts, but 
this is still well below device relevant photocurrent 
contributions (>100 μA cm-2).2  Further improvements can be 
readily achieved using (1) sensitizers with increased triplet 
excited state lifetimes, (2) an annihilator with increased driving 
force and decreased spatial separation between the 
chromophoric unit and the TiO2 surface for increased electron 
injection yields, and (3) a balance of driving force and distance 
between the sensitizer and annihilator molecule for maximized 
triplet energy transfer and minimized back, singlet energy 
transfer. 
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