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Abstract
Singlet exciton fission transforms a single molecular excited state into two excited states
of half the energy. When used in solar cells it can double the photocurrent from high energy
photons increasing the maximum theoretical power efficiency to greater than 40%.
The steady state singlet fission rate can be perturbed under an external magnetic field. I
utilize this effect to monitor the yield of singlet fission within operating solar cells. Singlet
fission approaches unity efficiency in the organic semiconductor pentacene for layers more than
5 nm thick. Using organic solar cells as a model system for extracting photocurrent from singlet
fission, I exceed the convention limit of 1 electron per photon, realizing 1.26 electrons per
incident photon.
One device architecture proposed for high power efficiency singlet fission solar cells
coats a conventional inorganic semiconducting solar with a singlet fission molecule. This design
requires energy transfer from the non-emissive triplet exciton to the semiconducting material, a
process which has not been demonstrated. I prove that colloidal nanocrystals accept triplet
excitons from the singlet fission molecule tetracene. This enables future devices where the
combine singlet fission material and nanocrystal system energy transfer triplet excitons produced
by singlet fission to a silicon solar cell.
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2

Acknowledgements
This thesis is the product of support both in the academic world and in life outside of
research. There are two people who were fundamentally part of both: my wife Liz and my
advisor Marc. Liz was my rock of support when I needed it and the voice of reason when I
struggled. Her compassion is to be lauded and I am ever thankful for her love and support. Thank
you for embarking on this journey with me. Marc provided guidance in both research and life.
He took the time to help me grow as a researcher and as a person. Thank you Marc.
Lively discussions were an integral portion of my thesis and I must thank several people
for their ears. Phil Reusswig, Matthias Bahlke, Tony Wu, and Dan Congreve always had their
door open for a quick chat about results or a new experiment; their input was invaluable. I am
heavily indebted to Eric Hontz for his guidance and dedication in our work on modeling
magnetic field effects. Carmel Rothchild taught me to have passion when discussing research
while staying open minded. Harry Tuller provided excellent mentorship and always had an
insightful question about my research updates. Thank you to all current and former soft
semiconductor and electroceramics group members who provided constructive feedback on both
the successful and failed experiments.
I must thank my teammates from the Men's Volleyball Club for the adventures over the
years. Particularly Jeff Wagner, Jens Eftang, Mike Tupek, and Nate Michaul for many great
experiences on and off the volleyball court.

3

Contents
A b stra c t ...............................................................................................................................

2

Acknowledgem ents.............................................................................................................

3

C o n tents ..............................................................................................................................

4

List of Tables ......................................................................................................................

7

List of Figures .....................................................................................................................

8

1.

Introduction and background .................................................................................
1.1.

Introduction...................................................................................................

16

1.2.

Direct conversion of sunlight to electricity....................................................

16

1.3.

Organic semiconductor crystals and molecular excited states.......................

19

1.3.1.

Properties of molecular aggregates ....................................................................

19

1.3.2.

Molecules Excitations: Excitons spin states .....................................................

21

1.4.

Operation of organic photovoltaic devices ...................................................

26

1.5.

Multiple exciton generation...........................................................................

30

1.6.

Singlet Exciton fission in the oligoacenes .....................................................

32

Transient kinetics of singlet exciton fission in pentacene and tetracene ...........

1.6.1.

32

1.6.1.1.

Transient m easurem ents in tetracene ............................................................

32

1.6.1.2.

Transient m easurem ents in pentacene ...........................................................

33

1.6.2.

Photocurrent generation in the oligoacenes ...................................................

34

Using triplet excitons from singlet fission for solar energy harvesting ......

35

M agnetic field m odulation of singlet exciton fission.............................................

37

1.7.
2.

16

2.1.
2.1.1.

The origin of a m agnetic field effect on singlet fission ................................. 37
The kinetic model for singlet fission ...............................................................

4

38

Determining the fission rate as a function of magnetic field .............................

2.1.2.
2.2.

Steady state populations of singlet and triplet excitons ................................

43

2.2.1.

Changes in singlet population measured via fluorescence ...............................

45

2.2.1.1.

Monitoring singlet exciton fission in solution ...................................................

50

2.2.2.

Changes in triplet population measured via photocurrent .................................

52

2.2.3.

Changes in singlet population measured via photocurrent ...............................

57

C onclusions...................................................................................................

2.3.
3.

40

Engineering singlet fission based solar cells..........................................................

60
62

Steady state kinetic model for singlet fission within an operating solar cell.... 62

3.1.

63

3.1.1.

Sim plified rate m odel for pentacene ..................................................................

3.1.2.

Change in photocurrent with applied magnetic field: pentacene solar cells......... 64
66

3.2.

Tuning the singlet dissociation rate by varying the pentacene layer ............

3.3.

Measuring the internal quantum efficiency of pentacene photovoltaic devices 70

3.4.

Improving device EQE through triplet blocking layer and light management structures

75
3.4.1.

Singlet fission sensitization layers ....................................................................

76

3.4.2.

Light management structures for EQEs > 100% ..............................................

83

3.4.2.1.

External mirror light management structure.................................................

84

3.4.2.2.

Monolithic slow light management structure ..............................................

85

3.5.
3.5.1.

Magnetic field modulation of triplet charge annihilation ..................................

91

3.5.2.

Improving device EQE by reducing TCA .........................................................

96

3.6.
4.

Enhancing EQE in bulk heterojunction and nanostructured pentacene solar cells90

Singlet fission organic solar cells ...................................................................

High power efficiency singlet fission solar cells ....................................................

5

100
102

4.1.

Device architecture to maximize power generation from singlet fission ....... 103

4.2.

Triplet exciton transfer to a nanocrystal .........................................................

107

4.2.1.

Measuring triplet exciton transfer via change in nanocrystal fluorescence........ 108

4.2.2.

Tracking energy from tetracene to the nanocrystal.............................................

4.2.2.1.

111

Using Photoluminescence Quantum Yield to determine the triplet transfer

efficiencyl 12
Triplet transfer conclusions.............................................................................

117

Conclusion and future work....................................................................................

118

5.1.

Th esis conclusions ..........................................................................................

118

5 .2 .

Fu ture w ork .....................................................................................................

1 19

4.3.
5.

Appendix A.

Measuring changes in fluorescence or photocurrent as a function of magnetic

field

122

Appendix B.

Solution singlet exciton fission...........................................................

126

Steady state measurements of DPT solutions ...........................................................

126

Transient fluorescence of solution singlet fission.....................................................

129

Typical transient fluorescence measurement of a singlet fission molecule ........................

130

Transient fluorescence in DPT solutions ............................................................................

132

Use of solution singlet fission to screen for singlet fission materials.......................

Appendix C.

Publications at MIT.............................................................................

137

139

Organic sem iconductor:............................................................................................

139

Ox id e :........................................................................................................................

14 0

R eferen ces .......................................................................................................................

14 1

6

List of Tables
Table 1-1: Summary of prompt lifetime for singlet excitons in tetracene crystals and thin films.
TPL is transient photoluminescence, PIA is photo-induced absorption, and NA is not measured.

.......................................................................................................................................................

7

33

List of Figures
Figure 1-1: Power per unit area of sunlight, black, and a silicon solar cell, dashed red. The solar
cell perfectly harnesses the energy of sunlight at the bandgap energy (~1200 nm) but fails for
higher energy photons. In blue is the power harnessed by a tetracene coated silicon solar cell
18
assum ing singlet fission is perfectly efficient...........................................................................
Figure 1-2: Emission and chemical structure of various imidazoles in chloroform when excited at
19
365 nm from ref. 7......... . .....................................................................................................
Figure 1-3: Absorption spectrum of tetracene in solution and solid state. The similarity indicates
little interaction between molecules in the solid state. Figure from ref. 1. .................................

20

Figure 1-4: Atomic energies levels for Li atoms and diatomic lithium. In diatomic lithium the
original isoenergetic levels of each Li atom hybridize into bonding and anti-bonding orbitals... 21
Figure 1-5: Spin orientations for ground and the first excited state for a typical organic molecule.
23
.......................................................................................................................................................
Figure 1-6: Spin state of singlet and triplet excitons from ref. "where x =+1/2 spin and P = -1/2
24
spin ................................................................................................................................................
Figure 1-7: Abbreviated caption from 16. (a) Schematic illustration of the energy level alignment
requirements for efficient charge transfer from the photoinduced state to take place. The energy
level diagram for two donor-acceptor (DA) heterojunctions are shown. Since the left hand
junction has E, > IPD-EAA, the charge-transfer reaction can take place. However, for the right
hand DA junction, Ex < IPD-EAA such that the charge-transfer reaction is energetically
unfavorable. (b) Illustration of the four consecutive steps in the generation of photocurrent from
incident light: (1) Photon absorption with efficiency TA (2) Exciton diffusion with efficiency lED
(3) charge-transfer reaction efficiency rlCi (4) collection of carrier at the electrodes, i1cc.......... 28
Figure 1-8: (a) Schematic representation of a photodetector structure with stacked layers of
donor (x nm thick) and acceptor (y nm thick). (b) Quantum efficiency and absorption
21
measurements for a 64 layer CuPC and PTCBI device structure from . Inset is the quantum
efficiency for various PDs of the same total thickness but with X = Y value labeled. .......... 29
Figure 2-1: Calculated normalized fission rate constant as a function of external magnetic field
for singlet excitons in a pentacene crystal. The rate constant increases for intermediate field but
decreases large magnetic field. TM is the transfer matrix method. The ratio k-1 /k2 = 0.7 for all
42
calculations. Eric Hontz provided the transfer matrix calculations. .........................................
Figure 2-2: Schematic depiction of the steady state singlet and triplet populations as a function of
44
m agnetic field for a singlet fission m aterial...............................................................................
8

Figure 2-3: Fluorescence from a single crystal of pentacene excited at 532nm (green line). The
thin film absorption spectrum is a mirror image of the emission. Vertical gray lines represent
dielectric filters on the crystal emission. The sample was pumped at 800 mW .......................
46
Figure 2-4: Change in fluorescence of a pentacene single crystal as a function of external
magnetic field. Inset is the low field region with clear negative values....................................

47

Figure 2-5: Micrograph a pentacene single crystal with faces index by x-ray diffraction. The
orientation of the magnetic field relative to the crystal is indicated by the red arrow............... 48
Figure 2-6: Change in fluorescence for tetracene and various pentacene and tetracene derivatives.

.......................................................................................................................................................

49

Figure 2-7: Change in fluorescence for a solution of 100 mg/mL of DPT in toluene and for a thin
film of toluene spun-cast on quartz from toluene. (a) provides the a scan over magnetic fields up
to 0.4T where (b) is the low field com parison. .........................................................................
51
Figure 2-8: (a) Energy levels and layer thicknesses for a simple pentacene- C60 solar cell (b)EQE
for a pentacene- C60 solar cell. The simulated EQE from pentacene and C60 are plotted as dashed
blue and red lines respectively. Energy levels are in eV and thicknesses are in nm. ................ 53
Figure 2-9: (a) Change in photocurrent for the planar pentacene- C 60 solar cell in Figure 2-8.
Note that the change in photocurrent is negative for large magnetic field. (b) Negative change in
photocurrent from (a) and the change in fluorescence of a pentacene single crystal. .............. 54
Figure 2-10: Negative change in photocurrent at 0.4T as a function of incident wavelength for a
2:1 nm Pc- C6 0 photodetector. for -lV (red) and -4V (green). The change in photocurrent follows
the fractional contribution of pentacene to the total photocurrent , black line. ........................
57
Figure 2-11: (a) EQE and device structure of a DPP- C6 0 and DBP- C60 solar cells plot with a
scaled C60 absorption spectrum. Energy levels are given in eV and thicknesses in nm. Energy
levels are only known for DPP and not DBP. (b) Current voltage characteristics for DPP and
DBP solar cells. The open circuit voltage is 0.69 and 0.81 V respectively. ..............................
58
Figure 2-12: Change in photocurrent as a function of external magnetic field for a DPP- C60
planar solar cell and for a DPP-PDIF-2CN photodetector. Note the positive change in for the C60
device but the negative value for the PDIF-2CN photodetector. Priya Jadhav fabricated the
59
.....................................................................................................
photodetector device 3 . ..
Figure 2-13: (a) Measured and simulated EQE for a DPP- C60 solar cell. The fractional change in
photocurrent is determined from the simulated DPP and C 6 o EQE. (b)Change in photocurrent for
a DPP- C60 solar cell measured at a field greater than 0.4T as a function of wavelength. The solid
black line is the fractional photocurrent of DPP scaled to match the peak of the change in
60
p h o tocu rren t. .................................................................................................................................

9

Figure 3-1: Triplet yield as a function of 61 assuming that x = 0.85. The red curve is the positive
solutions to Equation (3.9) and blue dots correspond to the negative solution. ........................ 66
Figure 3-2: (a) Change in photocurrent and (b) triplet yield as a function of the ratio of the fission
rate to the singlet dissociation rate. A value of 0.85 is assumed for X..................................... 67
Figure 3-3: Change in photocurrent for a pentacene photodetector and planar photovoltaic
device. The photodetector has 5 nm thick pentacene layers sandwiched between acceptor layers
68
while the planar photovoltaic device is a neat 15 nm layer. ....................................................
Figure 3-4: High field change in photocurrent and triplet yield as a function of the greatest
distance to the pentacene-acceptor interface. Blue circles are solar cells with C6 0 as the acceptor,
blue squares are the photodetectors with C60 as the acceptor, and red squares are photodetectors
with PTCBI as the acceptor. The peak value of -61 corresponds to a x value of 0.85............. 69
Figure 3-5: Flow chart of calculating a self-consistent n and k from measured absorption or
reflection spectrum . From N itsche and Fritz74 ...................................... . . . . .. . . . . . . . . .. . . . .. . . . . . . . . . .. .. .

. .

70

Figure 3-6: Comparison between measured and modeled absorption (a) reflection and
transmission (b) spectrums. Modeled spectrums (dashed lines) use the n and k determined from
72
the home-built software and the transfer matrix method.........................................................
Figure 3-7: Real and imaginary component of the refractive index of materials utilized in the
study of pentacene photovoltaic devices as determined from the home-built software. Dashed
lines are the imaginary part of the refractive index, solid lines the real. Blue is C6 0 , pink is P3HT,
73
red is pentacene, and green is PTCBI. ......................................................................................
Figure 3-8: (a) Absorption of pentacene (Pc) and C60 for the cavity structure inset. (b) The total
EQE (squares) and modeled EQE (solid black line) and components of the EQE from C60 (blue)
74
and Pc (red) for the solar cell in (a). ........................................................................................
Figure 3-9: Measured and modeled EQE for a penatcene- C6 0 photodetector at a reverse bias of IV. Red dashed line is the modeled pentacene EQE, blue is modeled C 6 o EQE and solid black
75
the total m odeled EQ E ..................................................................................................................
Figure 3-10: (a) Device structure and energy levels of a pentacene- C60 solar cell with a
PEDOT:PSS-P3HT triplet blocking layer. (b) External quantum efficiency as a function of
wavelength for solar cells made with and without the triplet blocking layer. ..........................

77

Figure 3-11: The absolute value of the change in photocurrent as a function of wavelength
(circles) for a solar cell with a 5-nm-thick pentacene film. The shape is very similar to the
fraction of photocurrent due to P3HT and pentacene (gray line) and distinct from the
photocurrent contribution only from pentacene (red line).......................................................

78

10

Figure 3-12: X-ray diffraction intensity versus 20 for a 15 nm thin film of pentacene grown on
bare ITO and on ITO\PEDOT:PSS-P3HT layer. The pentacene diffraction peaks are indexed.
The background x-ray scattering from the glass, ITO, and P3HT have been subtracted through
80
th e use of prop er controls..............................................................................................................
Figure 3-13: (a) X-ray diffraction intensity versus 20 for a 5:2 nm pentacene-C 60 photodetector
of 91 nm. Layers grown on P3HT (red) and bare ITO (black). Inset are the short circuit EQE
spectrums for photovoltaic devices with and without P3HT. (b) X-ray diffraction intensity versus
20 for a 1:1 pentacene-C 6o bulk heterojunction active layer of 90 nm grown on P3HT (red) and

b are IT O (black )............................................................................................................................

81

Figure 3-14: A comparison of the maximum achievable quantum yield determined from the
magnetic field effect in green with the internal quantum efficiency as determined from EQE
measurements. The reduction in quantum efficiency observed in thin layers of pentacene is found
to originate from incomplete singlet exciton fission. Loss of IQE for thick layers is due to triplet
diffusion with thicknesses for which triplet diffusion is a loss process colored purple. All planar
solar cells have the PEDOT:PSS-P3HT triplet blocking layer. Grey dashed lines are a guide to
82
th e e y e ...........................................................................................................................................
Figure 3-15: External quantum efficiency as a function of wavelength for the device in Figure
3-10(a). Blue line is the device with no external mirror, dashed teal line is the pentacene layer
component of the EQE, the dashed pink line the P3HT component. The solid green line is the
EQE with an external mirror and the device tilted at 450 and the red line at 100. Measurements
84
are don e at short circuit.................................................................................................................
Figure 3-16: External quantum efficiency as a function of wavelength for the device structure in
Figure 3-10(a) as a function of reverse bias. The pentacene component of the EQE does not
85
ch an g e w ith b ias............................................................................................................................
Figure 3-17: Device layer stack for a monolithic light management using the edge-mode of the

D BR . .............................................................................................................................................

86

Figure 3-18: Modeled p-polarized absorption of (a) the DBR enhanced solar cell as a function of
angle incidence and (b)only the pentacene layer absorption within the solar cell cavity at normal
incidence without the DBR. (c) Light intensity and refractive index for X = 670 nm plotted as
function of position for the solar cell with the DBR light management system. (d) Dwell time
calculated from the phase shift of the transmission matrix coefficient as a function of
wavelength. The solid red line is the cavity with the DBR and the dashed black line is without.
Figure from Thom pson, Congreve et al. 91. ....................................... . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . .. . . . . . . . 87
Figure 3-19: (a) External quantum efficiencies for a slow light DBR cavity at which the DBR
absorption is tuned to maximize the absorption in pentacene (red) and the EQE/(1 -R) (blue). For
reference, the EQE for a control device without the DBR at normal incidence is plotted in green.
(b) EQE as a function of wavelength for various angles of incident light on the slow light DBR

11

cavity. The inset plots the peak value of the EQE as a function of angle of incidence. Figure from
88
Thom pson, C ongreve et al. 9 .. .......................................................................................................
Figure 3-20: (a) Angle dependent absorption spectrum of pentacene on quartz. Each color
represents a different angle of incidence starting from red = 100 to the teal curve = 60' in steps of
10'. (b) EQE as a function of wavelength for of a device of structure Figure 3-10 for angles of
incidence of 0,5,10,15,20,30 degrees. The curves are all on top of each other, with yellow being
89
th e 30 and p ink is th e 5 . .............................................................................................................
Figure 3-21: Change in inverse triplet-charge annihilation rate as a function of external magnetic
field. The rate itself is reduced under a large magnetic field. Calculation provided by E. Hontz. 92
Figure 3-22: Change in photocurrent as a function of magnetic field for a pentacene-C 60 BHJ
photovoltaic. Black circles are measured under short circuit conditions, red circles under -2V
64
reverse bias. Solid lines of identical color are fits from a steady state model from reference
94
Inset is the device structure. The device was excited with k= 660 nm light. ..........................
Figure 3-23: Change in photocurrent versus wavelength for B = 0.4T for device structure in
Figure 3-22 with an additional MeO-TPD hole blocking layer. Black circles are measured at
short circuit, red circle at -4V reverse bias. The black line is absorption of pentacene within the
device; the dashed blue line is the scaled fractional contribution of photocurrent from pentacene.
96
.......................................................................................................................................................
Figure 3-24: Change in photocurrent as a function of magnetic field for a 15 and 40 nm thick
pentacene-C 60 solar cell. Device structure with energy levels in eV is inset. Figure from 64....... 97
Figure 3-25: Devices used to study the effect of nanostructuring on TCA. (a) a pentacene-C 60 2:1
by volume BHJ, (d) a pentacene-C 60 5:2 by volume BHJ, and (g) a multilayer pentacene-C 60
photodetector with 5 nmi pentacene and 2 nm C60 layers. Bulk heterojunction devices under =
670 nm illumination and application of a magnetic field produce large positive changes in
photocurrent (b,e) which is reduced with the application of a reverse bias. Short circuit and
reverse bias EQEs (c,f) of the BHJ structures show improved device performance under a bias of
V = -2V. The change in photocurrent of the photodetector at 0 and -2V bias (h) demonstrates the
lack of TCA in the device. Short circuit and reverse biased EQE of the photodetector device (i)
also shows improved performance with a peak EQE of 102%. Solid lines are fits from a steady
state kinetic model and device thicknesses are in nanometers. Figure and caption from 64......... 98
Figure 3-26: Singlet fission (a) and TCA (b) yields as determined from the fit parameters of the
steady state kinetic model of Thompson and Hontz6 4 for the BHJ, nanostructured PD, and planar
PV of Figure 3-24 and Figure 3-25. Note that the TCA yield is a loss fraction......................... 100
Figure 4-1: Schematic depiction of high power efficiency solar cell utilizing singlet exciton
fission. High energy photons are absorbed by the singlet fission layer, creating two electrons per

12

photon. The transfer of the triplet excitons to the solar cell is represented by the solid dark red
10 3
arro w s..........................................................................................................................................
Figure 4-2: Nanocrystal bandgap versus size for PbS nanocrystals. Tetracene's triplet energy is
show n as a dashed line. Figure from

......................................................................................

