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ABSTRACT

The interactions of light and matter drive many of today’s devices, from electricity generation
and consumption to manipulation. Within electricity generation, emerging thin film
photovoltaics now rival traditional silicon-based solar cells in terms of power conversion
efficiency (PCE) due to dramatic improvements to optoelectronic material properties and device
architectures. Within electricity consumption, quantum dot light emitting diodes (QD-LEDs)
are a high-efficiency, high color purity, versatile material candidate. Recent efforts to develop
heavy metal-free QD-LEDs have led to high external quantum efficiencies in InP- and ZnSe-
based QDs rivaling the performance of the colloidal archetype of Cd-based QD-LEDs. Within
energy manipulation, the emergence of photonics from electronics presents opportunities to
engineer low-loss, low-threshold information transmission and computation by all-optical means
and matter-mediated hybrid electronic/photonic processes.

In this work, we investigate light-matter interactions in emerging thin film perovskite
photovoltaics, heavy metal-free QD-LEDs and microcavities, and two-dimensional perovskite

microcavity exciton-polaritons.

First, we quantify the PCE enhancements due to photon recycling in high-efficiency
Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Bro17)3 (triple-cation) perovskite thin film photovoltaics as a
function of material properties such as non-radiative recombination and the probability of
photon escape. We determine that a perovskite active layer material with non-radiative rates ki
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< 1x10* s can result in practical PCE improvements of up to 1.8% due to photon recycling alone,
and present material and device design principles to harness photon recycling effects in next-

generation perovskite solar cells.

Next, we investigate energy and charge transfer in InP/ZnSe/ZnS QD thin films and QD-
LEDs as a function of increasing electric field strength. We probe the voltage-controlled
photoluminescence (PL) modulation of a QD-LED in reverse bias and achieve 87% PL
quenching, which is, to our awareness, the highest reported quenching efficiency in InP-based
QDs. We also demonstrate amplified spontaneous emission processes in QD metallic
microcavities by spectral coincidence of a three-dimensional confined photon mode and photon

recycling-enhanced gain region.

Finally, we form exciton-polaritons (polaritons) at room-temperature in 2D perovskite
microcavities resulting in, to the best of our knowledge, a record exciton-photon coupling
strength for planar (CeHs(CH2)2NH3)2Pbls microcavities of AQdg,,; = 260 + 5 meV. By utilizing
wedged microcavities in which the cavity detuning is changed as a function of excitation position,
we probe the temperature-dependent polariton photophysics for varying polariton exciton/photon
character. In this way, we reveal material-specific polariton relaxation mechanisms and intra-

cavity pumping schemes from the interplay of 2D perovskite excitonic states.

Thesis Supervisor: Vladimir Bulovié¢

Title: Professor of Electrical Engineering and Computer Science



ACKNOWLEDGEMENTS

It has been a tremendous five years at MIT, and I've been so fortunate to work with
dedicated, passionate, and creative researchers within and beyond the ONE Lab. Taking a
moment now to reflect on the many directions this research has taken me, I feel profoundly
lucky to have had the opportunity to study fundamental photophysics in many device settings -
learning not just about a specific function, but rather the interconnectedness between materials,

technologies, and techniques.

I’d like to thank my research advisor, Vladimir Bulovié, who has allowed me to pursue my
varied interests with tremendous freedom. He has challenged me to become a better scientist, to
ask the right questions, to internalize the fundamental microscopic picture beyond equations,

and to communicate not just the technical details, but the joy of scientific revelation.

I am thankful to Prof. Farnaz Niroui and Prof. Keith Nelson for serving on my thesis
committee. Prof. Niroui has an ability with nanoscale devices like no other, and I am grateful
for her insights into fabrication and function. Prof. Nelson’s boundless enthusiasm and curiosity
for light-matter interactions has been a sustaining force in my graduate career. Even in my first
year, Prof. Nelson met me with sincerity and respect, and I felt from the first exchange that we

were partners in elucidating the photophysical processes of a given system.