106

Figure 4-3: (a) Absorption versus wavelength of the tetracene coated PbS nanocrystals. Inset is
the sample design. (b) Photoluminescence intensity versus wavelength in the near-infrared with
the sample excited at 407 nm. The tetracene layer was 40 nm thick and the nanocrystal ligand
10 9
o leic ac id . ....................................................................................................................................
Figure 4-4: (a) Change in PbS-OA nanocrystal emission for various nanocrystal energies
characterized by the energy of the first absorption peak in solution. The change in fluorescence is
positive for nanocrystals with energy greater than the triplet energy of tetracene. Samples were
coated with 40 nm of tetracene. (b) Change in 1.09 eV PbS-OA nanocrystal emission and
110
tetracene fluorescence as a function of external magnetic field. ................................................
Figure 4-5: (a) Change in NC fluorescence when exciting the tetracene layer (X=460 nm) and
when exciting the NC layer (X = 660 nm). The tetracene layer obtains the singlet fission line
shape. (b) The CW emission spectrum with and without a 0.5T magnetic field. There is no
change to the peak position or the full-width half maximum. Sample is the same structure as
1 10
Fig u re 4 -3 ....................................................................................................................................
Figure 4-6: PLQE versus wavelength for PbS nanocrystal film with 20 nm of tetracene measured
only for the NC fluorescence. Notice that there are tetracene absorption peaks in the excitation
I1 1
sp ectru m......................................................................................................................................
Figure 4-7: PLQY versus wavelength for PbS-oleic acid ligand nanocrystals with a 1320 nm
absorption peak without (black line) and with (red line) 20 nm of tetracene............................. 114
Figure 4-8: (a) Excitation intensity versus wavelength for PbS NCs with a 1320 absorption peak
in solution with OA, MA, and CA ligands. The ligand structure is inset. Films were capped with
20 nm of tetracene. (b) PLQY spectrum of each of the films in (a) normalized to have a PLQY
1 15
at 7 00 nm .....................................................................................................................................
Figure 4-9: (a) Absorption for Pbs-CA 1320 nm NC film capped with 20 nm of tetracene (blue
line) and fit to absorption using the absorption of neat PbS-CA and tetracene films (dashed black
line). (b) PLQY measured for sample in (a) in blue and fit in dashed black line. The fit uses IlET
116
is 1 .7 8 ..........................................................................................................................................
Figure 5-1: Time resolved quenching of visible emitting nanocrystals on a glass, a thermal oxide
coated silicon surface, and a hydrogen fluoride etched silicon surface. Figure from ref. I. .... 120
Figure A- 1: Schematic diagram and accompanying photograph of the magnetic field setup in the
122
Soft sem iconductor laboratory....................................................................................................
13

Figure A-2:The raw data for one data point in a Fversus magnetic field scan; the measured
photocurrent on a photodetector and magnetic field measured with the gaussmeter as a function
of time. The sample is a 40 nm film of tetracene on PbS-OA-1320 nm NCs monitoring just the
123
tetracen e fluorescen ce.................................................................................................................
Figure B-1: Change in DPT fluorescence as a function of external magnetic field plotted for
various concentrations of DPT in toluene. The concentration is labeled on the plot in mg/mL.
126
The illum ination w avelength is 365 nm ......................................................................................
Figure B-2: Change in fluorescence for a 10 mg/mL solution of DPT in toluene (black circles)
127
and chloroform (red circles). Excitation wavelength was 365 nm. ............................................
Figure B-3: Steady state fluorescence spectrums of DPT of various concentrations. Solutions
128
were in a 5 micrometer cavity and were excited with a 408 nm laser........................................
Figure B-4: Change in fluorescence as a function of external magnetic field for a solution of DPT
in toluene at a concentration 15 mg/mL. Red circles for the solution in a 1.5 cm diameter vial and
129
black circles for the solution is a 5 m icrom eter cavity. ..............................................................
Figure B-5: Rubrene fluorescence measured with (red) and without (black) a magnetic field from
118
. Above each time window is the important process that is occurring.................... 130
reference
Figure B-6: Intensity of DPT fluorescence as a function of time for various concentration of DPT
in toluene in a 5 micrometer cavity measured with a single photodetector. Excitation wavelength
132
of 405 urn. Measurement made with help of Parag Deotare.......................................................
Figure B-7: Magnitude of the change in DPT fluorescence at B > 0.4T and lifetime of DPT
fluorescence from Figure B-6 fit at the early time scale as a function of DPT concentration.... 133
Figure B-8: Intensity versus time for solutions of DPT. Blue lines are the measured curves and
dashed black lines the single exponential fit at the short time scale. (a) a 100 mg/mL solution (b)
a 2.5 mg/mL solution. Both curves deviate from the fit at times much greater than the initial

lifetim e . .......................................................................................................................................

13 4

Figure B-9: Fluorescence decay with and without a 0.5T magnetic field at (a) early times (b) for
longer times. Measurements were made on 45 mg/mL solutions of DPT in conjunction with
135
W endi Chang. The pulse picker results in an artifact at ~13 ns..................................................
Figure B- 10: Subtraction of curves in Figure B-9(b) plotted as a function of time....................

136

Figure B-11: Integrated intensity versus wavelength of the DPT emission for a 45 mg/mL
solution. The time windows are 1.7,5.6,9.5, and 13.4 ns. The integration spans a total of 1.6 ns
136
center around the reported value.................................................................................................

14

Figure B-12: Fluorescence intensity from Figure B-9(b) with a mono-exponential fit to the no
137
magnetic field data over the first 2 ns plotted as a dashed green line.........................................
Figure B- 13: Change in fluorescence as a function of external magnetic field for DPO and DPH.

.....................................................................................................................................................

15

1 38

1. Introduction and background
1.J.Introduction
To put the work of this thesis in context will require an understanding of solar cells,
organic semiconductor physics, and material science. This chapter is not intended to review even
a fraction of the overall knowledge of these topics. Instead, I hope to provide you with enough
understanding to put my work into context. The background section should provide enough
physics and materials science to follow the results of my thesis through to the end.

1.2. Direct conversion of sunlight to electricity
The sun is a powerful source of energy. In fact, the power of sunlight striking land on
earth's surface in one year is approximately 1700 times the yearly global consumption of energy.
However, for the majority of the world converting sunlight to a versatile energy source (for
example electricity) is not economical. There are a number of reasons for this including the
distribution of sunlight over the earth relative to population centers, our dependence on liquid
fuels, and the cost of storing electricity'. However, I am going to make the a priori assumption
that extracting electricity from sunlight directly (rather than heating water or generating a fuel)
will most significantly change the energy market for the better.
The discussion then turns to cost. The current figure of merit for power generation is
dollars per Watt ($/W). Solar energy is currently ~$6/W for residential power production 2. Of
this, more than 50% of the cost is 'soft cost', which includes permitting and inspection,
installation and labor, and financing2 . In contrast, the current cost of power from a natural gas
power plant is at least one third of the cost3 . Reducing the impact of soft costs on price of solar
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energy requires increasing the efficiency per unit area of the solar panel. This is one of the
principal obstacles to widespread adoption of solar energy.
The device used to convert sunlight to electricity is called a photovoltaic cell or
commonly referred to as a solar cell. The solar cell receives incident photons, packets of light,
and converts the photons to charges, or current. The charge is delivered from the solar cell at a
given chemical potential, or voltage. The power produced by the solar cell is the voltage
multiplied by the current. Efficient conversion of sunlight to electricity is hindered by sunlight
itself. Sunlight is broadband, meaning that it is made up of photons of many different energies.
The broadband nature of sunlight becomes an issue when converting sunlight to
electricity using a semiconducting solar cell. Fundamentally, the semiconductor has a bandgap,
the energy above which it can absorb photons leading to photocurrent. However, photons of
lower energy are not absorbed and create no current. This suggests that solar cells should be
made of low bandgap semiconductors. However, the bandgap also sets the maximum voltage at
which an electron can be extracted from the solar cell. If we use a low bandgap semiconductor,
the solar cell has very little voltage and will generate very little power. To summarize, low
bandgap solar cells will create a large photocurrent but have a low voltage. High bandgap solar
cells will have a large voltage but have low current. There is an inherent trade-off between
current and voltage in a single junction solar cell. This trade-off was originally discussed by
Shockley and Queisser 4 and then later many others5 ,6. Shockley and Queisser calculated the
power efficiency limit for a terrestrial single junction solar cell as a function of bandgap. The
maximum power conversion efficiency is 34% at a bandgap of 1.35 eV 4 .
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The inefficiency of a single bandgap material to convert the entire solar spectrum to
power can also be represented in a visual fashion, Figure 1-1. The power per unit area of sunlight
is plotted in black as a function of wavelength. A silicon solar cell (1.1 eV bandgap) can extract
some fraction of the overall power as each wavelength, that power is plotted as a red line. For
photons much greater in energy than the bandgap the device is underutilizing the photon's
energy, wasting it as heat. The current technological solution for harnessing more energy from
blue light is to stack multiple semiconductors of different bandgap in series. This type of solar
cell is called a tandem solar cell. Tandem solar cells require matching of the photocurrent in each
layer of the solar cell, as well as, a graded carrier recombination junction. Most tandem solar
cells require lattice matched growth of one semiconductor on top of another, which greatly
10
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Figure 1-1: Power per unit area of sunlight, black, and a silicon solar cell, dashed
red. The solar cell perfectly harnesses the energy of sunlight at the bandgap energy
(-1200 nm) but fails for higher energy photons. In blue is the power harnessed by a
tetracene coated silicon solar cell assuming singlet fission is perfectly efficient.
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increases the complexity of manufacturing. These constraints make tandem solar cells
prohibitively expensive unless used with low cost solar concentrators. To bring down the cost of
solar energy, a new approach to solar energy harvesting is needed; one which can harvest energy
from high energy photons without substantially increasing the cost of device fabrication.

1.3. Organic semiconductor crystals and molecular excited states
This section will introduce the topic of organic semiconductors. I will discuss excited
states in organic semiconducting molecules. Electron spin plays an important role in molecular
excited states. I will review the pertinent consequences of electron spin in molecules and discuss
the advantages for engineering high performance solar cells.
1.3.1. Propertiesof molecular aggregates
The covalent bonding of atoms to make a molecule results in the formation of a material
that exhibits electronic energy levels that are more than the addition of the atomic energies. For
example, varying the molecular structure of the imidazole molecule through the addition of a

Figure 1-2: Emission and chemical structure of various imidazoles in chloroform when
excited at 365 nm from ref. 7.
small number of atoms radically changes the absorption and emission spectrum of the molecule7.
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These changes are observed in the photoluminescence of the molecule under ultra-violet
excitons, Figure 1-2. Each variation of the molecule emits a different energy photon which is
why each vial glows a different color. Molecules can also be crystallized into single crystals8 . In
the crystal structure of organic semiconductors the basis is a molecule rather than an atom. The
molecules in the crystal interact weakly through Van der Waals bonds. Due to the weak
interaction between molecules excited states of organic semiconductors are often localized to a
single molecule. These localized states are called excitons; due to the low dielectric constant of
the molecule the exciton binding energy is on the order of 0.5 eV 9 .
The organic semiconductor tetracene is an example of excitons in the solid state that are
primarily localized to a single or a few molecules 0 . Plotted in Figure 1-3 is the absorption
spectrum of isolated molecules of tetracene in solution and tetracene molecules in the solid state
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Figure 1-3: Absorption spectrum of tetracene in solution and solid state. The similarity
indicates little interaction between molecules in the solid state. Figure from ref. 0.
as a polycrystalline thin film and nano-aggregated particles10 . The molecular absorption peaks
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observed in solution as very similar in shape and intensity in solid state material with the energy
of the absorption peak red-shifting due to the increased dielectric constant of the polycrystalline
tetracene relative to the chloroform. There is slight broadening of the absorption peaks due to
interaction with other molecules. The energetic spacing between the vibration absorption peaks
remains the same. These features should be contrasted with inorganic semiconductors where
delocalization of electrons across the solid forms bands in the solid state. Excited states in solid
state organic semiconductors are determined by the excited states of the single molecule not
interactions with other molecules.
1.3.2. Molecules Excitations:Excitons spin states
Since excited state energies are determined by the properties of the molecule, molecular
bonds and energy levels determine the photo-physical properties of organic semiconductors. The
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Figure 1-4: Atomic energies levels f or Li atoms and diatomic lithium. In diatomic lithium the
original isoenergetic levels of each Li atom hybridize into bonding and anti-bonding orbitals.
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energy levels of a molecule are best described with molecular orbital theory. An example of
molecular orbital theory is Figure 1-4 which shows the atomic energy levels of isolated Li atoms
and diatomic Li (Li2 ). Spatially overlapping the electron clouds of the Li atoms to form Li 2 leads
to bonding and antibonding (*) orbitals. To complete the molecular electronic structure, electrons
are added to the molecule starting at the lowest energy and filling each energy level one electron
spin at a time. The end result is a filled G2s and an empty C2s* orbital. Absorption of promotes an
electron from a filled orbital to a higher energy level. The core c Is orbitals will not participate in
visible light absorption as those energy levels are much lower in energy than the first unoccupied
orbital (a2s*). Visible light absorption occurs for transitions from cY2s and to the y2s* molecular
orbitals. Diatomic Li will absorb a photon of energy equal to the energy of the
the energy of the

72s*

orbital minus

y2s.

The same procedure for determining the energy levels in Li2 is used for organic
molecules. Molecules also have filled and lower energy core bonds that do not result in the
absorption of visible light. Excited states are formed from valance electrons and valance orbitals.
In general absorption of light promotes an electron from the Highest Occupied Molecular Orbital
(HOMO) to the Lowest Unoccupied Molecular Orbital (LUMO). In this case the excited state
can be treated as two energy level, two electron, system.
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Starting with a two energy level the lowest energy configuration is two electrons in the
HOMO level. Electrons are fermions and dual occupation of the same orbital requires each
electron to have a different spin quantum number. In this case, one electron is 'spin up' (s
and the other is 'spin down' (s
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Figure 1-5: Spin orientations for ground and the first excited state for a typical organic

molecule.
Adding energy to the system, we can create excited states by placing one of the electrons
from the HOMO into the LUMO, Figure 1-5. At first glance there are four ways to make an
excited state: (1) both electrons spin up (2) both electrons spin down (3) one spin up electron in
the HOMO and a spin down electron in the LUMO (4) one spin down electron in the HOMO and
one spin up electron in the LUMO. States (3) and (4), however, are not 'good' wavefunctions in
that exchanging the label of which electron is in which orbital does not return the same original
wavefunction. In the parlance of quantum mechanics these wavefunctions do not permute.
Suitable spin wavefunctions are found by adding and subtracting configurations (3) and (4). With
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the spin wavefunctions of the excitons determined, we can characterize the wavefunction of each
exciton. They either have total spin of zero or one. The multiplicity of total spin gives the
excitons their names. The three states with total spin of 1 are called triplet excitons while the one
state with total spin of 0 is called a singlet exciton. In addition to the total spin of each state, the
magnitude of the spin along one axis can be measured. The convention is to choose the spin
along the z-axis (Sz). The magnitude of Sz for each exciton is shown in Figure 1-5. In the
parlance of quantum mechanics the spin squared operator (S2) and Sz commute. The spin
component of the excitons can be thought of as precessing around the z-axis with a given
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Figure 1-6: Spin state of singlet and triplet excitons from ref. "where a = +1/2 spin and
spin.

=

magnitude, for a visualization of this see Figure 1-6.
Thus far we have only discussed the spin wavefunction of the exciton; however, the total
wavefunction includes a spin and a spatial component. A fermion's wavefunction must be antisymmetric under electron exchange. We observe that the triplet excitons have symmetric spin
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(2

wavefunctions while the spin wavefunction of the singlet exciton is anti-symmetric. Therefore
the spatial wavefunctions of triplet excitons are anti-symmetric while the singlet excitons are
spatially is symmetric.
The symmetry of the spatial component of the wavefunction has two important
implications. First, the probability of absorbing a photon is proportional to the square of the
dipole moment. The dipole moment operator (p) for a two electron system is -qi.ri-q2*r2 where ri
is the radius of electron 1 from the nuclei; r2 is the radius of electron 2 from the nuclei. The
dipole moment operator is symmetric under particle change and only operates on the spatial
component of a wavefunction. If the dipole moment operator is zero then the probability of the
transition would be zero. A transition with zero dipole moment is commonly called a disallowed
transition. For example, the dipole operator for a transition from a state with a symmetric spatial
wavefunction to a state with an anti-symmetric spatial wavefunction can be written as:

P = -q- < psm(1,2) 1r+r2
where psym and

(pan

>

Ianti(1,2)

(1.1)

describe the symmetric and antisymmetric wavefunctions of

electrons 1 and 2. Let's now permute [t which we will call p. We get:

pu,

=

-q - < (p, (1, 2) 1r,+ r2

I Y(anti

(1, 2) >

2
p, - q- < psyn(1, 2 )1r1+ r2I yanti(I, ) >

(1.2)

Because the dipole moment operator is symmetric, pp must equal p which only holds if
p=p = 0. Thus, absorption or emission of light from excitons of opposite spatial symmetry is
disallowed. Most molecules have a symmetric spatial wavefunction requiring that absorption of a
photon creates a singlet exciton. If a triplet exciton is created (through charge injection for
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example) it generally can not couple to ground by emitting a photon. In select materials triplet
emission can be observed either by reducing non-radiative decay rate of the triplet exciton

2

or

by increasing spin orbit coupling.
The second important aspect of the anti-symmetric spatial wavefunction of triplet
excitons is that the total energy operator includes an electron-electron repulsion term. The
spatially anti-symmetric wavefunction of the triplet exciton reduces electron-electron repulsion
and lowers the energy of the triplet exciton relative to the singlet exciton. The amount of energy
by which the triplet exciton is lower than the singlet exciton depends on the molecule's structure
and is an active area of research.
This section has covered a number of general photo-physical properties of molecules.
There are several particular properties to remember. First, excited states in organic
semiconductors are bound electron hole pairs called excitons. Absorption of a photon creates
singlet excitons which can also fluoresce. Triplet excitons are lower in energy than singlet
excitons and do not absorb or emit photons. Thermalization of energy from a singlet exciton to a
triplet exciton requires a spin flip and is disallowed. These properties hold for the majority of
organic molecules although there are some very useful exceptions.

1.4. Operation of organic photovoltaic devices
Organic photovoltaics are photocurrent generating devices which utilize organic
semiconductors instead of inorganic semiconductors. As discussed previously, absorption of a
photon in an organic semiconductor results in a bound electron-hole pair or exciton. To
overcome the binding energy of the exciton and generate free charge in an organic solar cell
requires the use of a heterojunction' ". A heterojunction is the meeting of two organic
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semiconductors with a HOMO or LUMO level offset' 6 , as depicted in Figure 1-7. At the junction
a charge-transfer reaction occurs when the electron or hole from one material is transferred to the
second material. The charge-transfer reaction results in a charge-transfer exciton formed by
having the hole and electron on different molecules. The driving force for charge-transfer exciton
formation is the energy different between the exciton in either the donor or acceptor material and
the charge-transfer exciton. The charge transfer exciton has energy ECT, where ECT = IPD-EAA.
where EA is the molecular electron affinity (EA) and IP is the molecular ionization potential
(IP). Subscripts denote the molecule, donor (D) or acceptor (A). The donor molecule is the
molecule with a smaller IP. It is common in the organic semiconductor community to use the
short hand of HOMO to refer to the IP and LUMO to refer to the EA.
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After formation of the charge-transfer exciton it freely dissociates into charge. The
driving force for creation of free charge is currently under debate, but photocurrent
measurements show that the efficiency of creating free charge is independent of the initial energy
of the charge-transfer exciton17' 8.This suggests that the charge-transfer exciton is not tightly
bound and that thermal fluctuations result in free charge formation. Free charges then diffuse to
the anode and cathode due to an internal electric field. These processes are summarized in Figure
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Figure 1-7: Abbreviated caption from 16. (a) Schematic illustration of the energy level
alignment requirements for efficient charge transfer from the photoinduced state to
take place. The energy level diagram for two donor-acceptor (DA) heterojunctions are
shown. Since the left hand junction has Eex > IPD-EAA, the charge-transfer reaction can
take place. However, for the right hand DA junction, Eex < IPD-EAA such that the chargetransfer reaction is energetically unfavorable. (b) Illustration of the four consecutive
steps in the generation of photocurrent from incident light: (1) Photon absorption with
efficiency hA (2) Exciton diffusion with efficiency )ED (3) charge-transfer reaction
efficiency 1cr (4) collection of carrier at the electrodes, rjcc.
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1-7(b).
When designing a high power efficiency organic solar cell a large number of factors need
to be considered including: absorption spectrum (strength and spectral position) of the donor and
acceptor molecules, exciton diffusion length of the donor and acceptor molecules, metal contact
material, and thickness of the transparent contact. I will not review the details of these choices
but discussions can be found in the literature'6 19 ,2 . In this thesis, I will primarily use organic
solar cell as a device structure for converting excitons into electrons. Additionally, excitons
yields can be measured easily with planar solar cells.
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A different utilization of the donor-acceptor junction is the multi-layer photodetector
(PD), schematically represented in Figure 1-8(a). This structure stacks thin layers of donor and
acceptor molecules in series. Layer thicknesses are typically less than 5 nm. Thin layers ensure
that excitons can diffuse to a donor acceptor interface with unity efficiency. Application of
reverse bias enhances carrier extraction to near unity as seen in the Copper-Phthalocyanine
(CuPc)-3,4,9, 1 0-perylenetetracarboxylic bis-benzimidazole (PTCBI) photodetector, Figure 1-8
(b). The total number of layer pairs is limitiless, leading to complete absorption of the light if
desired. Thus, the PD structure is a second way to count excitons and can be used for scientific
studies2 2 23 of organic semiconductors.

1.5. Multiple exciton generation
As discussed on page 18, in a conventional solar cell the photonic energy in excess of the
semiconductor bandgap is lost as heat. Multiple Exciton Generation (MEG) is the process of
using the excess photonic energy to generate an additional electron-hole pair instead of heat. By
generating n> 1 electrons from a single photon, 'single junction' multiple exciton generation solar
cells can obtain 42% power conversion efficiencies24,25, similar to the performance of a tandem
solar cell 6 . The figure of merit for a MEG solar cell is the number of electrons per photon, which
is also the definition of External Quantum Efficiency (EQE). To prove MEG is operating in the
solar cell requires an EQE greater than 100% which is the conventional EQE limit for non-MEG
solar cells.
Multiple exciton generation has been demonstrated to occur in several different materials
including bulk inorganic semiconductors 26, inorganic nanocrystals 27, and organic molecules 9 2 8,2 9.
Recent research has focused on inorganic nanocrystals for obtaining high yields of extra
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electron-hole pairs. In the nanocrystal materials obtaining high MEG yields requires photons of
energy many times greater than the nanocrystal bandgap3 . In solar cells this leads to EQEs
exceeding 100% only in the ultraviolet region (where there is little solar spectrum) for the lead
chalcogenide system 30 . Recent MEG solar cells have produced more than one electron per
photon for wavelength of light between 400 and 500 nm 3 ' however the enhancement in EQE
occurred only for light at least three times the nanocrystal bandgap. In contrast, organic
molecular absorption lines are predominantly in the visible spectrum and multi-exciton
generation can approach unity efficiency for photons just twice the bandgap. For example,
pentacene absorbs from 500 to 680 nm which is tailored to the highest flux portion of the solar
spectrum and generates two excitons from one photon even in thin films32
Multiple exciton generation in organic molecules is a process commonly called singlet
exciton fission and was discovered more than forty years ago 33,34 . The name highlights the
importance that exciton spin plays in the process of singlet fission. Absorption of a photon
creates an energetic singlet exciton. In a typical organic semiconductor the singlet state can lose
energy via fluorescence, non-radiative decay, or intersystem crossing. These fastest of these
processes, fluorescence, occurs in around 1 nanosecond. Direct decay of the singlet exciton to
the lower energy triplet exciton is even slower often taking many microseconds for samples
without heavy metals because the process involves changing the spin of one electron. In contrast,
in a molecule where the singlet excitons is at least twice the energy of the triplet exciton it is spin
and energy conversing to generate two triplet excitons from one singlet exciton. For organic
semiconductors where the triplet is approximately half the energy of the singlet, singlet exciton
fission rapidly and efficiently converts one singlet exciton into two triplet excitons229.
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1.6. Singlet Exciton fission in the oligoacenes
The most widely studied and efficient singlet fission molecules are the oligoacenes
tetracene and pentacene and their derivatives.

There is a substantial body of literature on both

molecules, but I would like to highlight two important topics. First, I will review the transient
measurements of the singlet fission rate in oligoacenes. Fission is significantly faster in
pentacene than tetracene as the process is energetically downhill. Secondly, I will summarize the
use of singlet fission molecules to generate photocurrent in solar cells.

1.6.1. Transient kinetics of singlet exciton fission in pentacene and tetracene
Measuring the transient dynamics of oligoacenes began more than 40 years3 5' 3 6 ago in an
attempt to determine the rate of singlet fission. Monitoring the singlet or triplet population as a
function of time provides insight into the rate of singlet fission. Tetracene and its derivatives
fluoresce efficiently enough to enable transient photoluminescence measurements to monitor the
singlet population. In low fluorescence quantum yield systems the more complicated techniques
of photo-induced absorption (PIA) or time resolved two-photon photoemission (TR-2PPE)
spectroscopy are required to measure the decay rate of singlet excitons or the rise time of triplet
excitons. In both tetracene and pentacene the conclusion of the transient measurements is that the
fission rate is rapid enough in neat films that the triplet exciton yield approaches the maximum
value of two.
1.6.1.1.

Transient measurements in tetracene

There have been a number of transient measurements of the lifetime of singlet excitons in
tetracene, a representative fraction are summarized Table 1-1. Across all references the prompt
lifetime is found to vary between 50 and 300 ps. The results differ in whether the fission rate is
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dependent on temperature or excitation wavelength 37' 38. Two publications find an ultra fast loss
of singlet excitons37'39. In general it can be concluded that the fission rate in tetracene is ~100 ps.
This is also the order of magnitude of fission rate in a number of tetracene based molecules40 .
This is much faster than the typical singlet fluorescence lifetime in solution (-10 ns) suggesting
that if fluorescence is the competing process to singlet fission the triplet exciton yield will be
high.
Preparation

Prompt lifetime
(s)

Temperature
Depsendence

Reference

Technique

Crystal
Crystal
Crystal
Crystal

300

Yes

150
200
250

NM
NM
YES

TPL

Crystal

200

YES

TPL

Thin film

80

NO

TPL

Thin film
Crystal

40,80
<1,80

NM
NM

PIA,TPL
PIA

Crystal
Thin film

50
90

YES
NO

Thin film

9,70

NO

36
42
42

46
38

TPL
TPL
TPL

PIA
PIA
TR-2PPE

Table 1-1: Summary of prompt lifetime for singlet excitons in tetracene crystals and thin films.
TPL is transient photoluminescence, PIA is photo-induced absorption, and NA is not measured.

1.6.1.2.

Transient measurements in pentacene

There are fewer measurement of the fission rate in pentacene and in general they agree4649. The fission rate investigated by both PIA 47'48 and TR-2PPE 49 is found to be

-100 fs. Note that

this is three orders of magnitude faster than singlet fission in tetracene. In pentacene the singlet
fission process is exothermic with 2 -ET= 1.72 eV and Es = 1.83 eV 29 . This leads to the enhanced
singlet fission rate. Even in pentacene derivatives with steric hindrance reducing the coupling
between molecules by a factor of 100 relative to pentacene the fission rate is only reduced to 10
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ps4. This suggests that the energetic criterion of Es > 2-ET is important to obtain fast and
efficient singlet fission. If new molecules can be fabricated which satisfy the energetic criterion
of fission, the fission yield will likely be very high even if the coupling between molecules is
poor
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1.6.2.

Photocurrent generation in the oligoacenes

The first report of the heterojunction solar cell utilizing thin films of pentacene and C60
was Kippelen et al. in 200450. The solar cells featured thermally evaporated layers of pentacene
and C 60 , as will the solar cell devices featured in this work. The possibility of singlet fission is
not discussed in this body of work. In hindsight, two features of the report suggest that singlet
fission is operating in the solar cell. First, the open circuit voltage (Voc) under illumination was
reported to be 0.363 V. In organic solar cells Voc ~EcT-0.5 suggesting that the charge transfer
exciton could be the lower in energy than the triplet exciton. Secondly, the peak pentacene EQE
was 58% for a 45 nm thick layer. To achieve such a large EQE from a partially absorbing layer
suggests that all singlet excitons are transported to, and converted to charge at, the pentacene-C6 0
interface. To account for the observed EQE the author's determined that the diffusion length of
pentacene's singlet exciton must be ~80 nm. However, typical singlet exciton diffusion lengths
for organic semiconductors fall between 5 to 15 nm5 1'5 . In hindsight it seems clear that the
longer lived and often farther diffusing triplet exciton5 is the main source of photocurrent in the
pentacene-C6o solar cell. Work featuring mixed layers of pentacene and N,N'-Dioctyl-3,4,9,10
perylenedicarboximide-C 13H 2 7 (PTCDI-C 13H 2 7) also features large EQEs and Internal Quantum
Efficiencies (IQEs) which is the number of electrons per photon absorbed5 3 5 5 . However, there
was no mention of singlet fission as the source of the high quantum efficiencies
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The first report of purposefully using singlet exciton fission in photovoltaic devices was
from Lee, Jadhav, and Baldo 56 . They reported multilayer photodetectors of pentacene and C 60
with EQEs in excess of 100% under a reverse bias. The multilayer photodetector structure was
chosen to maximize the collection efficiency of triplet excitons created by singlet fission while
reverse bias was utilized to collect charge. This paper was also the first demonstration of a
modulation of photocurrent under an applied external magnetic field due to changing the fission
rate. This work was quickly followed by a tetracene-based organic solar cell that harnessed
singlet fission for power generation, Jadhav et al. 57. A particularly important aspect of this work
was the use of a low singlet energy material to harness photons with energy between the singlet
and triplet exciton of tetracene in a three layer solar cell.

1.7. Using triplet excitons from singlet fission for solar energy harvesting
To bring down the cost of solar energy, a new approach to solar energy harvesting is
needed; one which can harvest energy from high energy photons without substantially increasing
the cost of device fabrication. The exciton doubling capability of singlet fission molecules could
be the system to accomplish this goal.
The exciton yields in singlet fission molecules can be large due to the prevention of
thermalization of the singlet exciton to the triplet exciton by spin. However, it is not clear that
singlet fission can produce EQEs in excess of 100% in an operating solar cell. The trade-off for
high exciton yields is that low energy photons are not absorbed by the triplet exciton as this is a
disallowed transition. This requires that singlet fission be paired with a lower bandgap material if
it is to increase the power extracted from sunlight. It is not clear what materials system or solar
cell technology will maximize the power generating potential of singlet fission.
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My thesis features a combination of basic scientific studies of singlet fission in pentacene
and tetracene and proof of concept devices. I utilize the modulation of the singlet fission rate
with an external magnetic field to identify singlet fission in operating solar cells, Chapter 2.
Using this unique fingerprint, I calculate exciton yields from singlet fission within operating
solar cell. I further these studies by designing organic solar cells that maximize the yield of
triplet excitons to photocurrent. Particularly important are the proof of concept devices that
extract more than one electron per photon in the visible portion of the solar spectrum, Chapter 3.
In Chapter 4, I propose a modification to the solar cell architecture proposed by Dexter as a solar
cell structure that may have commercial relevance. I discuss the technological hurdles required to
bring that device to realization. For the first time I demonstrate that the key process of triplet
exciton transfer from a singlet fission molecule to a PbS nanocrystal can occur. I optimize the
process measure a lower limit on the efficiency of 90%.
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2. Magnetic field modulation of singlet exciton fission
In this chapter, I will address the magnetic field modulation of steady state observables. I
will begin by calculating the change in fission rate constant as a function of external magnetic
field. I will derive how changing rate constant modulates the steady state populations of singlet
excitons and triplet excitons. To verify the calculated results I measure changes in the
populations of both singlet and triplet excitons experimentally. The singlet exciton population is
monitored via fluorescence from the sample. Triplet excitons do not fluoresce, thus alternative
methods must be used to monitor the triplet exciton population. Photocurrent in a properly
engineered organic solar cell measures the triplet exciton population.
Changes in photocurrent and fluorescence are measured for a number of oligoacenes.
Thus, this technique is a general way to track how singlet exciton fission is modulating the
singlet and triplet populations.

2.1. The origin of a magnetic field effect on singlet fission
The discovery of singlet fission, the creation of two triplet excitons from one singlet
exciton, began with a study of the conjugate process, triplet exciton fusion. Researchers would
directly excite the triplet exciton in anthracene and observed high energy emission that was
identical to the fluorescence of anthracene5 8 . The intensity of the fluorescence could be
modulated by an external magnetic field indicating that the spin of the excitons is an important
part of the process. These observations led to the conclusion that two triplet excitons could fuse
to form a singlet exciton, a process termed triplet fusion. It also suggested that the reverse
process of splitting one singlet excitons into two triplet excitons, singlet exciton fission, would
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be spin allowed. Singlet fission was proposed as the decay pathway responsible for the low
fluorescence efficiency of tetracene . Experimental evidence for fission was shown by Singh et
al. 59 in 1965, but proven by Merrifield et al. in 196934 by modulating the fluorescence of
tetracene with an external magnetic field.

2.1.1. The kinetic modelfor singletfission
The magnetic field dependent fission rate can be understood with a proper kinetic model.
A particularly easy model to understand is the steady state model developed by Merrifield 60. A
more comprehensive density matrix formalism was later developed by Johnston and Merrifield 6'
and then extended by Suna62 to include exciton diffusion. Two particularly good treatments of
the magnetic field effect on singlet fission are the review by Swenberg and Geacintov 2 8 and the
illustrations by Avakain63 . More recently, Thompson and Hontz et al. applied the density matrix
formalism to pentacene64 with an updated notation of the kinetic processes, see equation (2.1). It
is this kinetic notation that I will utilize throughout this thesis. Regardless of which model is
used, all models have the same qualitative result: the net forward rate of singlet fission is
dependent on the strength of any external magnetic field. The kinetic notation from Thompson
and Hontz et al. is:

Si

:1 -k_1

'N

k_2

f2TI + TI

(2.1)

where Equation (2.1) gives the full rate expression for singlet exciton fission. Si is the
excited singlet exciton, (TT)' is the Ith pair of triplet excitons with 1= 1,2,...9, and T+T are the
two spin independent triplet excitons. The equation can be simplified by agglomerating the
individual rate constants.
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(2.2)

kfis (B)
(B)

SNkjj

I

I

where kf-s(B) is the magnetic field dependent singlet fission rate and kfus(B) is the
magnetic field dependent triplet fusion rate. Understanding the qualitative magnetic field
dependence of the singlet exciton fission rate or the triplet exciton fusion rate is most easily
illustrated using Merrifield's initial model60 which I will work through.
In singlet fission and under a magnetic field it is assumed all the energy change of the
triplet pair states can be described by the spin Hamiltonian. The spin Hamiltonian of a single
triplet exciton can be written as:

H = gplB - S + D( - 2

where g is the g-factor,

P is

v2)+ E(S 2-

(2.3)
(23

S )

Bohr magneton, B is the magnetic field, 9 is the total spin

operator, Sx,Sy.S, are the spin operators along their respective axis, and D and E are the zerofield splitting parameters. It is assumed that the electron motion within the molecule averages
any nuclear part of the Hamiltonian to zero. The total Hamiltonian for a triplet pair in a crystal
lattice can be assumed to be the average of two triplet excitons.

[gB(S +S2)+ D*
2

)+E*(.

+52

-

,)] (2.4)

3

3

where the subscripts denote each triplet exciton. The triplet exciton in crystalline
oligoacenes moves between the two inequivalent sites2 8 , thus the molecular fine splitting
parameters need to be averaged over the two sites 28,64 . The crystal fine splitting parameters, D*
and E*, are denoted with an asterisk.
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2.1.2. Determiningthe fission rate as a function of magneticfield
The initial spin zero singlet exciton is mediated to the final state of two spin one triplet
excitons through the triplet pair. The pure spin eigenstates of a triplet pair are 0,1 or 2. Thus, it is
spin conserving to go from a singlet exciton to the spin 0 triplet pair. The triplet pair state is spin
interacting triplet excitons and removing the spin interaction does not require changing the spin
of an electron. Thus the overall process of singlet fission is spin conserving.
We can now build a steady state kinetic model of singlet fission where we assume that
non-geminate triplet fusion is not occurring. Our rate equation is:

S

k

k-

TT

(2.5)

>T +T

k2

and the steady state population changes can be written as:

d[(TT)']

-k

dt

2

-[(TT)']-

-kS, 12 .(TT)'] + k, -S

(2.6)

]= 0(27

(2.7)

=

2

d[S]d -~-~
[S-k
1 .j1S
1 -kl- S,|1 2 -[S]
]+ k_-|
dt

.[S]

0

12

.[S]=
1 12 _[(TT)']=kfi
=k,[s
I,249

/

where IS 1!2 is the singlet character of the Ith triplet pair. The probability of going from the
SI to (TT)' or back depends on the fraction of singlet character of the

Ith

(TT) pair. Species in [ ]

are concentrations. Solving Equation (2.7) for [S] and substituting into Equation (2.6) we obtain:

kflS = k'

k

(2.8)
k2

s

2 +

A simple test at this point is to assume that the singlet character of each triplet pair is
evenly distributed. Thus if the total number of triplet pair states with singlet character, N, is 2,
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the IS1j2 = 1/2, if N = 3, ISi2 = 1/3, etc. Calculating the total fission rate for given fixed values of
ki, k 1 , and k2 =1, Equation (2.8) simplifies to:

N

k

fis

(2.9)

N+1

Equation (2.9) quite clearly demonstrates that the fission rate will increase as the number
of states with singlet character increases. If an applied magnetic field changes the number of
triplet pair states that have singlet character it will also change the steady state singlet fission
rate. This holds true even when the singlet character is not evenly distributed between triplet pair
states.
To perform the actual calculation of kfis as a function of magnetic field requires
calculating the singlet character of all nine triplet pair states as a function of external magnetic
field. To accomplish this task requires the following steps: (1) choose a basis for the triplet pair
states. (2) Determine the eigenvectors of the S2 operator (S2

=

2+Sy2+SZ 2 ) using the basis. The

eigenvector with an eigenvalue of 0 is the singlet state. (3) Calculate the Hamilontian from
Equation (2.4) at a given magnetic field. (4) Determine the singlet character of each of the
eigenvectors of the Hamiltonian. (5) Use Equation (2.8) and the singlet character of each
eignenvector to determine the fission rate.
For excitons in oligoacene crystal lattices the fission rate is dependent on the external
magnetic field due to the changing number of triplet pairs that have singlet character. At zero
magnetic field there are three triplet pair states that have singlet character. For magnetic field
strengths on the order of the molecular fine splitting, there are up to 6 states with singlet
character. Magnetic fields much greater than the fine splitting parameter result in two states with
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Figure 2-1: Calculated normalized fission rate constant as a function of external
magnetic field for singlet excitons in a pentacene crystal. The rate constant increases
for intermediate field but decreases large magnetic field. TM is the transfer matrix
method. The ratio k-11k2= 0.7 for all calculations. Eric Hontz provided the transfer
matrix calculations.
singlet character (unless the external field is aligned with the crystal fine splitting axis then there
is one 6 1). As the number of states with singlet character increases, the fission rate increase. Thus,
we expect the fission rate to increase for magnetic fields on the order of the fine splitting
strength, then decrease for higher values.
Figure 2-1 is a plot of the normalized calculated fission rate of pentacene as a function of
external magnetic field plotted for different methods of calculating the singlet character of the
triplet pair states. There are two important features to Figure 2-1. First, the qualitative shape is
unique, with a small increase at low fields followed by a reduction in rate below in the initial
value and then saturation in the rate at high fields. Most other magnetic field processes are
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monotonically increasing before saturating 28,6. The line shape of singlet fission as a function of
magnetic field is unique and provides a way to identify when singlet fission is occurring.
The values of the increase in fission rate and the decreased fission rate at high fields can
vary with the method of calculating the fission rate or the exact values of the rate constants.
However, the qualitative shape is not changed. The second important feature of Figure 2-1 is that
the quantitative values are unique to the pentacene crystal. Most materials that undergo singlet
fission exhibit a fission rate that is a function of external magnetic field with the line shape in
Figure 2-1. However, the exact ratio between the increase at low field and the decrease at high
field is unique to that molecule and its crystal structure. Within the framework of the kinetic
model these changes can be tuned by varying the rate constant k2 and the ratio of k-/k

2

64

2.2. Steady state populations of singlet and triplet excitons
With a kinetic model of singlet fission established we can now place the fission rate in
context with all of the possible kinetic processes for the pentacene crystal or a neat thin film,
summarized in Equation (2.10).