Resounding thanks to my mentor, Dr. Dane deQuilettes. I am tremendously grateful for Dr.
deQuilettes’ support, for long discussions about mechanisms and experimental design, for
encouraging words throughout the challenging doctoral program, and for aiding the professional
development of all ONE Lab members. I was fortunate to be assigned Prof. Karl Berggren as an
academic advisor, and he was an advocate and earnest supporter over the last five years. His
clear, actionable advice empowered me to move forward at pivotal moments, and I always left
conversations feeling hopeful, determined, and equipped with a plan. Prof. Giulia Grancini,
though time-zones away, was available for long scientific conversations about low-dimensional
materials, synthesis, and characterization. Her enthusiasm and optimism for our collaborative

work was a tremendous buoy. To Prof. Jennifer Jay, there’s too much to say - I first donned a

1-5



lab coat in Prof. Jay’s lab at UCLA, and have ever since been enthralled by the rhythm of
research. From the quiet moments of an experiment’s design to the rare, and still quiet, moment
of its success, Prof. Jay shared with me the delight of identifying and striving to answer the

questions you find most captivating.

I have been fortunate to work with many wonderful colleagues. Dr. Tom Mahony is the most
thoughtful scientist I have ever met, and the care he took in designing and building optical
setups extended beyond the inanimate, as, during his time at MIT, he also strove to better the
culture and community in the department by supporting his peers at every turn. I aspire to be
half the researcher and member of the community as Dr. Mahony. I'd like to thank Ella
Wassweiler, a powerful researcher and advocate for diversity, equity, and inclusion. I was lucky
to spend countless hours with Ella both in the lab and brainstorming new initiatives for graduate
students in EECS. I will treasure Ella’s support and friendship throughout this journey. I'd like
to thank the entirety of the ONE Lab, from whom I have learned so much, especially Benjia
Dak Dou, Mayuran Saravanapavanantham, Melany Sponseller, Richard Swartwout, Anurag
Panda, Jonas Xie, Tony Zhu, and Joel Jean. Beyond the ONE Lab, I found a home in Prof.
Keith Nelson and Prof. Moungi Bawendi’s labs, and feel profoundly fortunate to have had the
opportunity to work with and learn from Jude Deschamps, Alex Kaplan, and Dr. Andrew

Proppe.

Outside of the lab, I am thankful to THRIVE, EECS REFS, and EECS GAAP. This
community of students, passionate about representation in STEM at the graduate level, is
unparalleled. To all of the graduate students who spend time beyond their doctoral research
thinking about and working on ways to enhance the student experience at MIT, push for

equitable structures, and advocate for diversity and inclusion: thank you.

To friends within and beyond the walls of MIT, I'm grateful for the laughs, support, and
adventures. Special thanks to Julia, my dear friend and sister; Diana and Jackson, the best
friends anyone could ask for; Adrian, who I aspire to be more like in every way; Sam, who makes

me laugh and encourages me to dream; and my wildly wonderful cohort of Fulbrighters.

1-6



A big thanks to the Reynolds family, whose warmth, boundless enthusiasm, unconditional
support, laughter, creativity, and musicality has been the greatest source of joy throughout my
life. I am defined by the times spent together at 741 Spruce St singing rounds, playing music,
surviving wrapping paper wars, and losing ping-pong tournaments. I'm so thankful for my
parents, Anne-Marie and Steve. I would have fallen down and stayed down long ago if it weren’t
for their unwavering love and support, encouragement, and unparalleled sense of humor - not
a day goes by that I'm not grateful. Finally, to my partner, Martha, I dedicate this thesis. I quite
literally could not have done this without her. I'm immeasurably thankful for her patience,

belief, validation, love, and unfailing ability to light up my days during the PhD program.

Madeleine Laitz
May 2022
Boston, MA



Contents

OVETVIEW...uuuinieiiititititststetensensenessssssst st st st st sssessensansssssssssssssstsstsstsntsstestontontansnssssssesssstsstsstossossonsons 1-29
INETEOQUCTION «.cceeneiniiniiiiirieteteteeenenneet st sttt st et e s enssnsssssssssss st sassetssssssensensnsansansssessesssstsstsstensossontans 1-31
1. High-Efficiency Solar Cells: Towards the Radiative Limit........cccceeceeverrereersercneserserseeceesenns 1-46
11 OVERVIEW ..ucuimiisininniisiniisissnsisissssissssssisissssssisssssssssssssssssssenss 1—-46
1.2. INTRODUCTION ..ecuiuinininsnisesessssisessssssesessasssesssssssssssssssssssssssssssssssens 1—47
1.3. PHOTON RECYCLING IN THE DETAILED BALANCE MODEL............ 1—49
1.3.1.  The Radiative Limit .....cceceeeereerecerncrencscrcsecsenssensesesesesesessssscsenes 1—49
1.3.2. Incorporating Non-Radiative Recombination.......cccceeeeeeerveeervecnecerneennn. 1-53

1.3.3.  Competition Between Radiative & Non-Radiative Recombination Currents.......ceceeserereeveurune 1-56

1.4. EXTERNAL ELECTROLUMINESCENCE EFFICIENCY ENHANCEMENTS ..... 1-58
1.4.1.  Modification of Non-Radiative Recombination................... 1-59

1.4.2. Modification of the Probability of Photon Escape.................. 1-60

1.5. EFFECT OF NON-RADIATIVE RECOMBINATION AND Pgsc ON Voc ......... 1-63
1.6. CONCLUSION ccctisiniiscninisssissisissssssssessssissssssssssssssssssssssssssssssssscns 1-65
1.7. SUPPLEMENTARY RESULTS AND DISCUSSION.....cecvimiisieninsicsensnsiscsissnns 1-66
1.7.1.  Experimental Methods.......ccccceeeveererenrerenriienisecsssessssessssessssesssesseessssenes 1-66

1.7.2. Analysis MethodS.....cceeeeeerrereereerrereeeeeeeeeesessessessessessessessessessenees 1-68

1.7.3.  Model ASSUMPLIONS ..ceveerrreererereeresesressssessssessssessssessssesssssssssessssssssssssenes 1-69

1.7.4.  Cso.05(MA017FA0.83)0.95Pb(I0.83Bro.17)3 Supplementary Figures.......... 1-76

1.7.5.  CH3NH;3PbI; Supplementary Figures......ccocceeveeeereesseereseenesesneseenes 1-80

1.8. CHAPTER-SPECIFIC ACKNOWLEDGEMENTS ....cuciiivinimsisesessssisesessssesenss 1-86

DIEVICES coeuuueeeeeeeernnreeeessssereeeessssseeeeessssssesessssssssssesssssssssssssssssessssssssssssssssssessssssssessssssssssesssssssessssssssssessessssssssses 2—88
2.1 OVERVIEW ....ueeverrerrerrersesseruessessessessessesssssssessessessassessessessessessennes 2—88
2.2. INTRODUCTION ....uueerteeererrecrerseeseessesssecssesssessessssssessssssessssssessassssesaens 2—89

1-8



2.3. FIELD-DEPENDENT LUMINESCENCE LIFETIME IN INP QD FILMS & LEDS ....ccoeveeeereerecrervenens 2—90
2.4, ENERGY TRANSFER RATES: INP QDS....cueereererevererereeennereeeens 2—94
2.5. THERMALIZATION RATES: MOBILE AND IMMOBILE EXCITONS IN INP QDS.....coovereeeereeereeeenenne 2—97
2.6. VOLTAGE-CONTROLLED PHOTOLUMINESCENCE MODULATION OF INP QDS.....cccccervevereennnnen 2—102
2.1. STRONG 3D OPTICAL CONFINEMENT TOWARDS INP QD ASE .......... 2—105
2.8. CONCLUSION....cvtieriercntcssesenesenesssessasssasssssssasssasssssssssesssasssnes 2—-114
2.9. SUPPLEMENTARY RESULTS AND DISCUSSION.....cccecvereremercmenensnsnseserenesunnne 2—-116
2.9.1.  Experimental Methods......cccccveeiveerereneerenrisenriiessesessssessssessssesssesseesssssnns 2—116
2.9.2.  Supplementary FiGUrIes ......ccceiveeerenereneiienenessesessssessssessssessssessesssssenes 2—118