AS

k

G

k ,(B)
kf (B)

T + T-

k

"'Ground

(2.10)

where kr is the radiative decay rate, knr is the non- radiative decay rate, and G is the rate
of generation of excited singlet excitons. We assume that non- radiative decay of the singlet
exciton is much slower than both the fission rate and the radiative rate, thus it is not included.
Under steady state conditions we can write the rate equations as:

d[S]=G-k, -[S]-kf
dt
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-S]=O

(2.11)

d [ T]k

dt
dt

(2.12)

2k,-s [S]-k, .- [T]=0

solving for the steady state concentration of singlet, [S], and triplet, [T], excitons yields:
[S]= G

1

(2.13)

kfi, + k,

2G

1

[T]=

k(2.14)

knr I1+ k
fIs
We can test two limiting cases (i) kfiS increases and (ii) kfiS decreases while all other rate
remain constant. In case (i) [S] will decrease as the denominator increases, [T] will increase as
the denominator decreases. The inverse is true for case (ii). I plot the concentration of singlet and
triplet excitons versus magnetic field, Figure 2-2, for the fission rate determined in Figure 2-1.
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Figure 2-2: Schematic depiction of the steady state singlet and triplet populations as a
function of magnetic field for a singlet fission material.
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The singlet and triplet populations follow the line shape of the fission rate. However, the change
in population relative to the zero field value is different. The singlet population is increased and
high fields while the triplet population is decreased. This section has focused on the expected
singlet and triplet populations as a function of magnetic field. In the next section, I will measure
the singlet and triplet populations experimentally.

2.2.1. Changes in singletpopulation measured via fluorescence
For a single crystal or neat film of a singlet fission material the competing rate to singlet
fission is fluorescence, Equation (2.10). Since fluorescence involves the emission of a photon,
we can measure the emission as a proxy for population of singlet excitons. I will begin with
measurements on pentacene as it is a prototypical exothermic singlet fission material. I will
demonstrate that changes in the singlet population due to an external magnetic field occur in
pentacene and other oligoacene based singlet fission materials including tetracene.
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Measuring the fluorescence from pentacene is complicated by rapid fission. The steady
state concentration of singlet excitons will be quite small unless the generation rate, G, is large.
Using a 18 Watt Verdi laser (? = 532 nm, fluence = 10 W/cm 2) I excited a single crystal of
pentacene and observed fluorescence, Figure 2-3. The fluorescence spectrum is a mirror image to
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Figure 2-3: Fluorescence from a single crystal of pentacene excited at 532nm (green line). The
thin film absorption spectrum is a mirror image of the emission. Vertical gray lines represent
dielectric filters on the crystal emission. The sample was pumped at 800 mW.

the absorption spectrum, typical for rigid organic molecules.
The pentacene crystal fluorescence was monitored as a function of external magnetic
field. The fluorescence measurement was made on a single crystal of pentacene to minimize the
creation of charge at defect sites which are prevalent at grain boundaries in thin films. In Figure
2-4, I plot the normalized change in fluorescence (5 F) of pentacene, where the change in
fluorescence is defined as:
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F=

F(B) - F(0)

F(O)

(2.15)

F(O)

where F(B) is the fluorescence intensity at a given magnetic field, B. F(O) is the fluorescence
intensity at zero magnetic field. For more details on the measurement technique please see
Appendix A. The change in fluorescence matches very well the expected shape from the
calculations of the singlet population. At low fields the fluorescence is reduced, reflecting a
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Figure 2-4: Change in fluorescence of a pentacene single crystal as a function of
external magnetic field. Inset is the low field region with clear negative values.

lowering of the singlet population as the fission rate in increased. At high field (B> 0.2T) the
fission rate is reduced and the fluorescence increases. The single crystal was oriented in the
direction that maximized the change in photocurrent, see Figure 2-5. The magnitude of the
change in fluorescence is important and can determine the k 1/k2 ratio if measured accurately.
However, the high pump fluence required to obtain fluorescence from pentacene also gave
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extraneous emission, lowering the measured change in fluorescence. The measured value should

Figure 2-5: Micrograph a pentacene single crystal with faces index by x-ray
diffraction. The orientation of the magnetic field relative to the crystal is
indicated by the red arrow.

be taken only as a lower bound on the true 5
A

8F

F-

line shape similar to that of pentacene is observed in neat films of oligoacene

derivatives of pentacene and tetracene. The 8F of a selection of materials is plotted in Figure 2-6.
All measurements are on thin films of the materials with approximate thickness of 100 nm.
Tetracene based molecules were excited at 420 nm. DPP was excited with the 532 nm Verdi
laser. Common acronyms and the molecular structure are labeled next the change in fluorescence

for each molecule: DPP = 6,1 3-Diphenylpentacene, DPT= 5,12-Diphenyltetracene, TbRb = 2,8Di-tert -butyl-5, 11 -bis(4-tert -butylphenyl)-6,12- diphenyltetracene, Tc = tetracene, Rb =
5,6,11,12-Tetraphenylnaphthacene, and DTT = 6,13-di(2'-thienyl)tetracene. In addition to this

measurement singlet fission in these molecules has been confirmed by transient measurements 40
48

It is clear that singlet fission provides a unique line shape in the change in fluorescence as
a function of external magnetic field. This line shape can be used as a fingerprint to identify
molecules that undergo singlet fission. However, there are two caveats to this measured. First,
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Figure 2-6: Change in fluorescence for tetracene and various pentacene and tetracene derivatives.

the magnitude of the change in fluorescence does not directly correlate with singlet fission
efficiency unless the k/k

2

ratio is known exactly. Second, having a fluorescence molecule

requires that the fission rate is not significantly larger than the radiative decay rate. Instead, a
good fission material should convert all the singlet excitons to triplet excitons, i.e. pentacene, and
should have little fluorescence. Although I have demonstrated that pentacene's fluorescence
modulation can be measured, it is not a 'simple' experiment. Thus, it would be beneficial to have
an easier technique for verifying singlet fission in non-fluorescence fission materials. In Section
2.2.2 I will discuss utilizing photocurrent in an organic solar cell to perform this function.
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2.2.1.1.

Monitoring singlet excitonfission in solution

Measuring changes in fluorescence of neat films is a great technique to determine if
singlet fission is changing the steady state concentration of singlet excitons. However, it requires
the capability to fabricate neat films of the organic semiconductor. It would be convenient if an
easier screening method could be developed. There is a report that triplet excitons are formed
from singlet exciton fission in highly concentrated solutions of bis(triisopropylsilylethynyl)
pentacene (TIPS-pentacene) 66 . TIPS-pentacene is a highly soluble variation of pentacene that has
been previously demonstrated to undergo singlet exciton fission in neat films67 . In this section I
will demonstrate that a number of molecules which have singlet fission in neat films also
demonstrate a magnetic field effect on the fluorescence in solution. I will show that singlet
exciton fission is occurring in solutions of singlet fission molecules. I observe similar behavior
for DPP, DTT, and Rb and will utilize DPT as the model molecule for singlet exciton fission in
solution.
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Figure 2-7: Change in fluorescence for a solution of 100 mg/mL of DPT in toluene and
for a thin film of toluene spun-cast on quartz from toluene. (a) provides the a scan
over magnetic fields up to 0.4T where (b) is the low field comparison.
Figure 2-7 is a plot of the steady state change in fluorescence as a function of magnetic
field for a 100 mg/mL solution of DPT in toluene and a neat film of DPT spun-cast from a
solution of toluene. In both films, there is a clear change in fluorescence as a function of external
magnetic field. However, the line-shape differs between the two preparations. In either case, a
high magnetic field slows down the process of singlet exciton fission resulting in a greater
amount of fluorescence from the sample. There have been suggestions that electronic coherence
plays a role in singlet exciton fission 39 , however, the existence of fission in solution calls seems
to disagree with that hypothesis. In fact, a large number of singlet fission molecules which have a
modulation of the fluorescence in neat films appear to undergo singlet fission in solution: DPP,
DTT, Rb, and DPP. A more complete analysis of solution singlet fission in the DPT system is
presented in Appendix B which includes: the concentration dependence of the magnetic field
effect correlated with measured transient photoluminescence lifetimes, lifetime measurements

51

with and without a magnetic field, and a demonstration that the magnetic field modulation of
fluorescence is independent of solvent polarity.
Although the monitoring singlet fission's magnetic field effect has been demonstrated in
solution, the lack of a magnetic field effect on the fluorescence from solutions of singlet fission
molecules is not an indication that the molecule doesn't perform singlet exciton fission. For
example, I did not observe a magnetic field effect on solutions of TIPS-Pc. This may be due to
the rapid fission rate of TIPS-Pc. Additionally, the magnetic field effect on solutions of diphenyl
hexatriene (DPH) and diphenyl octatetraene (DPO) were only slightly larger than the instrument
noise, see Apendix B for plots. Thus, it is still beneficial to develop additional methods for
testing for singlet exciton fission, especially in systems with ultrafast singlet fission where
monitoring the change in fluorescence is difficult in both solid state and solution.

2.2.2. Changes in tripletpopulation measured via photocurrent
As discussed in Chapter 1, an organic solar cell can dissociate excitons at a donoracceptor interface if the charge-transfer energy is less than or equal to the energy of the exciton.
Known oligoacene singlet fission materials are organic semiconductors that act as donor
molecules in an organic solar cell. If the charge-transfer state energy is lower in than the triplet
exciton, it is expected that the triplet excitons would be create charge transfer excitons. These
excitons then dissociated into free charges, or photocurrent. Thus, the photocurrent provides a
probe of the triplet exciton population in a properly designed organic solar cell. In this section I
will demonstrate that the photocurrent tracks the expected changes in triplet yield.
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Generation of photocurrent from the triplet exciton in a pentacene based solar cell
requires that the charge transfer state energy lie within the triplet energy of the HOMO level of
68
pentacene. Ultraviolet photoemission spectroscopy (UPS) measurements on neat films of

pentacene and crystals6 9 of pentacene place the HOMO level at 4.95 and 4.90 eV respectively.
Thus, an acceptor molecule with a LUMO level at ~3.9 eV would be ideal. Kahn et. al places the
LUMO level of C60 at 3.98 eV 70 . This should form a low charge transfer exciton with pentacene.
Although the values for the HOMO and LUMO levels quoted have an accuracy of 0.01 eV, it is
more typical that a UPS measurements has error bars on the order of 0.2 eV 68 . Thus, the
pentacene- C60 system will likely form a charge transfer state capable of dissociating the 0.86 eV
triplet of pentacene given the error in the LUMO and HOMO positions of pentacene and C60 .
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Figure 2-8: (a) Energy levels and layer thicknesses for a simple pentacene- C6o solar
cell (b)EQE for a pentacene- C6o solar cell. The simulated EQE from pentacene and
C6o are plotted as dashed blue and red lines respectively. Energy levels are in eV and
thicknesses are in nm.
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Figure 2-8(a) features the energy levels and device architecture for a typical planar
pentacene- C60 solar cell. Notice that the charge transfer energy is -0.9 eV which is comparable
to the triplet energy of pentacene, 0.86 eV 29 48 . In Figure 2-8(b) is a plot of the EQE versus
wavelength of a typical pentacene- C60 solar cell. Notice that there are two distinct regions of
photocurrent. The first spans the range 400-550 nm and originates from excitons created in C60 .
The second spans 550-700 nm and is due to photons absorbed by pentacene. By exciting only
pentacene it is possible to track the photocurrent modulate as a function of magnetic field for
excitons formed in pentacene. Similar to when we measure the change in fluorescence, the
change in photocurrent (si) is defined as:

I(B)-I(O)
1(0)

(2.16)

where I(B) is the device photocurrent at magnetic field B and 1(0) is the photocurrent
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that the change in photocurrent is negative for large magnetic field. (b) Negative change in
photocurrent from (a) and the change in fluorescence of a pentacene single crystal.
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under zero magnetic field.
In Figure 2-9(a) is a plot of 61 as a function of external magnetic field for the planar
pentacene solar cell in Figure 2-8. When C6 0 is excited (X = 460 nm) there is no magnetic field
response. However, when pentacene is excited (X = 660 nm) the distinct fission signature is
observed. Note that the sign of the magnetic field modulation of the photocurrent at large
magnetic fields is negative. This confirms that the pentacene C6o heterojunction can dissociate
triplet excitons. At large magnetic fields the triplet population is reduced due to the retarded
fission rate. The negative field effect indicates that the process of singlet exciton fission is
generating additional photocurrent in the system.
The change in photocurrent matches the expected line-shape of the triplet population
versus magnetic field, Figure 2-2, with a small positive feature for low fields and a strong
negative feature as high fields. This is in contrast to changes in photocurrent that can occur due
to the spin statistics involved in charge transfer states7 1 . This point is more evident when
comparing the change in fluorescence from pentacene single crystals to the change in
photocurrent from the solar cell, Figure 2-9(b). The curves are nearly identical in line-shape
indicating that the same magnetic field sensitive process is operating both on the singlet excitons
in the single crystal and the triplet excitons generating photocurrent in the solar cell. Please note
that the axes have been scaled to accentuate the similarity of curves. A discussion of the
magnitude of the change in photocurrent will occur in Section 3.1.2.
We can track the change in photocurrent due to singlet exciton fission directly back to
pentacene by monitoring 6 1(0.4T) as a function of wavelength of incident light. We can write the
total photocurrent at any wavelength as:
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Itota (A) =

ISF( A ,B)+

(2.17)

(A)

I

where Itotal(X) is the total photocurrent, ISF(,B) is the singlet fission molecule's
photocurrent at magnetic field B, and

is acceptor's photocurrent at wavelength k. For the

IAc(X)

pentacene- C 60 system, SF = Pc, and Ac = C 60 . Retaining the generalization, the measured
change in photocurrent can be written as:
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If we define $SF as the fraction of photocurrent from just the singlet fission material

SF(A)

(2.19)

(50)
ISF

= '

ISF R
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Ac(A

then Equation (2.18) can be rewritten as:

'measured

ISF(B)-ISF(O
'SF

F

(2.20)

(0)

The greater fraction of the total photocurrent contributed from singlet fission molecule
the closer the measured change in photocurrent will reflect the 'actual' change in photocurrent. In
the case where the fission material is the only material contributing to the photocurrent, Equation
(2.20) predicts that the magnitude of the change in photocurrent will be independent of incident
wavelength. This is the nearly the case for the pentacene- C60 system around the pentacene peak
absorption, X = 670 nm. Figure 2-10 plots the negative change in photocurrent for a pentaceneC 60 photodetector versus wavelength and the fractional contribution of photocurrent from
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pentacene scaled to match the change in photocurrent. The agreement between the two curves is
excellent, thus, only pentacene is the source of the magnetic field modulation of photocurrent not
any other CT related effect.
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Figure 2-10: Negative change in photocurrent at 0.4T as a function of incident wavelength
for a 2:1 nm Pc- C6o photodetector. for -1V (red) and -4V (green). The change in photocurrent
follows the fractional contribution of pentacene to the total photocurrent, black line.

2.2.3. Changes in singletpopulation measured via photocurrent
In the pentacene- C60 system the low energy triplet can be dissociated into charge and
used to track the population of triplet excitons. However, it is also possible to track the singlet
exciton population via photocurrent if the triplet exciton is not converted to charge at the donoracceptor interface. The addition of phenyl group to pentacene in the formation of DPP lowers the
HOMO level of DPP to 5.2 eV 72. A similar lowering of the HOMO level is expected for 6,13-Dibi-phenylpentacene (DBP), although its HOMO level has not been measured. The charge transfer
exciton energy for DPP- C60 is then 1.2 eV. Assuming that the triplet energy of DPP is close to
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the triplet energy of pentacene, the charge transfer energy will be larger than the triplet energy
and only singlet excitons will contribute to the photocurrent in DPP or DBP- C60 solar cells.
The device characteristics of planar solar cells featuring DPP- C60 and DBP- C60 are
plotted in Figure 2-11. The absorption for DPP and DBP peaks around 620 nm with significant
contributions between 550 to 650 nm. However, the EQE from DPP and DBP devices in that
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Figure 2-11: (a) EQE and device structure of a DPP- C6o and DBP- Co solar cells plot with a
scaled C6o absorption spectrum. Energy levels are given in eV and thicknesses in nm. Energy
levels are only known for DPP and not DBP. (b) Current voltage characteristics for DPP and
DBP solar cells. The open circuit voltage is 0.69 and 0.81 V respectively.
spectral region originates from tailing absorption from C60 and the fission material itself, as seen
in Figure 2-11. The EQE of the devices features a very small contribution from either DPP or
DBP as would be expect for a fast fission material that is only contributing a small fraction of

singlet excitons to photocurrent. The fast rate of singlet fission will convert the singlet to two
triplet excitons before the singlet is converted to charge. The open circuit voltage of the DPP
solar cell is 0.69V and for DBP is 0.81 V. These open circuit voltages suggest that the lowest
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Figure 2-12: Change in photocurrent as a function of external magnetic field for a
DPP- C6o planar solar cell and for a DPP-PDIF-2CN photodetector. Note the positive
change in for the C6o device but the negative value for the PDIF-2CN photodetector.
Priya Jadhav fabricated the photodetector device73 .
energy charge-transfer state is much greater than the triplet energy, consistent with the lack of
EQE from either molecule.
If the solar cell is not converting triplet excitons to charge, the change in photocurrent
will have the line-shape of the change in singlet concentration which should have a positive
change in photocurrent for large magnetic fields. We observe this behavior for DPP- C 60 solar
cells, Figure 2-12 red circles. More importantly, a positive change in photocurrent indicates that

singlet exciton fission is not adding additional photocurrent to the solar cell. At high magnetic
fields the fission rate is lowered and results in the production of fewer triplet excitons and a
larger number of singlet excitons. The sign of the change in photocurrent can be reversed by

changing the acceptor to PDI-2CN which has a LUMO level of 4.373, Figure 2-12 black circles7 3 .
Importantly we can track the change in photocurrent in the DPP- C60 solar cell directly to

DPP even though there is little evidence of DPP in the EQE spectrum. Figure 2-13(a) plots the
total EQE for the DPP- C60 solar cell and the components of the EQE from both DPP and C60 . To
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Figure 2-13: (a) Measured and simulated EQE for a DPP- C6o solar cell. The fractional change
in photocurrent is determined from the simulated DPP and C6o EQE. (b)Change in
photocurrent for a DPP- C6o solar cell measured at a field greater than O.4T as a function of
wavelength. The solid black line is the fractional photocurrent of DPP scaled to match the
peak of the change in photocurrent.

determine the change in photocurrent is solely due to DPP, we measure 81 (O.4T) as a function of
excitation wavelength, Figure 2-13(b). The change in photocurrent as a function of wavelength
matches fractional component of DPP photocurrent. However, due to the spectral overlap of DPP
and C60 optical modeling (see Chapter 3 for details) is required to separate the components of

EQE. We find that 81 follows the shape of the fractional current from DPP, Figure 2-13(b). The
fit is most accurate over the regions of high DPP absorption which is where the optical modeling
is most accurate for a layer that is contributing little photocurrent to the device.

2.3. Conclusions
The origin of the change in singlet exciton fission rate is due to a changing number of
triplet pair states that have singlet character. This gives the fission rate, singlet population, and

triplet population in steady state a unique line shape that acts as a fingerprint for tracking singlet
fission. Populations of singlet and triplet excitons can be monitored using different experimental
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techniques and are found to well match our predictions from kinetic models. Most importantly,
the sign of the change in photocurrent indicates when singlet fission is benefiting photocurrent
generation. Negative values of the normalized change in photocurrent correspond to devices
where singlet fission is adding to the photocurrent.
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3. Engineering singlet fission based solar cells
In the previous chapter we used the change in the singlet fission rate as a function of
magnetic field to report on the process of singlet fission. It was possible to track either the
population of singlet or triplet excitons. In this chapter, I will demonstrate that the magnitude of
the high field change in photocurrent is a direct report on the efficiency of singlet exciton fission.
In planar solar cells changes in photocurrent predict the device internal quantum efficiency. The
prediction of high internal quantum efficiencies from the magnetic field effect is used to
optimize organic solar cells, leading to solar cells that produce 1.26 electrons per photon, well in
excess of the conventional limit of 1 electron per photon.
Singlet fission-based solar cells featuring a bulk heterojunction, nanostructured layers, or
thick layer of pentacene experience the phenomenon of triplet-charge annihilation (TCA). Like
singlet fission this process has a magnetic field effect that reports on the loss efficiency. Devices
engineered to reduce the TCA magnetic field signature also demonstrate improved performance.
By the end of this chapter it will be clear that singlet exciton fission can produce nearly
two electrons per photon in an operating solar cell with charge extraction and absorption
preventing the realization of 200% EQE devices. Due to the presence of TCA, high power
efficiency singlet fission solar cells should not have charge moving through the singlet fission
layer.