2.10. CHAPTER-SPECIFIC ACKNOWLEDGEMENTS ....cccecrencmcmecncnencnsassnnsasesanens 2—128

3. Microcavity Exciton-Polaritons: Towards Efficient Polariton Relaxation and Strong Coupling-
Mediated Tunable KINETiCS ......cceeerereeerersrrsarerersessnescesessesessesasssessasessssssssassasessssassssesasssessassssssasssassasssssse 3—130
3.1. OVERVIEW ....oviirinctcicencsenesescssasssassssssssssssssssssssessessesssnes 3—130
3.2. INTRODUCTION ...cucurucnencnenenenensasesasesasessssessesssscsesescsessasssssasasssssasnes 3—132
3.3. ROOM-TEMPERATURE STRONG COUPLING IN 2D PEROVSKITE MICROCAVITIES ......ccccovrenenenes 3—134
3.4. TEMPERATURE-DEPENDENT POLARITON PHOTOPHYSICS.............. 3—138
3.5. 2D BRIGHT AND DARK EXCITONS IN 2D PEROVSKITES ............. 3—141
3.6. LUMINESCENCE LIFETIMES OF BARE EXCITONS AND LPB STATES....... 3—146
3.7. INTRACAVITY PUMPING, LO-PHONON SCATTERING, BIEXCITON-ASSISTED RELAXATION...... 3—148
3.8. CONCLUSION....cvuiietiercetcscesenesenesssessasssasssasssasssssssssssssesssasssnes 3—153
3.9. SUPPLEMENTARY RESULTS AND DISCUSSION.....cccecverercmercnemencnsnsnserennsenene 3—154
3.9.1. Experimental Methods......cceceeeerveerirenrerenriienrisessssesnssessssessssesssessesessssenes 3—154
3.9.2. Supplemental Figures and AnalysiS.......cccceeeerreresrereresesesseressenens 3—157

3.10. CHAPTER-SPECIFIC ACKNOWLEDGEMENTS ....cccecrencmcmecncnencnsassnnsasesanens 3—176

4. Conclusions and Future DIreCtions .........ccceeccerereeereesaeesessenesessaessessasessssassssesasssessasessssasssassasssesse 4—177
4.1.1. High-Efficiency Photovoltaics .......ccceceerveeerrererrererresesseseeressenenns 4—-177




4.1.2. Cd-Free Light-Emitting Devices ......ccecvreeerrerrrrererreserseseeesseenns 4—178

4.1.3. Microcavity Exciton-Polaritons .........ceeeeeeveeeereerernereesvesuesnens 4—179

1-10



List of Figures

Figure 1.1: Detailed-balance simulation of current-voltage (J-V) curves for an ideal triple-
cation Csgos(MAg17FA83)0.95Pb(19.83Br017)3 perovskite photovoltaic device in the radiative limit
(no non-radiative recombination) with (red trace) and without (black dashed trace) photon

TECYCLINE (PR).ueoeeeeeteteeeeeeeeieeeteteeteeteseeeeseesesessessessesssessessessesessessesseessessessessessessessesssessessessessessassessaensen 1-51

Figure 1.2: Simulated J-V curves (triple-cation, 1.6 €V bandgap) with and without photon
recycling (PR) for k; values of (a) 1x10* s, (b) 2x10° s, and (c¢) 3x106 s? (kyint = 2x1010 cm3s!
and k3 = 1x102 cmbs). (d) Voc (red lines) and Vypp (black lines) as a function of k;, revealing
differences in the onset of performance improvements due to PR. Dotted vertical red and black
lines indicate k; thresholds (2x10¢ s! and 7x105 s, respectively) below which PR improves

performance at open-circuit and the maximum power point (MPP), respectively........ccceeevervennnnee. 1-55