3.J.Steady state kinetic model for singlet fission within an operating solar cell
In Chapter 2, we derived a steady state rate equation for a neat layer of singlet fission
material, Equation(2. 10). Within a working solar cell where the charge transfer state energy is
less than the triplet energy two important rates must be added to that model: ks, the singlet
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exciton dissociation rate into one charge, and kT, the triplet exciton dissociation rate in one
charge. The rate model for a work photovoltaic device is then:

k.-G

k

kfi,(B)

where C' represents a charge formed from the triplet excitons. This kinetic model is
general enough to describe most oligoacene photovoltaic devices.

3.1.1. Simplified rate modelfor pentacene
Pentacene is the prototypical exothermic singlet fission molecule with the singlet exciton
greater in energy than two triplet excitons by 0.11 eV and a singlet fission rate of -80 fs. Thus,
non-geminate triplet fusion rate (energetically uphill) and kr will be negligible. Equation (3.1)
can be simplified to:
G+

C

s

S

kfis(B)

>T+T

kT

(3.2)

In this simplified kinetic model, there are only two pathways for the singlet exciton,
fission or direct conversion to one charge. For the triplet excitons, fusion is negligible because it
is endothermic. Only direct formation of charge in allowed, with the assumption that nonradiative decay is not occurring. The assumptions about the competitive rates for the singlet
excitons are reasonable. Experimentally we observe that some device structures have a
substantial fraction of triplet excitons decay non-radiatively. Never the less, addition of a nonradiative decay pathway does not add insight in to the kinetic model for relevant device
architectures and only complicates the mathematical expression. Thus, that rate will remain
omitted.
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3.1.2. Change in photocurrentwith applied magneticfield: pentacene solar cells
Now that we have a kinetic model for describing the pentacene solar cell we can derive
an expression for the photocurrent as the singlet fission rate changes in the solar cell. The yield
of photocurrent, i, is:

/ =G

k
kfs(B)+ks

+

2kfs(B)
kfs(B)+ks

(3.3)

-

where G' is the generation rate of singlet excitons divided by the extraction rate of
charges to the external circuit and is assumed to be a constant value. kfis(B) can be define as
kfis(B) = kfs'-x where kfs' is the zero field rate of triplet-charge annihilation and x is a unitless
number that is a function of the external magnetic field. The measured change in photocurrent,
81, is then:

q,(B) -7,(0)
)7,(0)

I
k 1)(3.4)
(2k

.fis

+ ks)-(

ks

-k fis +ks)

It is important to note that under a large magnetic field x is less than one and 51 < 0. 51
has a minimum value that can be found by taking the derivative and setting it equal to zero. The
minimum value of 81 occurs when:
kv = kf, - 2

(3.5)

The change in current will be most negative when the two rates out of the singlet state are
roughly balanced. This is straight forward to understand as ks results in only one charge and kfs
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results in two. When they are equal a small increase in either rate results in a large change in the
overall current. Plugging Equation (3.5) into Equation (3.4) and simplifying the expression for 81
at its minimum value we obtain:

S

=

2:-i
(1±2)2

(3.6)

x:

since 6 imin is an experimental observable we can rearrange Equation (3.6) to solve for

_

+I+ 2-.-2
±n
(S1 -1)

251mi +61m
m
3n

-m2in "F)S

m~+1

m"

(3.7)

once we know x then the measured 61 reflects changes in the ratio of k, to kfi,. With the
ratio of the rate constants of ks to kfis we can determine: the maximum internal quantum
efficiency (i1) and the triplet yield (TY). The triplet yield is the fraction of triplet excitons
produced per singlet exciton and is defined as:

TY =

2 ks

kfiS + k,

(3.8)

the triplet yield maximum value is 2. Expressing the triplet yield only in terms of the
experimental observables 61 and x yields:

TYTY=(I=(

Siz1jS(z2
8S . ;r(39
- X + 1)2 - 8.15J2
(,)X
- k V((5, -(X + 2) z1)

(3.9)

(9, + 1) -(X - 1)
The kinetic model makes testable predictions. In Figure 3-1 I plot the triplet yield as a
function of 81 with the assumption that X = 0.85. Notice that 61 does not exceed -2.71%. This is
due the choice of X, a smaller value of x will result in a lower value of the minimum change in
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photocurrent. Importantly, 81 is zero for the case when the triplet yield is 2 and 0. Keep this in
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Figure 3-1: Triplet yield as a function of Si assuming that X= 0.85. The red curve is the
positive solutions to Equation (3.9) and blue dots correspond to the negative solution.
mind for later sections in this chapter.
The kinetic model can predict the change in photocurrent as a function of kfl5 /k,, as
demonstrated in Figure 3-2(a). The minimum value of 81 is set by x and is -2.7 1%. Note the
shape of the plot of triplet yield as a function of kf,,/ks as it will be important later in this chapter.
The rate model and its predictions are insightful for thinking about how to optimize
device performance. We desire a high triplet yields which requires maximizing the singlet fission
rate relative to the singlet exciton dissociation rate. When this occurs there will be nearly zero
change in photocurrent under an applied magnetic field. Conversely, if we measure large
negative values of the change in photocurrent at high fields, the two rates are nearly equal and
the overall triplet yield is low. In the next section we will discuss experimentally controlling the
singlet fission rate relative to the singlet exciton dissocation rate.

3.2. Tuning the singlet dissociation rate by varying the pentacene layer
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Figure 3-2: (a) Change in photocurrent and (b) triplet yield as a function of the ratio of the
fission rate to the singlet dissociation rate. A value of 0.85 is assumed for x.
In this section we will begin with a gedankenexperiment and then prove it with
experimental evidence. Pentacene singlet excitons have two kinetic routes, fission (kfs) or direct
dissociation into charge (ks). Since the singlet fission rate is -80 fs there is little time for singlet
excitons to diffuse towards the donor-acceptor interface before undergoing singlet fission. Our
gedankenexperiment is to postulate the existence of a thin layer of pentacene next to the interface
for which all singlet excitons create only one charge. However, singlet excitons outside this layer
fission before migrating to the interface, resulting in two charges. The ratio of k, to kfiS can be
tuned by varying the total pentacene layer thickness as this changes the total layer thickness that
generates one charge per singlet exciton. This simple depiction describes the physical situation
quite well as the magnitude of the change in photocurrent is substantially different for a 5 nm
pentacene layer in a photodetector and a 20 nm pentacene layer in a planar photovoltaic cell,

Figure 3-3.
We can verify the argument about layer thickness by fabricating and testing a variety of
thicknesses of pentacene thin film photovoltaic devices. Layers of pentacene thinner that 5 nm
do not make usable planar solar cells. To study the performance of thin layers of pentacene
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Figure 3-3: Change in photocurrent for a pentacene photodetector and planar photovoltaic device.
The photodetector has 5 nm thick pentacene layers sandwiched between acceptor layers while the
planar photovoltaic device is a neat 15 nm layer.
multilayer photodetectors are used. Comparing pentacene layers in photodetectors and solar cell
devices requires a common method of measuring the layer thickness. The metric of greatest
distance to the interface matches the gedankenexperiment. For a 5 nm thick layer of pentacene in
a photodetector the greatest distance to the interface is 2.5 nm as the layer is sandwiched
between two acceptor layers. For a 5 nm thick layer in a planar solar cell, the greatest distance to
the interface is 5 nm.
In Figure 3-4 I plot -8 1(0.4T) as a function of greatest distance to the pentacene-acceptor
interface. Blue data points utilize C60 as the acceptor, red data points use 3,4,9,1 0-perylene
tetracarboxylic bisbenzimidazole (PTCBI). The data has a minimum value and is similar in
shape to the predicted curve. Both curves have a minimum and tend towards zero on both sides
of the peak. Using Equation (3.7) and the minimum observed change in photocurrent of -

2.7±0.1% yields X = 0.85. Using Equation (3.9) the triplet yield is calculated directly from the
measured change in photocurrent, Figure 3-4. For very thin layers of pentacene the triplet yield
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approaches zero as all the singlet excitons within that layer are directly dissociated into charge
rather than undergoing singlet exciton fission. For thick layers of pentacene, only a small fraction
of the total volume of pentacene is close to the interface and nearly all the singlet excitons
undergo singlet exciton fission, resulting in a 200% triplet yield. Figure 3-4 suggests a minimum
pentacene thickness to achieve a benefit from fission. This appears to be - 1 nm, with fission
occurring with near unity efficiency for layers thicker than 5 nm. Independent confirmation of
the triplet yield predication from the magnetic field effect is the device IQE. In the next section I
will describe my technique for calculating the internal quantum efficiency of a photovoltaic
structure. I will then compare the IQE to the TY.
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Figure 3-4: High field change in photocurrent and triplet yield as a function of the
greatest distance to the pentacene-acceptor interface. Blue circles are solar cells with
Co as the acceptor, blue squares are the photodetectors with C6o as the acceptor, and
red squares are photodetectors with PTCBI as the acceptor. The peak value of -81
corresponds to a X value of 0.85.
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3.3.Measuringthe internalquantum efficiency ofpentacene photovoltaic
devices
The internal quantum efficiency is defined as the number of charges to the external
circuit divided by the number of photon absorbed in the solar cell. The organic solar cell
community is slight suspect of IQE values as it can be difficult to determine the absorption
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Figure 3-5: Flow chart of calculating a self-consistent n and k from measured absorption or reflection
spectrum. From Nitsche and Fritz74 .
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spectrum of organic materials in sub-wavelength optical cavities or to correct for photons lost at
the anode and cathode 6 7, 5 . Part of the difficulty lies in the strong peaky absorption inherent to
organic semiconductor which makes determining the real (n) and imaginary (k) components of
the refractive index difficult. In this section I describe my process of determining the IQE of
pentacene photovoltaics using my home-built n and k fitting software and the transfer matrix
method. I then apply this method to the devices in Figure 3-4 to compare the IQE to the triplet
yield prediction from the magnetic field effect measurements.
Accurate n and k of each layer in the organic solar cell ensures that the absorption values
determined from the transfer matrix method will be correct to the first order. This suggests that
the main difficult in determining an accurate IQE lies in determining n and k. Nitshe and Fritz 74
noted that accurate determination of k (from the absorption coefficient) and a Kramers-Kronig
transform of k to obtain n is inaccurate when the frequency range over which k is measured is not
infinite. To obtain reasonable accurate n and k, they utilize a self-consistent method. The flow
diagram for the Nitshe and Fritz method is shown in Figure 3-5. In adapting their method, I slightly
modified their process. My process flow is outlined in the next paragraph..
The reflection (R) and transmission (T) of the organic semiconductor on a quartz
substrate is measured using an Aquila nk8000. The starting guess for the imaginary part of the
refractive index can be directly calculated from the absorption coefficient using:

k=

(3.10)
47c
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where k is the imaginary component of the refractive index, a is the absorption
coefficient, X is the wavelength of light. Conversion of the measured absorption coefficient
provides kstart. The Kramers-Kronig transform is then performed using the method from Nitshe
and Fritz 74 which provides nstart. Here is where my method slight departs from that of Nitshe
and Fritz, rather than optimizing each ki one at a time, I optimize all k using the non-linear
optimization method lsqnonlin in MATLAB. The optimization is performed over the residuals
squared between the transfer matrix evaluation of R and T (using nstart and kstart and the
transfer matrix metho) and the experimentally observed values. Each ki of the optimized solution
is compared to the k start and if the value shifted by more than the tolerance, ki is stepped by the
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Figure 3-6: Comparison between measured and modeled absorption (a) reflection and
transmission (b) spectrums. Modeled spectrums (dashed lines) use the n and k
determined from the home-built software and the transfer matrix method.

size of tolerance into the direction of the solution. The new kstart is then Kramers-Kronig
transformed to determine a new nstart. The whole loop is then performed until no more than N

values of ki are more than 1 tolerance away from the newest non-linear optimized solution.
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Figure 3-6 features the measured reflection, transmission, and absorption (Abs) spectrum
of a 20 nm thick layer of pentacene and the model spectrums. The model data (dashed lines)
shows excellent agreement with the experimental data (solid lines). The modeled data is
calculated using the transfer matrix method from the self-consistent n and k determined from my
home-built software. The agreement between calculated Abs, R, and T for pentacene is
representative of the agreement for all organic layers utilized in studying pentacene solar cells.
The refractive indexes of the materials utilized in this thesis are plotted in Figure 3-7. The values
found by the home-built software are reasonable but show a slightly larger (~10%) real
component of the refractive index relative to literature76 . This may be due to the fact that the
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Figure 3-7: Real and imaginary component of the refractive index of materials utilized in the
study of pentacene photovoltaic devices as determined from the home-built software. Dashed
lines are the imaginary part of the refractive index, solid lines the real. Blue is C6o, pink is
P3HT, red is pentacene, and green is PTCBI.
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reflection off the back of the quartz sample is not accounted for in the n and k determination
software.
Given the optical constants of the active layers in the solar cell, we can calculate the
absorption of each layer within the device taking into account cavity effects. For the device
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Figure 3-8: (a) Absorption of pentacene (Pc) and C6o for the cavity structure inset. (b) The total
EQE (squares) and modeled EQE (solid black line) and components of the EQE from C6o (blue)
and Pc (red) for the solar cell in (a).
structure inset in Figure 3-8(a) pentacene has an IQE of 40±3% and C6 0 of 20±2%. Overall the
modeled EQE is a good fit to the measured EQE, with an RMS error of 5%. Similar fits can be
obtained for planar solar cells of pentacene with the same accuracy. It is more difficult to fit the
photodetector devices, as demonstrated in Figure 3-9. The transfer matrix method assumes
coherent and smooth interfaces in the organic semiconducting layers. However, the actual
morphology in a photodetector structure of nominally nanometer thick layers is one that is likely
highly intermixed with incoherent interfaces. This could account for the discrepancy.
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Figure 3-9: Measured and modeled EQE for a penatcene- C6o photodetector at a reverse bias of -1V. Red
dashed line is the modeled pentacene EQE, blue is modeled C6o EQE and solid black the total modeled EQE.

3.4.Improving device EQE through triplet blocking layer and light
management structures
In the previous sections I determined that 51 predicts the generation of two triplet excitons
per singlet exciton for pentacene photovoltaic devices with layers thicker than 10 nm. This
suggests that a pentacene based solar cell should generate two electrons per photon, breaking the
conventional limit of one electron per photon limit. Generating more than one electron per
photon in a device that could supply power is a significant technical achievement towards
utilization of singlet fission for solar energy harvesting. However, there are significant
challenges to overcome as demonstrated in Figure 3-8 which has a peak pentacene EQE of 10%
even though the device is creating two triplet excitons per singlet exciton. This section will
address the key device optimization processes: a P3HT triplet blocking layer and light
management structures. These achievements enable the pentacene- C60 system to exceed the
100% EQE benchmark.
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3.4.1. Singletfission sensitization layers
Organic semiconducting layers deposited directly on top of metallic contacts have
excitons quenched by the highly conductive layer. This process has been observed in OLEDs 77
and solar cells 7 8' 79 . The organic semiconductor community uses thin layers of a second organic
material to prevent quenching of the exciton on the conductive electrode. These layer are called
exciton blocking layers. The exciton blocking material must have the right HOMO, LUMO, and
exciton energies for the particular system being studied. The exciton blocking layer must not
impede charge transport nor trap or quench excitons. For example, bathocuproine (BCP) meets
these requirements both in OLEDs 77 and in solar cells with C60 as the acceptor79 . Most organic
solar cells utilize BCP as an exciton blocking layer between C60 and the cathode. However, the
addition of a second exciton blocking layer between anode and the donor material has rarely
been used. This type of exciton blocking layer would reflect excitons in the donor back toward
the donor-acceptor interface. Specific requirements for a blocking layer applied to the singlet
fission solar cells include that the exction blocking layer not impede hole transport to anode and
have both a singlet and triplet exciton energy greater than of the fission material. Reusswig et al.
termed layers that meet these requirements singlet fission sensitized layers 0. They showed that
the singlet exciton in the sensitization layer will resonant energy transfer to the singlet fission
layer and then undergo singlet fission. Thus, the absorption spectrum of the fission material can
be increased while still providing the exciton blocking benefit. This reduces exciton diffusion
and charge transport losses in the fission material by utilizing the thinnest layer that provides
complete fission 0 .
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Poly(3-hexylthiophere-2,5-diyl) meets the requirements to act as a triplet blocking\fission
sensitization layer for pentacene. Its HOMO level is 4.7 eV70 and its triplet energy, based on
phosphorescence measurements, is 1.5 eV 8 '. Hole extraction from pentacene will face no barrier
and triplet excitons in pentacene are not be quenched by P3HT. The singlet exciton energy of
P3HT is larger than that of pentacene ensuring that no resonant energy transfer from pentacene
to P3HT will occur. In fact, singlet excitons from P3HT will resonantly transfer to pentacene and
undergo singlet fission. This suggests that the IQE of the P3HT should exceed 100%.
In Figure 3-10 is the device structure and EQE for planar 15 nm pentacene solar cell with
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Figure 3-10: (a) Device structure and energy levels of a pentacene- Cao solar cell
with a PEDOT:PSS-P3HT triplet blocking layer. (b) External quantum

efficiency as a function of wavelength for solar cells made with and without
the triplet blocking layer.
and without a P3HT based triplet blocking layer. The pentacene EQE (X > 600 nm) is enhanced
by nearly a factor of four due to the inclusion of P3HT. The pentacene IQE with the P3HT layer
is found to be 160± 10% which is nearly the 200% predicted from the magnetic field modulation
of photocurrent32 . The overall EQE of the device is not limited by the singlet fission efficiency
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but by the low fraction of photons absorbed by the 15 nm thick layer. Optical modeling
determines 49% absorption for X = 670 nm with this device structure 2 .
Singlet excitons in P3HT should energy transfer to pentacene. Optical modeling
determines the P3HT IQE to be 150±1 0%32 indicating that the P3HT is sensitized by
pentacene 0 . The IQE of the P3HT layer should not exceed that of pentacene. Singlet excitons in
pentacene that originate in P3HT are created at the P3HT-pentacene. After fission, these triplet
excitons have the farthest to diffusion be reaching the pentacene- C60 interface, thus should have
the lowest IQE. The sensitization of P3HT by pentacene is confirmed by monitoring the
wavelength dependence of the change in photocurrent, Figure 3-11. We use the same device
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Figure 3-11: The absolute value of the change in photocurrent as a function of
wavelength (circles) for a solar cell with a 5-nm-thick pentacene film. The shape is
very similar to the fraction of photocurrent due to P3HT and pentacene (gray line)
and distinct from the photocurrent contribution only from pentacene (red line).
structure as Figure 3-10(a) but with a 5 nm thick pentacene layer to increase the observed change
in photocurrent. The data matches well to the fractional current from both pentacene and P3HT,
shown as a gray line. For comparison, the fractional component of photocurrent from pentacene
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only is plotted as a red line. The plot indicates that energy absorbed by P3HT picks up a 61 which
can only occur if the singlet excitons in P3HT transfer to pentacene and then undergo singlet
fission.
The increase in EQE from the pentacene region of absorption is a factor of four. If
P3HT is only reflecting triplet excitons back to the pentacene- C6 0 interface the increase should
only be a factor of two. We find that the fraction of pentacene molecules in the crystal geometry
is lower for layers deposited directly on ITO than for layers on P3HT based on the scattering
intensity observed in x-ray diffraction, Figure 3-12. The peaks in Figure 3-12 is x-ray scattering
from the (001) texture of the 15 nm pentacene film. Pentacene typically orients normal to the
substrate surface8 2, 8 3 . Greater intensity indicates a greater fraction of pentacene molecules which
are crystallized. Scans were measured to 60 degrees two theta. No diffraction from other crystal
planes of pentacene was observed for either sample. The pentacene layer was deposited on both
substrates simultaneously to rule out again or deposition rate controlled morphology.
Contributions of XRD scattering from the glass, ITO, and P3HT removed using proper control
samples. The reduced crystallinity in the pentacene layer on ITO likely reduces the triplet
diffusion length 51' 84 or the mobility of holes leading to decreased pentacene performance.
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Figure 3-12: X-ray diffraction intensity versus 20 for a 15 nm thin film of
pentacene grown on bare ITO and on ITO\PEDOT:PSS-P3HT layer. The
pentacene diffraction peaks are indexed. The background x-ray scattering from
the glass, ITO, and P3HT have been subtracted through the use of proper
controls.
P3HT boosts the IQE of the 15 nm pentacene planar solar cell from approximately 50%
to 160% through improvements in crystallinity and triplet blocking. Use of a P3HT triplet
blocking layer increases performance and crystalline content in nanostructured devices as well.
Photodetector layers (5 nm pentacene: 2 nm C6 0 ) grown on bare ITO show reduced crystalline
content relative to layers grown on P3HT, Figure 3-13(a). However, the increase in crystalline
content is not as significant in nanostructured films as single layers. This suggests that the
pentacene layers deposited on top of C60 are likely templated by the previous layers of pentacene.
Although the crystalline fraction in the nanostructured layers grown on P3HT is only fractionally
higher than layers grown on ITO, the short circuit current EQE is nearly 200%. The difference
nearly disappears under a bias of -3V. This suggests that the increased crystallinity is primarily
increasing charge extraction.
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In contrast to the nanostructured layers, co-deposited mixtures of pentacene-C60 show
significant differences in the crystalline content when grown on P3HT or ITO, Figure 3-13(b). A
mixed layer grown on ITO exhibits nearly x-ray zero diffraction intensity. The surface energy
interaction at the P3HT-pentacene interface must promote the growth of crystalline pentacene for
some fraction of the total mixed layer thickness.
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Figure 3-13: (a) X-ray diffraction intensity versus 20 for a 5:2 nm pentacene-Co
photodetector of 91 nm. Layers grown on P3HT (red) and bare ITO (black). Inset are the
short circuit EQE spectrums for photovoltaic devices with and without P3HT. (b) X-ray
diffraction intensity versus 20 for a 1:1 pentacene-Co bulk heterojunction active layer of
90 nm grown on P3HT (red) and bare ITO (black).
Now that the role of P3HT has been defined, we can return to our discussion of optical
modeling. Fairly accurate values of IQE can be determined for each of the pentacene
photovoltaic cells in Figure 3-4. Figure 3-14 stacks the plots of 81, triplet yield, and IQE as a
function of greatest distance to the interface. The triplet yield as a function of greatest distance
matches the line-shape of the IQE curve until 30 nm of pentacene. At that point the IQE curve
starts decreasing as triplet excitons fail to reach the donor-acceptor interface. Singlet excitons in
thin pentacene layers are converted charge rather than undergoing singlet fission, reducing the
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IQE. There is an offset between the maximum theoretical IQE and the measured IQE. This could
be due to incomplete charge generation from triplet excitons or poor extraction of carriers from
the interface to the external circuit. The latter explanation is backed up by the ~50% fill factor of
planar pentacene solar cells.
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Figure 3-14: A comparison of the maximum achievable quantum yield determined from the
magnetic field effect in green with the internal quantum efficiency as determined from EQE
measurements. The reduction in quantum efficiency observed in thin layers of pentacene is
found to originate from incomplete singlet exciton fission. Loss of IQE for thick layers is due
to triplet diffusion with thicknesses for which triplet diffusion is a loss process colored
purple. All planar solar cells have the PEDOT:PSS-P3H T triplet blocking layer. Grey dashed
lines are a guide to the eye.
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3.4.2. Light management structuresfor EQEs > 100%
There is an important tradeoff between light absorption and excitons diffusion to the
donor-acceptor interface that is intrinsic to all planar solar cells' 6. Thicker layers absorb more
photons but are subject to exciton diffusion losses while thin layers do not absorb enough
photons to generate an EQE equal to the internal quantum efficiency. This tradeoff is particularly
important in the pentacene system where the highest IQE device is only 15 nm thick. Improved
absorption is possible using light management techniques. Enhanced absorption has been
observed for solar cell structures including micro-lens arrays 5 , pyramidal reflectors 6 , nonplanar substrates and V-shaped structures8 7 , Distributed Bragg Reflectors (DBRs)8 8 , and
plasmonic layers"9 . In this section, we will use an external mirror and a monolithic slow-light
DBR light management structure to demonstrate external quantum efficiencies exceeding 100%
from pentacene based solar cells.
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3.4.2.1.

External mirror light management structure

In an organic solar cell light that is not absorbed is reflected out of the device. Thus, the
simplest way to increase absorption is to redirect the 'leftover' light back into the solar cell. This
laboratory experiment models the sawtooth solar concentrator8 7'9 0 where incident light bounces
at least twice within the structure before being absorbed. Utilizing the device structure from
Figure 3-10, peak EQEs of 102±1% for a mirror at 450 and 109± 1% for a mirror at 100 are
obtained. Using a CW tunable laser, the EQE for the 100 (green line) and 450 (red line) mirror
positions are plotted as a function of wavelength, Figure 3-15. The EQE of the device with no
external mirror (blue line) is plotted for reference. An EQE in excess of 100% clearly
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Figure 3-15: External quantum efficiency as a function of wavelength f or the device in Figure
3-10(a). Blue line is the device with no external mirror, dashed teal line is the pentacene layer
component of the EQE, the dashed pink line the P3HT component. The solid green line is the EQE
with an external mirror and the device tilted at 450 and the red line at 10*. Measurements are done
at short circuit.
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demonstrates that triplet are being dissociated at the pentacene- C60 junction. There is no
possibility of carrier multiplication because the device is measured at short circuit. In fact,
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Figure 3-16: External quantum efficiency as a function of wavelength for the
device structure in Figure 3-10(a) as a function of reverse bias. The pentacene
component of the EQE does not change with bias.

reverse biasing the solar cell does not increase the pentacene component of the EQE, Figure
3-16. There is growth in C60 EQE which may be carrier multiplication or free exciton
dissociation.
3.4.2.2.

Monolithic slow light management structure

Although the external mirror simulates a solar concentrating device architecture, a
realization of enhanced absorption using a monolithic device architecture is more practical. A
number of approaches to increasing absorption in organic solar cells have been taken but most
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require complex substrate fabrication steps 87 or transparent electrodes". I will demonstrate that
the slow light modes at the edge of a DBR enhance the absorption of pentacene by more than
50%91.

In the DBR based light management structure the organic solar cell can be deposited
directly on top of the DBR without any complicated fabrication steps. A schematic of the DBRorganic solar cell layer stack is featured in Figure 3-17. The fabrication order of the DBR
structure allows for any composition and layer order in the organic solar cell. The DBR is
comprised of 7.5 layers of SiNx-SiO 2 (105 nm of SiNX and 130 nm of SiO 2) grown as soda-lime
glass via plasma enhanced chemical vapor deposition. The DBR is centered at 750 nm which is a
spectral region where the pentacene solar cell does not absorb. Tuning of the spectral regions is
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Silver CathodeA

Figure 3-17: Device layer stack for a monolithic light management using the edgemode of the DBR.

accomplished by varying the thickness of the DBR layers. This way the DBR light management
structure can be easily tuned to different materials systems.
The DBR structure greatly increases the pentacene absorption, Figure 3-1891. For
example, Figure 3-18(a) plots the magnitude of the total device absorption as a function of angle
of incidence and wavelength. The greatest absorption occurs for ? = 670 nm which is the peak of
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Figure 3-18: Modeled p-polarized absorption of (a) the DBR enhanced solar cell as a function of angle
incidence and (b)only the pentacene layer absorption within the solar cell cavity at normal incidence
without the DBR. (c) Light intensity and refractive index for .%=670 nm plotted as function of position
for the solar cell with the DBR light management system. (d) Dwell time calculated from the phase
shift of the transmission matrix coefficient as a function of wavelength. The solid red line is the cavity
with the DBR and the dashed black line is without. Figure from Thompson, Congreve et al.91 .

pentacene's absorption spectrum. This is a significant increase over the absorption of pentacene

without the DBR cavity, Figure 3-18(b).
The greater than 75% absorption in the device at pentacene's peak absorption wavelength
is due to two optimized conditions. First, increased absorption arises due to the presence of long
lived slow light modes that exist at the bandedge and the associated increase in photon density of
states9 1 . Slow light modes can be thought of as increasing the photon dwell time which is
calculated from the phase change per unit frequency of the reflection coefficient of the
transmission matrix. The dwell time is plotted as a function of wavelength Figure 3-18(c). The
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The inset plots the peak value of the EQE as a function of angle of incidence. Figure from
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DBR structure has been designed to increase the photon dwell time at 670 nm. Secondly, the
layer thicknesses were tuned to increase the spatial overlap between the X = 670 nm photon
electric field intensity and the pentacene layer, as demonstrated in Figure 3-18(d).
The modeled enhancements in absorption are also observed experimentally. The peak
wavelength of absorption enhancement is a function of incident angle as shown in Figure
3-18(a). To obtain the highest absorption, and in turn EQE, the ITO thickness was intentionally
fabricated to have normal incidence peak absorption at X > 670 nm. Turning the device relative
to the incident light will tune the absorption enhancement back to pentacene's peak absorption,
Utilizing the device structure of Figure 3-10(a) but with a DBR light management structure we
obtain recorded visible EQEs as show in Figure 3-19(a) 9 I. The maximum measured EQE is
126±1%. For comparison, a control device fabricated identically but without the DBR is also
shown. Assuming that charge extraction and exciton diffusion are unaffected by the DBR (as
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Figure 3-20: (a) Angle dependent absorption spectrum of pentacene on quartz. Each color
represents a different angle of incidence starting from red = 100 to the teal curve = 600 in
steps of 10*. (b) EQE as a function of wavelength for of a device of structure Figure 3-10
for angles of incidence of 0,5,10,15,20,30 degrees. The curves are all on top of each other,
with yellow being the 30 'and pink is the 5*.
they should be), the EQE has increased by 50% and that pentacene has ~ 75% absorption.
Transfer matrix modeling predicts 77% absorption in the pentacene layer in good agreement with
the observed increase in EQE. The absorption enhancement is not due to any angular dependence
of absorption by the textured pentacene thin films, Figure 3-20(a). Further evidence is that the
EQE of the control device is also independent of angle of incidence, Figure 3-20(b).
The slow light DBR light management structure is more widely applicable than to just the
pentacene-C6o system. In particular, it provides a method to accurately determine the IQE of thin
layers of organic semiconductor materials in an organic solar cell. The advantage of this
structure is that a minimum value of the IQE can be determined by two simple measurements:
the EQE and the reflection. Since the EQE is large (due to the enhanced absorption) the value of
EQE/(l -R) will have relatively small error. To demonstrate, a plot of EQE/(l -R) for the

pentacene-C 6o slow light device is shown in Figure 3-19(a). The EQE/(1 -R) peaks at 137%

89

which represents a measured minimum value of the IQE of pentacene. Correcting for the
absorption of photons in the ITO and metal using the full transfer matrix results in an IQE of
155±10%, in agreement with the IQE without the cavity3 2 . However, this value is only 13%
larger than the minimum IQE value. Further, there is a simple technique for estimating the loss in
the metal layer yields which doesn't require accurately determining the n and k of the organic
layers 75. Correcting the minimum IQE from the measurements by the calculated metal loss yields
an IQE of 147%, within error of the full transfer matrix model approach.
In this section we observed that enhancing the absorption of pentacene based solar cells
increases the EQE from 83% to 126%. If the absorption of pentacene layer were increased to
unity EQEs nearing 160% should be possible.

3.5.Enhancing EQE in bulk heterojunction and nanostructuredpentacene
solar cells
Increasing the absorption in pentacene beyond the 75% obtained with light management
structures requires a change in device architecture. Particularly useful is the bulk heterojunction
(BHJ) solar cell which features phase separated regions of donor and acceptor molecules
between the anode and the cathode. Bulk heterojunction solar cells have low exciton diffusion
loss since interfaces can be reached by diffusing short distances through small islands of phase
separated material. Charge carrier extraction is achieved by the percolative pathways formed by
the phase separated material. Since exciton diffusion is not limited by the total mixed layer
thickness, absorption can be increased to unity by making the mixed layer thicker. Indeed, IQEs
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of nearly 100% have been achieved using the BHJ device architecture9
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In this section, I will demonstrate that bulk heterojunction solar cells composed of
pentacene have an inherent loss process, triplet-charge annihilation (TCA). Triplet-charge
annihilation is process of a charge reacting with a triplet exciton and recombining the exciton to
ground while generating heat. This process destroys triplet excitons which would otherwise
produce photocurrent in the solar cell, negating the benefit of singlet fission. We predict that the
loss of triplet excitons due to TCA can completely remove the benefit of singlet fission.
Fortunately, the amount of TCA can be tracked through the magnetic field modulation of
photocurrent which allows optimization of devices to reduce TCA to minimal levels.

3.5.1. Magneticfield modulation of tripletcharge annihilation
Similar to singlet exciton fission, TCA has a magnetic field dependent steady state rate.
The magnetic field dependence arrives from the fact that a triplet and a charge, or doublet, can
form a triplet-doublet pair that has overall spin doublet character. This can be written as:

T, + C +

k3

N k_3

(TC)l

k4

>C

(3.11)

there T1 is the excited triplet exciton, C" is a charge (either hole or electron), (TC)' is the
1 th

triplet-charge pair (1 runs from 1 to 6)64. The rate equation can be agglomerated into a single

rate constant kTcA(B).
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Tk + C+

*(3.12)

T(B)

As the magnitude of the external magnetic field increases from zero, the number of states
with spin doublet character in the triplet-charge pair state varies from 6 to 4 which results in a
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Figure 3-21: Change in inverse triplet-charge annihilation rate as a function of
external magnetic field. The rate itself is reduced under a large magnetic field.
Calculation provided by E. Hontz.
reduction in the annihilation rate for fields greater than the molecular fine splitting. This is
shown in Figure 3-21 where the inverse of the triplet charge annihilation rate is plotted as a
function of external magnetic field. Please note that at high field the TCA rate is reduced.
As with singlet fission we can write out a steady rate state model and a set of rate
equations.

e

'

kT11

T

k

Ce

(3.13)

where e~ are electrons in the external circuit, ku, is the rate of extracting charges to the
external circuit, kT is the conversion rate of triplet to charge, C" is a charge, and G is the
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generation rate of triplet excitons from singlet fission. kTCA contains the magnetic field
dependence of the triplet-charge annihilation rate. At steady state:

=[]-G -kr -[T ]-kTca -[T] -[C± ]=0

(3.14)

d
dt

(3.15)

dt

-

T [T]-kk, -[C]=0

Solving for [C±] and [T] allows us to solve for 81 where:

C±(B)- C' (0)

(.6

Co(O=
C±
(0)

(3.16)

I define kicA= kTCA'-XTCA where kTcA' is the zero field rate of triplet-charge annihilation
and XTCA is a unit less number that is a function of the external magnetic field. Performing
algebra and choosing the solution that is gives positive concentrations for triplet excitons and
charges yields:
kT -k,,, -(-

1+

XTCA)-

(- k

,, + 4 .G.kCA -C
+ 4k -k +
-.
k, + kT -k,,, + 4 . G - kcA) XcA

kT

4

-G.kTcA

XCA

(3.17 )

There are several important points to be made about Equation(3.17). First, 51 is always
positive. Second, in the limit that G -- + oo:

(3.18)

which is also the maximum value of 81. Finally, holding all other rates constant and
increasing kut decreases 81.
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The magnetic field line shape of TCA is not unique compared to other magnetic field
sensitive processes in organic semiconductors 71. However, it is possible to identify TCA by two
characteristics of the line shape. First, the value at which the annihilation rate saturates is the
strength of the fine splitting of the molecule and for oligoacenes is ~0. 1T. Secondly, the change
in photocurrent is a function of kout. Reverse biasing the solar cell is equivalent to increasing kout
and reduces the amount of triplet charge annihilation. Monitoring 51 from a pentacene-C6o bulk
heterojunction solar cell, Figure 3-22, proves each of these points. Measured under short circuit
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Figure 3-22: Change in photocurrent as a function of magnetic field for a pentacene-Co BHJ
photovoltaic. Black circles are measured under short circuit conditions, red circles under -2V
reverse bias. Solid lines of identical color are fits from a steady state model from reference ".
Inset is the device structure. The device was excited with I = 660 nm light.
conditions, 81 quickly increases as a function of magnetic field, saturating at 4.0% for magnetic
fields above 0.1 T. The magnitude of the saturated value of 81 is reduced by reverse biasing the
device, consistent with our expectation from the steady state model.
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In addition to the lineshape the spectral dependence of 6i indicates that 51 originates from
TCA. In contrast to singlet exciton fission where 6i follows the fractional contribution of
pentacene to the photocurrent, the magnitude of 6i follows the value of [T]*[C±]. For our lamp
the [C"] remains approximately across the visible spectrum regardless if C60 or pentacene is
photoexcited. Thus, 51 follows the changing concentration of triplet excitons. Since pentacene is
the source of triplet excitons 51 has the spectral shape of pentacene's absorption. Regions where
pentacene's absorption is higher results in a greater concentration of triplet excitons and leads to
increased TCA. The spectral shape of 8 1is plotted in Figure 3-23 along with a scaled absorption
spectrum for pentacene within the device. To promote extensive TCA, the device structure from
Figure 3-22 was fabricated with a N,N,N',N'-tetrakis(4-Methoxyphenyl) benzidine (MeO-TPD)
hole blocking layer inserted between ITO and the mixed layer. This increases the number of
triplet-charge interactions and increases the magnitude of 51, compare the magnitudes from
Figure 3-22 and Figure 3-23.The shape of 6 i matches pentacene's absorption spectrum, not the
fractional component of pentacene photocurrent. For comparison, the scaled fractional
component of current from pentacene is plotted as a dashed blue line.
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3.5.2. Improving device EQE by reducing TCA
The magnitude of 51 reports on the number of triplet excitons being lost to triplet-charge
annihilation. As kTCA increases, so does 81. Thus, better performing devices should have a
reduced amount of TCA in the S1. We observe this trend in both planar and nanostructured solar
cells.
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and 40 nm thick pentacene-Co solar cell. Device structure with energy levels
in eV is inset. Figure from ".

In Figure 3-24, I plot the change in photocurrent for 15 and 40 nm pentacene-C 6o solar
cells at short circuit. The 40 nm device exhibits a 81 dominated by TCA while the 15 nm device

has the signature of singlet fission. Since the singlet fission signature is visible in the 15 nm
device there is zero or near zero contribution to 81 from TCA in that device. However, in the 40
nm device where a large fraction of the triplet excitons are not reaching the pentacene-C60
interface, TCA is the dominant magnetic field process and may be contributing to the poor IQE
(75%).
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Figure 3-25: Devices used to study the effect of nanostructuring on TCA. (a) a pentacene-CGo 2:1
by volume BHJ, (d) a pentacene-Co 5:2 by volume BHJ, and (g) a multilayer pentacene-C6o
photodetector with 5 nm pentacene and 2 nm C60 layers. Bulk heterojunction devices under X
= 670 nm illumination and application of a magnetic field produce large positive changes in
photocurrent (b,e) which is reduced with the application of a reverse bias. Short circuit and
reverse bias EQEs (c,f) of the BHJ structures show improved device performance under a bias
of V = -2V. The change in photocurrent of the photodetector at 0 and -2V bias (h) demonstrates
the lack of TCA in the device. Short circuit and reverse biased EQE of the photodetector device
(i) also shows improved performance with a peak EQE of 102%. Solid lines are fits from a
steady state kinetic model and device thicknesses are in nanometers. Figure and caption from
64
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We wish to utilize a bulk heterojunction device structure to reach a EQE of 200%.
However, the 2:1 by volume BHJ structures has significant TCA and poor EQE, Figure 3-25(a)
and (c). Reverse biasing the device improves both metrics. This strongly suggests that TCA is
related to the efficiency of charge extraction. Improvements in short circuit device performance
may be possible by changing the size of the phase separated regions. Increasing the overall
pentacene content of the blend layer, Figure 3-25 (d,e,f), increases the EQE and reduces the TCA
signature at short circuit conditions. By changing the morphology further using P3HT (see XRD
discussion in Section 3.4) and intentionally imparting order by growing a photodetector structure
we eliminated any TCA in the 81, Figure 3-25(h). The reduction in TCA signature correlates with
an improvement in EQE. However, device performance at short-circuit is still reduced by poor
charge extraction as the EQE only exceeds 100% under reverse bias, Figure 3-25(i).
We can attempt to extract a loss fraction of triplet excitons due to TCA via two methods:
a back of the envelope calculation or fitting the 61 line shape utilizing a kinetic model involving
both singlet fission and TCA. The back of the envelope calculation uses the BHJ device with a
hole blocking layer which exhibits the largest measured TCA signature. The peak EQE is 2.1%
at 670 nm. Optical modeling finds 65% absorption at this wavelength. Assuming a 200% fission
yield gives a maximum EQE of 130%. If the entire loss of EQE arrives from triplet-charge
annihilation, then the 13% 61 corresponds to a 127.9% loss in EQE. Thus for the 40 nm solar cell
in Figure 3-24 the maximum EQE loss due to TCA is 5%64
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A more sophisticated approach is the full steady state model from Thompson and Hontz
et al. which fits the 8, line shape to determine the rate constants in their model". The fit values
from the kinetic model are directly related to the fission yield and triplet annihilation loss. The
results of the model are summarized in Figure 3-26. Importantly, the model also predicts a 5%
loss in triplet exciton population due to TCA in the 40 nm PV. It also finds nearly a 50% loss of
triplet exciton population for the 2:1 pentacene-C 6o bulk heterojunction solar cell without the
hole blocking layer. In this device TCA is negating any benefit of singlet fission.
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Figure 3-26: Singlet fission (a) and TCA (b) yields as determined from the fit
parameters of the steady state kinetic model of Thompson and Hontz" for the BHJ,
nanostructured PD, and planar PV of Figure 3-24 and Figure 3-25. Note that the TCA
yield is a loss fraction.