Figure 1.3: Simulated J-V curves (black traces) for k; = 2x10° s, kot = 2x10° cm3s!) and
ks = 1x1028 cm®s? (a, c¢) without and (b, d) with photon recycling (PR) are shown with the
magnitude of Shockley-Read-Hall (SRH), radiative, and Auger recombination currents as a
function of voltage (blue traces). (¢, d) The fractions of total recombination current due to SRH,
radiative, and Auger recombination are shown at each voltage (red traces) (c) without and (d)
with PR. The fraction of radiative recombination as a function of voltage with and without PR

is equivalent to Q.LEP and Q™ IreSPECLIVELY. ..cevrirrererrerrereererireeresresesseseseesesessesessessesessessesessessesessenes 1-57

Figure 1.4: The voltage with photon recycling (VPR) for P, = 4.7% at the maximum power
point (MPP) and open-circuit is shown as a function of Q.EP(Vyc), which, as non-radiative
recombination decreases, approaches unity. Inset: AVFR for P, = 4.7% at MPP and open-

circuit as a function of QLEP(V0). cerrerrereerrecreereeruereessessessessessesseessessessessessessesssssssssessessessessessassasssessesses 1-60

Figure 1.5: The effect of photon recycling (PR) on the maximum power point (MPP) steady-

state carrier density and Q.LEP(Voc) as a function of k; for a) P, = 4.7%, b) 9.4%, and ¢) 14.1%.

Figure 1.6: a) The Voc with photon recycling (PR) in the radiative limit (Voc™d) is shown

along with b) the non-radiative subtractive effect on Voc2 (Vocrorrad), Combined, Vocrd +

1-11



Vocrorrad yield c) the total Voc™ as a function of k; and P, with a dashed line at k;=1x10° s’

showing that increasing P for a fixed Qi decreases VOc. . ererrereererreeesessesnesessesnesessessesessenee

Figure 1.7: Calculated absorptivities for a planar thin film (black) and a randomly textured

thin film (red). The textured thin film shows increased absorptivity at lower photon energies....

Figure 1.8: Simulated J-V characteristics for a) triple-cation films with kji*t = 1.8x101° cm3s
1 (dashed line) and kyt = 2.6x10° cm3s? (solid line). J-V curve for b) CH;NH;PbI; films with
kyint = 0.6x10° cm3s? (dashed line) and ko™t = 9.2x1010 cm3s?! (solid line). All curves were

obtained with: k; = 2x105 s and ks = 1X10728 CINOS ™. .eeieeeeeeeeeeeieereeeeeeeeeeteeteeseesseesseesseesesessssnssssesns

Figure 1.9: With photon recycling, a) a photon escapes the film when its angle of emission

falls within the escape cone (critical angle = 8c¢). Any photon emitted outside of the solid angle
depicted in 2D is waveguided within the film (left). b) The projection of the escape cone onto

the unit sphere (adapted from!?2) forms an area smaller than the area of the unit sphere...........

Figure 1.10: Schematic of photothermal deflection spectroscopy with Xe arc lamp pump

and 658 nm diode laser probe (reprinted from Jean, J. et al.)113.........ovveereereeeerieeeeeeerereeeerenenns

Figure 1.11: a) Absorption coefficient (black trace) and index of refraction (red trace) of
triple cation films as a function of photon energy. b) Absorption spectrum (black trace) and
photoluminescence (PL) spectrum (red trace) of triple cation films. The overlap between the
two spectra is due to the low Stokes shift in the material. ¢) Beer-Lambert absorptivity of triple-

cation films as a fUNCLION Of ENETEY. ...cuecueereeerreereeiereertertenseseeseeseessessessessessesssessessessessessassasssessessessenses

Figure 1.12: a) Power conversion efficiency (PCE) and b) fill-factor (FF) as a function of
non-radiative recombination rate (k;) with and without photon recycling. With photon
recycling, the fill-factor initially decreases because of the larger fraction of non-radiative
recombination at the maximum-power-point. Ultimately, when k; decreases below ~2x10* s,
radiative recombination outcompetes non-radiative recombination and the fill-factor with

photon recycling is greater than the fill-factor without photon recycling........ccceeeeveeerveeecercenrennnne.