3.6. Singlet fission organic solar cells
In this chapter we have utilized the change in photocurrent under an external magnetic
field to isolate device architectures that maximize the benefit of singlet exciton fission. We found
that pentacene's fission efficiency is maximized for layers at least 5 nm thick. The trade-off
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between absorption and triplet exciton diffusion prevents EQEs of 200%. However, the use of
light management structures can achieve EQEs well above 100%, validating the high efficiency
of singlet fission in pentacene. Attempts to reach 200% EQEs utilizing a BHJ or nanostructure
devices were stymied by TCA and poor charge extraction.
Although exceptionally large EQEs have been realized in organic solar, singlet exciton
fission based organic solar cells will not realize high power conversion efficiencies. Fullerenes
are the most efficient acceptor molecules in organic photovoltaics, however, they absorb photons
in the blue portion of the solar spectrum. To realize high power conversion efficiency solar cells
using a fullerene acceptor requires the addition of a third material to act as the low bandgap
absorber, which complicates the solar cell design an likely will reduce performance.
Additionally, singlet exciton fission converts one high energy exciton to two low energy triplet
excitons; doubling the current and while halving the voltage. Ideally this would leave the total
power generated by the solar cell unchanged. However, all solar cells experience loss in VOc due
to thermodynamic factors negating the benefit of fission. Additional Voc can be lost due to
charge recombination, a process common in low mobility organic semiconductors. If singlet
fission is to be utilized to its full advantage, it should be coupled with a technology that
minimizes the Voc loss. Conventional semiconductors like silicon and GaAs are good
candidates 93 . Finally, the vertical geometry of organic solar cells requires triplet excitons and
charges to flow through the fission layer. This encourages TCA which reduces the gain in
photocurrent from singlet fission. In the next chapter I will discuss using singlet fission layers as
94
a coating on an inorganic solar cell, a structure first proposed by Dexter
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4. High power efficiency singlet fission solar cells
Thus far I have demonstrated that the number of electrons per photon incident on a
singlet fission based organic solar cell can exceed the conventional limit of one. This is an
important achievement in the figure of merit of electrons per photon but it comes at the expense
of power conversion efficiency as organic solar cells utilize C60 as the acceptor. Since C60
absorbs photons of higher energy than pentacene, there is no absorption for photons with energy
greater than the triplet energy but less than the singlet energy. Strides have been made to couple
pentacene with low energy PbS and PbSe nanocrystals in vertical solar cell geometries71'91'96 or
tetracene with a low bandgap organic semiconductor 7. These are demonstrations of proof of
concept devices but their overall power conversion efficiencies remain low.
An alternative structure was first proposed by Dexter94 in 1979. Schematically depicted
in Figure 4-1, the structure coats a back-contacted inorganic solar cell with a singlet fission
material. High energy photons are absorbed in the fission material and split into two triplet
excitons. Each triplet exciton generates current in the underlying solar cell. In this chapter I will
discuss ways of realizing this structure. Motion of energy from the non-emissive triplet exciton
to the inorganic semiconductor is the most difficult technical hurdle to overcome. As a step in
this process, I will demonstrate that the triplet excitons in tetracene can energy transfer to PbS
nanocrystals. The nanocrystals will energy transfer their excitation energy to the inorganic solar
cell via the well known resonant energy transfer process.

102

4.1. Device architecture to maximize power generation from singlet fission
The benefit of singlet fission is extracting additional energy from blue photons in the
solar spectrum while avoiding the fabrication complexity of a tandem solar cell. A simple
structure for accomplishing this is depicted in Figure 4-1. A singlet fission material is coated on
top of a back-contacted inorganic solar cell. The inorganic solar cell has a bandgap less than or
equal to the energy of the triplet exciton of the fission material. It is responsible for capturing all
the photons between the energy of the triplet exciton and the singlet exciton. All higher energy
photons are absorbed in the singlet fission layer and fissioned into two triplet excitons. Each
triplet exciton is then transferred to the inorganic solar cell, generating two electrons per photon.

Figure 4-1: Schematic depiction of high power efficiency solar cell utilizing singlet
exciton fission. High energy photons are absorbed by the singlet fission layer,
creating two electrons per photon. The transfer of the triplet excitons to the solar
cell is represented by the solid dark red arrows.
At the present that are several important technical hurdles that must be overcome to
implement this type of device: energy alignment, energy migration, and inorganic device
performance. Energy alignment is the requirement that the triplet exciton of the fission material
must be greater in energy than the bandgap of the inorganic solar cell. There are a limited
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number of singlet fission materials 2 9,9 7 and even fewer have triplet exciton yields near 200%.
However, the fission material tetracene and the inorganic semiconductor silicon meet the
energetic requirement. The triplet energy of tetracene is 1.252 eV 98 and the bandgap of silicon is
1.125eV99.
Energy migration is the requirement that the triplet excitons in the singlet fission material
must end up in the inorganic solar cell as electrons and hole pairs. This process is depicted
schematically as dark red arrows in Figure 4-1. There are a three possible ways to accomplish
energy migration with two methods requiring an emissive triplet exciton. The most straight
forward implementation would energy transfer the triplet in the fission material to an organic
phosphor. The phosphor's emission would be waveguided to the inorganic solar cell, resulting in
energy transfer. There would be energy lost due to radiation coupled out of the waveguide but
implementation is easy and complete absorption in the fission layer is possible. The second
method for coupling energy would be to directly transfer the triplet exciton from the singlet
fission material to the inorganic solar cell as proposed by Dexter9 4 . The difficulty of this method
is preventing defects sites on the surface of the inorganic solar cell from quenching the triplet
exciton

4.

The last method mediates the energy transfer using a triplet emitting material positioned
at the inorganic solar cell surface. The triplet emitting material accepts the triplet exciton from
the fission material and then resonant energy transfers the energy to the inorganic solar cell. This
method requires that the triplet emitting material fits energetically between the triplet exciton of
the fission material and the bandgap of the inorganic solar cell. All the triplet excitons could be
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transferred losslessly with this method. For this reason, this is the device structure I pursued in
this thesis.
An organic phosphor is the logical choice as the energy mediating material as triplet
transfer between organic molecules can be efficient' ' even for non-emissive triplet excitons.
However, the phosphorescence efficiency of organic phosphors falls to nearly zero for triplet
excitons below 1.55 eV in energy. At the present there are no singlet fission materials with high
yields for a triplet exciton at or above 1.55 eV. For the tetracene and silicon system the triplet
emitting material must have a triplet exciton energy in the small window between 1.25 and 1.1
eV. Fortunately, colloidal nanocrystals (NCs) have exciton energies within this window.
Colloidal nanocrystals are nanometer sized particles of semiconducting material where
the energy levels are primarily determined by quantum confinement

2.

Excited states of

nanocrystals are excitons because the size of the NC is less than the Bohr radius. Spatial
confinement forces the hole and electron to interact, creating excitons. However, the large
dielectric constant of inorganic semiconducting material results in very small energy splitting
between singlet and triplet excitons, mixing the two states. Thus, transfer of the triplet exciton to
the nanocrystal will result in fluorescence from the nanocrystal.
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Synthesis of NCs uses organo-metallic precursors 0 2 which react in a controllable way to
grow the NCs. Size control of the NCs is maintained via the time, temperature, and concentration
of species involved in the reaction, resulting in tunable NC exciton energies
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Figure 4-2: Nanocrystal bandgap versus size for PbS nanocrystals. Tetracene's triplet
energy is shown as a dashed line. Figure from 0.

Figure 4-2 the PbS NC bandgap was systematically varied from 0.5 eV to 2.5 eV which spans
tetracene's triplet energy. With a fluorescence yield on the order of 10% or more, PbS NCs are
excellent triplet emitters to couple with tetracene. Thus the main technical hurdle of coupling the
non-emissive triplet exciton from tetracene to silicon can be achieved by first transferring the
triplet exciton to a NC and then energy transferring from the NC to silicon.
Previous research has demonstrated energy transfer from a triplet exciton to inorganic
04
semiconductors including nanocrystals

10 5

. However, these triplet excitons had significant

radiative character and utilized dipole-dipole energy transfer. However, triplet excitons of
tetracene do not have emissive cross-section which prevents the use of dipole-dipole coupling as
06
an energy transfer method. Thus, the triplet exciton must migrate by Dexter energy transfer .
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Previous to this thesis there have been no observations of this type of energy transfer occurring
between an organic semiconductor and an inorganic semiconductor.
If the energy migration from tetracene to silicon is solved, then the remaining technical
challenge is to extract the transferred energy as current in the inorganic solar cell. If spontaneous
emission from a phosphor is waveguided to the solar cell, the singlet fission material can be
coated on a state of the art back-contacted solar cells1 07. However, if the energy is to be directly
transferred or resonantly energy transferred to the inorganic solar cell the transfer event will be
spatially confined to the surface of the solar cell. To achieve high power conversion efficiencies
will require that the surface passivation layer be very thin (< 10 nm) to allow energy transfer.
This layer must also prevent the quenching of charge or excitons by any dangling bonds on the
surface. Since energy from the singlet fission material is likely to be transferred to the first 10 nm
from the surface of the solar cell, the surface of the solar cell become much more important than
in a typical solar cell. Preventing loss of energy transferred near the surface of a silicon solar cell
is likely an engineerable task, but has yet to be studied in detail.
To summarize, the primary challenge is to energy transfer a triplet exciton from tetracene
into a PbS NC as proof of concept of energy transfer mediation between tetracene and a silicon
solar cell. The secondary challenge is to engineer the silicon solar cell to capture the energy from
the PbS nanocrystals and extract that energy as photocurrent. I will address the first challenge in
this chapter.

4.2. Triplet exciton transfer to a nanocrystal
As discussed in the previous section, realization of high power efficiency devices will
require mediation of the triplet energy to the underlying solar cell. Using a nanocrystal is the
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only choice when using pentacene or tetracene as the singlet fission material due their low triplet
energies. In this section I will demonstrate that triplet transfer can occur between tetracene or
pentacene and a PbS nanocrystal. The interface between the NC and the oligoacene is crucially
important in controlling the efficiency of the energy transfer process. Finally, I will demonstrate
that singlet fission can increase the photoluminescence quantum yield of the system beyond that
of the nanocrystal. This paves the way for achieving down conversion with one photon in and
two photons out.

4.2.1. Measuring triplet exciton transfer via change in nanocrystalfluorescence
In singlet fission solar cells the triplet population could be measured through changes in
photocurrent under an applied magnetic field3 2 . If triplet excitons are transferred from the fission
material to the NC the NC fluorescence will monitor the singlet fission material's triplet exciton
population. Figure 4-3(a) features the absorption spectrum and emission of tetracene coated PbS
NCs. Notice that the absorption has regions where only PbS is absorbing (k > 550 nm) and
regions where both PbS and tetracene are absorbing (, <550 nm). The near-infrared (NIF)
emission spectrum when pumping the sample at 407 nm shows emission only from the
nanocrystal, Figure 4-3(b). The emission spectrum was not corrected for the spectrometer
efficiency. The absorption peak for the NC in the NIF is at 1320 nm and the core PbS NC has a

shell of Oleic Acid (OA) ligands. I will use the following notation to describe this NC: PbS-OA1320 rn. The first term indicates the NC core semiconductor, the second term shell material, and
the third term the solution exciton absorption peak in nanometers.
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Figure 4-3: (a) Absorption versus wavelength of the tetracene coated PbS nanocrystals. Inset is
the sample design. (b) Photoluminescence intensity versus wavelength in the near-infrared
with the sample excited at 407 nn. The tetracene layer was 40 nm thick and the nanocrystal
ligand oleic acid.
In Figure 4-5(a) the change in the emission from the tetracene coated nanocrystal film is
measured as a function of external magnetic field. When incident light is absorbed by both
tetracene and the nanocrystal the change in fluorescence of the NC has the singlet fission line
shape. However, when exciting the nanocrystal directly there is no modulation of the NC
fluorescence with external magnetic field. This indicates that the intrinsic NC fluorescence in not
affected by the magnetic field. The NC photoluminescence intensity is plotted versus wavelength
with and without a 0.5T magnetic field in Figure 4-5(b). The absence of any difference confirms
no change in NC energy or fluorescence spectrum under an applied magnetic field, in agreement
with theoretical calculations which find NC exciton energy changes at room temperature only
occur for magnetic fields > 5T' 08. The intensity of NC fluorescence is reduced for magnetic
fields greater than 0.2 T while exciting tetracene relative to the zero magnetic field value. This
indicates that a reduction in the fission rate reduces the energy leaving the NC, which is
preliminary evidence for triplet exciton transfer from tetracene to the NC.
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Figure 4-5: (a) Change in NC fluorescence when exciting the tetracene layer (A=460
nm) and when exciting the NC layer (%= 660 nm). The tetracene layer obtains the
singlet fission line shape. (b) The CW emission spectrum with and without a 0.5T
magnetic field. There is no change to the peak position or the full-width half
maximum. Sample is the same structure as Figure 4-3.
The change in NC fluorescence from NCs that accept triplet excitons is a mirror image to
the change in tetracene fluorescence of the tetracene film on the nanocrystals, Figure 4-4(a). We
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Figure 4-4: (a) Change in PbS-A nanocrystal emission for various nanocrystal energies

characterized by the energy of the first absorption peak in solution. The change in
fluorescence is positive for nanocrystals with energy greater than the triplet energy of
tetracene. Samples were coated with 40 nm of tetracene. (b) Change in 1.09 eV PbS-OA
nanocrystal emission and tetracene fluorescence as a function of external magnetic

field.
conclude that the same magnetic field sensitive process is modulating both the singlet population
in tetracene and the triplet population that results in NC fluorescence. The NC exciton energy
can be tuned via synthesis. Triplet transfer will not occur if the nanocrystal's exciton energy is
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greater than tetracene's triplet. We use the exciton solution absorption energy as a proxy for the
energy of the first excited state in the PbS-OA NCs. For nanocrystals with exciton energies
greater than the triplet energy 8F is positive, indicating that energy transfer from tetracene to the
NC is dominated by singlet excitons only, Figure 4-4(b). This also confirms that triplet exciton
transfer is the primary energy mediation pathway from tetracene to the nanocrystal.
4.2.2. Tracking energyfrom tetracene to the nanocrystal
We can follow the source of NC fluorescence by monitoring the Photoluminescence
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Figure 4-6: PLQE versus wavelength for PbS nanocrystal film with 20 nm of tetracene
measured only for the NC fluorescence. Notice that there are tetracene absorption peaks in the
excitation spectrum.
Quantum Efficiency (PLQE):

PLQE(A)=

Nemitted

(A)

Ninci(en,2)
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(3.19)

where Nemitted is the number of photon emitted by the NC and

Nincident

is the number of

photons of incident light. The PLQE of a tetracene coated NC layer is plotted as a function of
wavelength in Figure 4-6. The sample is a thin film of PbS-OA-1320 nm NCs coated with a 20
nm thick layer of tetracene. The excitation spectrum measures only the NC emission using a long
pass filter and an InGaAs detector. The spectrum is a combination of the smooth NC absorption
spectrum and the peaky absorption spectrum of tetracene. This indicates that energy that starts in
tetracene ends up as emission out of the nanocrystal, in agreement with the idea that triplet
transfer is occurring. However, this is not definitive proof of triplet transfer as the energy could
transfer from tetracene to the NCs via the singlet exciton

4.2.2.1.

Using Photoluminescence Quantum Yield to determine the triplet

transfer efficiency
To conclusively demonstrate that triplet exciton transfer is the dominate energy transfer
process, I will show that more photons leave the sample than are absorbed after correcting for the
nanocrystal Photoluminescence Quantum Yield (PLQY). An understanding of the PLQY and its
spectral dependence in a system composed of two different materials is necessary to determine
the efficiency of triplet transfer to the NCs.

PLQY is defined as:

PLQY(2)

N

)

emitted(3.20)

Absorption(A)

for most materials the PLQY is independent of incident wavelength. For example, PLQY
versus wavelength is plotted for PbS-OA- 1320 nm film as a black line in Figure 4-7. The PLQY
spectrum is normalized as it is difficult to measure the absolute value due to the low PLQY of
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the nanocrystals. The PLQY of the NC film is relatively independent of wavelength, varying by
no more than 15% across the entire visible spectrum.
Mathematically, we can work through the spectral shape of the PLQY in a two material
system when only the fluorescence from one material is measured. We start with:

NNc (A)

=

ABSNC (A) -PLQYNC + ABSC (A)- 7ET PLQYDNc

(3.21)

where NNC is the number of emitted photons from the NC, ABSNC is the absorption of the
NC, PLQYNC is the PLQY of the NC, ABSTc is the absorption of tetracene, and

TJET is

the energy

transfer efficiency from tetracene to the NC. The energy transfer efficiency can be broken into
several terms:
7
7lET =) lfis

7

dif

* 7 trans

where 'rifs is the fission efficiency with a maximum value of two,

(3.22)
Tflif

is the exciton

diffusion efficiency to the NC-tetracene interface, and Ttkans is the transfer efficiency of moving
an exciton from tetracene to the NC.
The PLQYTOTAL which is the PLQY of the tetracene coated NCs can be written as:

PLQYTOTAL (A) =

NNC(/)
ABSNC(

A

) + ABSTrC(A)

PLQYTOTAL(A) = ABSNC (A) -PLQYNC + ABSc (A) - qET -PLQYNC
ABSNC (A) + ABSC (A)
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(3.23)
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Figure 4-7: PLQY versus wavelength for PbS-oleic acid ligand nanocrystals with a 1320 nm
absorption peak without (black line) and with (red line) 20 nm of tetracene.
this can be simplified to:

PLQYOTAL(A)=PLQYNC

(ET

-1)ABSTc()

ABSNC(A) + ABSTC()A)(

Regions where there is zero tetracene absorption, PLQYTOTAL is equal to the PLQYNC
and independent of flET.
In regions where both tetracene and the nanocrystal absorb and if nET is less than 1, the
observed PLQY is reduced by the ratio of the absorptions. This is seen experimentally in Figure
4-3 where dips in the PLQY spectrum occur for regions of tetracene absorption. This proves that
nIET

is less than one for this sample. When TIET is greater than 1, regions of tetracene absorption

have a PLQYTOTAL greater than PLQYNC. The peaky nature of tetracene's absorption spectrum
ensures that the dips or the peaks in the PLQY spectrum will look like tetracene's absorption
spectrum..
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The spectral shape of the PLQY curve is all that is necessary to prove triplet exciton
transfer. If the PLQYTOTAL has peaks that correspond to the tetracene absorption spectrum, we
have confirmed that

IJET

is greater than 1. IJET can not be greater than 1 for any material other

than a singlet fission material and only for a singlet fission material if the triplet excitons are
generating fluorescence from the nanocrystal.
Thus far the NCs films have featured the as-synthesized ligand which is oleic acid.
However, embedded within TIET is Ians which must occur by Dexter energy transfer as the triplet
excitons in tetracene do not have emission cross-section. Dexter energy transfer is the
simultaneous exchange of electrons between a donor and an acceptor material. The rate of
Dexter energy depends on the spatial overlap of the donor and acceptor wavefunctions and
reduces exponentially with distance between the donor and acceptor' 06. Thus the length of the

(a)

6

(b) 1.

1b1-1
PbS-CA

2

WfPbS-CA

5-1
0.8-

4bM

PbS-MA

0
0.6-

3
WU

PbS-OA

0.4-

2-

400

450

500

550

600

650

700

0.2
400

Wavelength (nm)

PbS-OA

450

500

550

600

650

700

Wavelength (nm)

Figure 4-8: (a) Excitation intensity versus wavelength for PbS NCs with a 1320 absorption
peak in solution with OA, MA, and CA ligands. The ligand structure is inset. Films were
capped with 20 nm of tetracene. (b) PLQY spectrum of each of the films in (a) normalized to
have a PLQY at 700 nm.
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black line). (b) PLQY measured for sample in (a) in blue and fit in dashed black line. The fit uses
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.
ligand plays an important role in the qET term.
We use solid state ligand exchange' 0 9 to replace the OA ligand with either Myristic Acid

(MA), or Capyrilic Acid (CA). The neat ligand exchanged films were then capped with a 20 nm
thick tetracene layer. The PLQE spectrum normalized at 700 nm is plotted in Figure 4-8(a). The
NC films with the CA ligand have the largest component of tetracene in the PLQE spectrum.
This indicates that more energy is originating from tetracene for NCs with the CA ligand than
with the other ligand treatments. This is verified with the PLQY measurement of the film, Figure
4-8(b). The region of tetracene's absorption features a large dip in the PLQY for OA and a

smaller dip for MA indicating that

lET

is bigger for MA than CA but still less than 1 for either

case. However, the PLQY for PbS NCs with the CA ligand has bumps matching tetracene's
absorption spectrum, indicating that

1

1ET

is greater than 1. This confirms that triplet excitons are

the source of energy transfer from tetracene to the PbS NCs.
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We estimate the energy transfer efficiency utilizing the PLQY versus wavelength
spectrum. The procedure is: measure the absorption spectrum of neat PbS-CA 1320 nm
nanocrystals and a neat film of 20 nm of tetracene, weigh the absorption spectrums to match the
absorption spectrum of the combine film, and then fit the measured PLQY using the weighted
absorption spectrums and

'lET.

The results are plotted in Figure 4-9. The agreement between the

absorption spectrum of the sample and the modeled absorption is good. This leads to good
agreement between the measured and modeled PLQY. The only fitting parameter is

'lET

which is

1.78 for the fit shown. A similar level of fit can be found across four different samples in the
same device run, with an average TIET of 1.8. This indicates that the fission and energy transfer
efficiency are working with nearly unity efficiency for this system.

4.3. Triplet transfer conclusions
In this chapter we have modified a proposed structure for realization of high power
efficiency singlet fission based solar cells. The inclusion of a NC triplet transfer layer adds to the
device fabrication requirements but has significant benefits. We observed that triplet exciton
transfer is occurring and with nearly unity efficiency for triplet excitons in tetracene to PbS
nanocrystals. Resonant energy transfer from the NCs to silicon should occur over distances on
the order of several nanometers 10,111. This suggests that a thin passivation layer can be used to
eliminate dangling bonds on the silicon surface' 2 . Realization of high power efficiency singlet
fission solar cells appears to be only a few technical steps away from realization.
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5. Conclusion and future work
5.1. Thesis conclusions
Singlet exciton fission is a unique process only obtainable in organic semiconductors due
to the role that electron spin plays. I have shown that the sensitivity of the process to an external
magnetic field allows one to track singlet and triplet exciton populations in a variety of
structures. This is useful for diagnosing loss processes in organic solar cells. These loss
processes include direct dissociation of the singlet exciton before it undergoes fission and triplet
annihilation by charge. Optimized pentacene based organic solar cells with a monolithic
absorption enhancing distributed Bragg reflector achieved a record 1.26 electrons per photon,
demonstrating the capability of singlet fission.
Extension of singlet fission beyond organic solar cells is fundamental to realize the full
potential of singlet fission. The device structure first proposed by Dexter9 4 required that the
triplet exciton produced by singlet fission energy transfer to the inorganic semiconductor. I
proposed that that energy transfer can be mediated by a two step process. First, the triplet exciton
of the fission material is energy transferred to a nanocrystal followed by subsequent transfer
from the nanocrystal to the inorganic solar cell. However, energy transfer of a non-emissive
triplet exciton to a nanocrystal had not been observed. I demonstrated that energy transfer can
occur and through engineering the nanocrystal tetracene interface achieve efficiencies of nearly
unity. The transfer follows an exponential dependence on ligand length indicating Dexter energy
transfer is the energy transfer method, in accordance with the transfer mechanism expected for a
non-emissive triplet exciton. This work paves the wave for silicon solar cells that exceed the
conventional limit of one electron per photon.
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5.2.Future work
Utilizing a singlet fission material as a coating on an existing technology like silicon solar
cell combines the benefit of the two technologies. Fission of one photon into two excitons
preserves the photonic energy of high energy sunlight while the inorganic semiconductor splits
and collects electron-hole pairs. Coupling the two technologies together are semiconducting
NIR emitting nanocrystals used for their optical properties which can be excellent' 13 .
The ultimate goal of singlet exciton fission for solar energy harvesting is still to exceed
the Shockley-Queisser limit. However, a near term goal would be to achieve an EQE exceeding
100% in a tetracene coated silicon solar cell. This accomplishment represents the minimum
achievement for commercialization of a singlet fission based solar cell. After that
accomplishment, there will likely need to be further optimization of anti-reflective coatings,
scaling of NC material synthesis, and lifetime improvement of singlet fission materials before a
product would ever hit the marketplace. However, these technical hurdles do not seem
insurmountable. One only needs to look at companies like QD vision and UDC Inc. to realize
that these challenges can be met.
Now that triplet exciton transfer from tetracene to NIR emitting nanocrystals has been
shown to be efficient, there remain a few technical hurdles to achieving EQEs above 100% in
silicon solar. First, quenching of NC excitons by a silicon surface has been demonstrated for
visible emitting nanocrystals" 0, see Figure 5-1, but there remains work to extend those
experiments to NIR NCs. The efficiency of energy transfer was estimated by the reduction in the
NC lifetime; however, this likely overestimates the efficiency of photocurrent generation as the
NC could be quenched by dangling bonds at the silicon surface.
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Figure 5-1: Time resolved quenching of visible emitting nanocrystals on a
glass, a thermal oxide coated silicon surface, and a hydrogen fluoride etched
silicon surface. Figure from ref. 111.
Future work needs to focus on extracting all the excitations from a NC layer as
photocurrent in an operating solar cell. This will require overcoming two obstacles. Foremost is
the challenge of passivating the silicon surface with a thin enough layer to allow complete
energy transfer from NCs. A couple of layers of HfO 2 might accomplish this function but more
research is necessary. The second obstacle is to make sure FRET from the NC to Si occurs with
unity efficiency. Unfortunately, the CA ligand greatly increases the non-radiative decay
pathways in neat films of PbS NCs. Significant progress has been made at increasing the PLQY
of visible NCs"

3

using a core-shell system with an inorganic semiconductor shell. However, it is

not clear if this type of core-shell system would impede triplet transfer. Significant work still
remains in studying and further understanding the organic semiconductor-NC interface.
The second important outcome of my work is that singlet fission followed by energy
transfer to a nanocrystal can ultimately produce two photons from one photon. This represents an
incoherent down conversion and loosely follows a suggestion by Dexter in 195714. Although
recent reports have obtained quantum efficiencies exceeding 100% using quantum cutting"', the
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process seems very dependent on processing. Singlet fission is well known and very efficient
exciton doubling process. Achievement of two hundred percent down conversion efficiencies
using singlet fission are limited by the PLQY of the near infrared nanocrystals. Recent
improvements in the quantum yield for visible nanocrystals suggests unity quantum efficiencies
are possible in nanocrystal systems''

3. There

are two advantages to using singlet fission and

nanocrystals to perform down conversion over rare earth elements and quantum cutting. The first
is that the emission can be tuned to any wavelength lower in energy than the triplet of the fission
material. The second is that the nanocrystal emission is nearly monochromatic while rare earth
element emission often has multiple emission peaks'1 .
If either of these future directions of research proves successful they could result in new
technologies in the energy sector. The improved efficiency silicon solar cell would hopefully
lower the cost of solar energy by increasing the power per unit area. Efficient and easily tunable
down conversion (using new singlet fission molecules and tuned nanocrystals) could be used in
both photovoltaic devices and lighting applications.
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Appendix A.
Measuring changes in fluorescence or photocurrent
as a function of magnetic field
The technique for measuring accurate changes in fluorescence or photocurrent
measurement requires careful optimization of the setup. Figure A-I is a schematic diagram and a
photograph of the experimental setup in the Soft semiconductor research group. The key
component of the setup is an electromagnet and a corresponding programmable power supply.
This combination allows for completely tunable magnetic fields between ~I mT and 0.5 T (the
limit to the field strength of our electromagnet is the magnets age. Newer laboratory
electromagnets can easily reach several Tesla).

B field probe

Sample

Electrornagnet

Mechanical
chopper

Fluorescence
detector

light source

Figure A-1: Schematic diagram and accompanying photograph of the magnetic field setup in
the Soft semiconductor laboratory.
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To briefly describe the technique: Light incident on the devices is mechanically chopped
at a frequency greater than 200 Hz so that the resulting photocurrent (on the device or on the
photodetector measuring the fluorescence) can be monitored using a lockin-amplifier. This
removes any background ambient light. Obtaining a real value for the change in fluorescence or
photocurrent requires that all the fluorescence or photocurrent originate only from the singlet
fission material (Equation (2.20)). While the sample is illuminated the electromagnet is
energized at a frequency of 13 mHz with a duty cycle of 50%. This creates a step function at the
same frequency in the measured fluorescence or photocurrent, see Figure A-2.
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Figure A-2:The raw data for one data point in a 8F versus magnetic field scan; the measured
photocurrent on a photodetector and magnetic field measured with the gaussmeter as a
function of time. The sample is a 40 nm film of tetracene on PbS-OA-1320 nm NCs monitoring
just the tetracene fluorescence.
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The device current/fluorescence (measured by a lockin-amplifier) and the magnetic field
(measured by a FWBell 5100 gaussmeter or a Lakeshore 425 gauss meter) is queried at a
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frequency of 1 Hz. Calculations of the change in photocurrent/fluorescence occurs in the
following steps: i) fitting a 2nd order polynomial to the entire data set as a function of time and
then subtracting the polynomial from the data. This removes any long term degradation from the
sample data before processing ii) averaging the photocurrent when the applied magnetic field is
at its maximum, iii) averaging the photocurrent when the applied magnetic field is zero, and iv)
taking the difference between the two values and dividing by average value when the field is
zero. Low incident light intensities (~-

mW/cm 2 ) are used to minimize device degradation during

the experiment. When reverse bias is required it is supplied either with a Kiethley 2602 source
meter or the lockin amplifier itself.
There are a number of little techniques that people should be aware when setting up this
instrument. First, the stability of the light source ultimately sets the limit on the change in
photocurrent you can measure. If your light source has a 1 % instantaneous modulation, it will be
very difficult to pick out a 0.1% change in photocurrent in your device due to singlet fission. For
tunable light source a W lamp is a good option but this work was done with a Xe arc lamp. If
using an arc lamp please realize that the arc of the light source will be modulated by the stray
magnetic field from the electromagnetic, especially when the field changes. For monochromatic
light sources, a solid state LED is a great option because the light source can be extremely stable
to instantaneous fluctuations. Small longer term variations in intensity are removed by the
calculation outlined above. Most solid state lasers are also excellent choices. One warning about
using a well focused laser is to make sure that laser holder and any lenses focusing the laser or
the fluorescence are made from magnetic field insensitive materials (aluminum) as any small
spatial deflection of the laser can result in large modulations of photocurrent that are not real.
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For samples that have low fluorescence quantum yields and exhibit intensity dependent
quenching (tetracene) one might end up with a noise problem dominated by the noise of the
detector rather than the light source. The solution is purchase a detector with a lowest noise
efficiency product. Two detectors that I found to work well are: Thorlabs SM1PD2A (silicon)
and Thorlabs SM05PD5A (InGaAs) detector.
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Appendix B.

Solution singlet exciton fission

The observation of a magnetic field effect on the steady state fluorescence of DPT in
solutions likely indicates that singlet fission is occurring. In this appendix I will demonstrate
additional continuous wave and transient photoluminescence measurements that confirm singlet
fission is occurring in solutions of DPT molecules.

Steady state measurements of DPT solutions
In Chapter 2 I demonstrated that solutions of DPT have a steady state change in
fluorescence with applied magnetic field. Importantly the magnitude of the high field 8 F is a
function of the concentration of DPT, Figure B-1. The number encounters between an excited
DPT molecule and a ground state DPT molecule (the requirement for fission) scales with the
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Figure B-i: Change in DPT fluorescence as a function of external magnetic field plotted for
various concentrations of DPT in toluene. The concentration is labeled on the plot in mg/mL.
The illumination wavelength is 365 nm.
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overall concentration. The solutions of DPT are in toluene and the concentrations are in
milligrams/milliliter (mg/mL). The samples are sealed in pure nitrogen environment in vials
(screw cap with a PTFE pipe thread seal) and are illuminated with 365 nm light. A slight
degradation in the total fluorescence is observed over time while under illumination but the
magnitude 8F was not affected by the degradation. Samples aged for several days in ambient
light and air were permanently degraded.
The magnitude and line shape of the 8F curves remain identical when DPT is in toluene
(polarity index = 2.4) and chloroform (polarity index = 4.1), Figure B-2. Thus a change in
fluorescence under a magnetic field due to polar-pair or exiplex formation can be eliminated.
The identical line shape also indicates that singlet fission is not charge-transfer state mediated for
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Figure B-2: Change in fluorescence for a 10 mg/mL solution of DPT in toluene (black
circles) and chloroform (red circles). Excitation wavelength was 365 nm.
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DPT molecules in solution. Charge-transfer mediated singlet fission has been proposed in
literature 29 and our measurement suggests that it is not required for singlet fission.
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Figure B-3: Steady state fluorescence spectrums of DPT of various concentrations.
Solutions were in a 5 micrometer cavity and were excited with a 408 nm laser.

To verify that the change in 5 F as a function of concentration does not result from
agglomerates the continuous wave emission spectrum was measured. The use of a cm diameter
vials and high concentrations of molecules results in an emission spectrum with the high energy
peaks reduced in intensity due to self absorption. To reduce the self absorption effect, the steady
state fluorescence spectrum of DPT was measured for solutions in a 5 micrometer, Figure B-3.
The emission was measured from the face of the sample. The highest concentration solutions still
exhibit loss of intensity in the bluest components of the emission due to self absorption;
however, the curves are almost identical otherwise.
Even for the lowest concentration solutions in vials the emission spectral shape was
distorted by self absorption. To confirm that self absorption is not the source of the SF of a 15
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mg/mL DPT solution (toluene) in a vial and in a 5 micrometer cavity are compared, Figure B-4.
The results are nearly identical with the data for the 5 micrometer cavity having more noise due
to the reduction in the overall fluorescence.
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Figure B-4: Change in fluorescence as a function of external magnetic field for a solution
of DPT in toluene at a concentration 15 mg/mL. Red circles for the solution in a 1.5 cm
diameter vial and black circles for the solution is a 5 micrometer cavity.

Transientfluorescence of solution singletfission
Measurements of the steady state fluorescence as a function of external magnetic field
provide a unique line shape that identifies the singlet fission process. This is also the case for
transient fluorescence measurements when measured with and without a large external magnetic
field. In this section I will review the key features in the transient fluorescence of a singlet fission
molecule. I will demonstrate that singlet fission is operating in solutions of DPT based on the
characteristics of the transient fluorescence measurements.
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Typical transientfluorescence measurement of a singletfission molecule
A number of transient measurements have been done to track the populations of singlet
and triplet excitons, Section 1.6.1. However, few researchers use an external magnetic field in
conjunction with the transient measurement. Recently the combined experiment was
implemented to study a number of singlet fission molecules by Bardeen et al.43 ,.6-118 I will use
their results to explain the key components of the measurement. Figure B-5 features the
fluorescence from a neat film of rubrene with and without a magnetic field over various time
windows 18 . I annotated the time windows to accentuate the important information contained in
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Figure B-5: Rubrene fluorescence measured with (red) and without (black) a magnetic
field from reference 118. Above each time window is the important process that is
occurring.
each window.

At the shortest timescale of fluorescence excited singlet excitons are undergoing
conversion to a (TT)' pair. Since the amount of singlet character summed over the 9 triplet pairs
always equals one regardless of the magnetic field, this rate is independent of the external
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magnetic field. Experimentally there is no observed difference in the fluorescence decay at the
early times, Figure B-5 (a).
However, the rate of the

Ith

(TT) returning to S1 is a function of the external magnetic

field. Over intermediate timescales, when some (TT) return to S, and with a large applied
magnetic field, the fluorescence will be increased. This timescale is what results in a positive
steady state 6 F. This time regime is highlighted in Figure B-5 (b).
At longer scales the (TT) spin decohere resulting in free triplet excitons. If two spindecohered triplet excitons meet, they will form a (TT) pair state. If the (TT) pair fuses to form a
singlet exciton this process is termed delayed fluorescence. Under a large magnetic field delayed
fluorescence is reduced 28 due to the smaller number of (TT) pairs that have singlet character. The
reduction in delayed fluorescence is responsible for the reduction in fluorescence with a
magnetic field on at very long time scales, Figure B-5 (c) black arrow.
There is additional information contained within the shape of the transient fluorescence.
The magnetic field independent region of fluorescence is mono-exponential with a lifetime equal
to the rate constant ki. Over intermediate times when there is a significant exchange of energy
between the (TT)1 pairs and Si the fluorescence is highly non-mono-exponential. With an
understanding of the transient dynamics of singlet fission molecules we can now analyze the
DPT system.

131

Transientfluorescence in DPT solutions
Using the 5 micrometer cavity the transient fluorescence of DPT at various
concentrations in toluene was measured, Figure B-6. The fluorescence lifetime decreases as the
concentration of DPT increases, consistent with a larger fraction of molecules undergoing singlet
fission due to an increased number of collisions. Measurements were made with a single photon
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Figure B-6: Intensity of DPT fluorescence as a function of time for various concentration of
DPT in toluene in a 5 micrometer cavity measured with a single photodetector. Excitation
wavelength of 405 nm. Measurement made with help of Parag Deotare.

counting detector (64 ps resolution) and a 405 nm excitation pump (pulse width < 1 ps and ~5
micrometers in diameter). The fluence was lowered until the lifetime of the 100 mg/mL sample
was independent of pump power. A more substantial analysis of the transient measurements will
occur below, but the transient lifetime and magnitude of 8F can be plotted as a function of DPT
concentration, Figure B-7. The decrease in transient lifetime begins at the same concentration as
the change in fluorescence starts increasing suggesting the two are linked.
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In the work by Bardeen et al. the rubrene fluorescence transient deviated from a monoexponential on the timescale that there is significant exchange in energy between the excited
singlet state the triplet pair. In the DPT solution transients, a similar deviation can be observed,
Figure B-7. Departure from purely mono-exponential decay kinetics occurs for all concentrations
of DPT solutions. However, the time at which the deviation starts relative to the monoexponential lifetime decreases with increasing concentration. For example, deviation from mono-
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Figure B-7: Magnitude of the change in DPT fluorescence at B > O.4T and lifetime of DPT
fluorescence from Figure B-6 fit at the early time scale as a function of DPT concentration.

exponential decay happens at 1.2 times the lifetime for the 100 mg/mL solution and at 3 times
the lifetime for 2.5 mg/mL solution. It is not clear why the energy flow between S1 and (TT)'

depends on concentration of DPT molecules in solution. In earlier departure from monoexponential kinetics indicates that higher concentration solutions have a quicker return of energy
from the (TT) pairs to the singlet exciton. Further study is necessary to understand this.
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Figure B-8: Intensity versus time for solutions of DPT. Blue lines are the measured curves and
dashed black lines the single exponential fit at the short time scale. (a) a 100 mg/mL solution (b) a
2.5 mg/mL solution. Both curves deviate from the fit at times much greater than the initial
lifetime.
To check if the deviation from mono-exponential decay kinetics is due to the exchange of
energy between the excited singlet exciton and the triplet pair states, we can perform the
transient fluorescence under a magnetic field. For neat rubrene films, Figure B-5, there was an
increase in fluorescence signal with an applied magnetic field concurrently with the time scale at
which energy started is exchanged between the singlet exciton and the (TT)' pairs. Figure B-9
plots the transient photoluminescence of a DPT solution with (red) and without (black) a 0.5T
magnetic field.
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On the very short time-scale, the transient is independent of external magnetic field,
Figure B-9(a). However, at intermediate times there is an increase in the fluorescence under an
applied field, Figure B-9(b). In contrast to the rubrene films, we observe no delayed fluorescence
before reaching the noise floor of our measurement. However, we can plot a subtraction of the
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Figure B-9: Fluorescence decay with and without a 0.5T magnetic field at (a) early times (b) for
longer times. Measurements were made on 45 mg/mL solutions of DPT in conjunction with
Wendi Chang. The pulse picker results in an artifact at -13 ns.
normalized fluorescence intensity with the field and without a field, Figure B- 10. We see that the
magnitude of increase in fluorescence drops at later times indicating there is some component of
delayed fluorescence occurring. To confirm that the same state is emitting at all time, the
fluorescence was measured. The integrated spectrums at different times are identical, Figure

B- 1.
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Figure B-10: Subtraction of curves in Figure B-9(b) plotted as a function of time.

To finalize our analysis, we compare the time at which DPT emission deviates from
mono-exponential and when the magnetic field effect starts. A single exponential lifetime was fit
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Figure B-11: Integrated intensity versus wavelength of the DPT emission for a 45
mg/mL solution. The time windows are 1.7,5.6,9.5, and 13.4 ns. The integration spans a
total of 1.6 ns center around the reported value.
to the first 2 ns of the no magnetic field data in Figure B-9(b). The fit is plotted as a dashed green

line in Figure B- 12. There is good agreement on the timescale at which both the transient
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Figure B-12: Fluorescence intensity from Figure B-9(b) with a mono-exponential fit to
the no magnetic field data over the first 2 ns plotted as a dashed green line.

deviates from mono-exponential and when the external magnetic field modulates the
fluorescence intensity.
Use of solution singlet fission to screen for singlet fission materials
It is unclear that solution singlet fission can be used to identify new singlet fission
materials, see discussion in Chapter 2. One example is that of diphenyl hexatriene (DPH) which
was first identified to undergo singlet fission by Bardeen et al.'

1.

Neat films of spun cast and

thermally evaporated DPH exhibit magnetic field dependent changes in fluorescence with the
line shape of singlet fission. However, solutions of DPH and diphenyl octatetraene have nearly
zero change in fluorescence, Figure B-13.
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Figure B-13: Change in fluorescence as a function of external magnetic field for DPO
and DPH.
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