Figure 1.13: The increase in voltage at the maximum-power-point (MPP) due to photon

recycling (AVyppPR) divided by the increase in voltage at open-circuit due to photon recycling

1-12

1-72

1-75

1-76



(AVocPR) is shown as a function of k. As k; decreases, the fraction exceeds 1, indicating that,

at k; ~5x103 s, AVyppPR increases faster than AVOFR. v ceeeeieieerereeseeseeseessessessessessesseessessenses 1-77

Figure 1.14: The ratio of the second order radiative recombination constant multiplied by
the carrier density squared to the first order non-radiative recombination rate constant
multiplied by the carrier density. When k,N%/kN ~ 10, there is a ~70 mV improvement in

VMPP- ...........................................................................................................................................................

Figure 1.15: a) Internal suns as a function of k; at maximum power point (inset, solid lines)
and at V¢ (dashed lines) for varying probability of escape (Pe.). b) Increase in open-circuit

voltage due to photon recycling (AVocPR) as a function of ki and Pegeeeevereereereeereeeeeeereervennereesseenens

Figure 1.16: Increase in voltage due to photon recycling (AVPR) at a) MPP and b) open-

circuit as a TUNCLION Of Ki ANd Poageerrvvrirrerreirieeiieiieeereireneeesseesesseesseessesssesssesssssssessesssesssesssessssssssssesses

Figure 1.17: a) ¥ and b) A variable angle spectroscopic ellipsometry (VASE) data for triple
cation perovskite thin films deposited on top of p-type silicon. Data was acquired at incident
angles 65° (triangles), 70° (squares) and 75° (circles). An oscillator model was used to fit the

EXPETIMENTAL QALA. .eeeveereeeeeeeeeiireeeeeeteeteeeeeeeeseesseseeesessesssessessessessessessessesssssesssessessessessessessessesssessessessensen

Figure 1.18: The effect of PR on MPP steady-state carrier density and Q.EP(Vypp)
(calculated with an injection current achieved at a voltage bias of Vypp) as a function of k; for

a) Pese = 4.7%, D) 9.4%, and €) 14.1%. ccuvevceriirrrrrriiiiirincsniiiisccsssssssssissssssssssssssssssssssssssessssssasns

Figure 1.19: J-V characteristics in the radiative limit (no non-radiative recombination) with

(red curve) and without (black dashed curve) photon recycling for CH;NH;3PbI3 (MAPDI;) films.

Figure 1.20: Simulated J-V curves (MAPbI;) with and without photon recycling for k;
values of (a) 1x10% s, (b) 2x105 s, and (c) 3x106 s1, all with fixed values for the radiative (k, =
1.14x10° cm?3 s1) and Auger (ks = 1x102 ¢cm6 s1) rate constants. (d) Voc (red lines) and Vypp
(black lines) are shown as a function of k;, revealing differences in the onset of performance

improvements due to photon recycling. Dotted vertical red and black lines indicate k;

1-78

1-79

1-80

1-13



thresholds (2.2x106 st and 7x10° s, respectively) below which photon recycling improves

performance at open-circuit and at MPP, reSpectively. .....uiieeeeeeerreerrereeseeeesseesesseessessessessessessenses 1-81

Figure 1.21: The J-V curve for k; =2x10° s (a, ¢) without and (b, d) with photon recycling
(black traces) is depicted along with the magnitude of the three recombination currents (SRH,
radiative, and Auger) as a function of voltage (blue traces). (c,d) The fraction of total
recombination current due to SRH, radiative, and Auger recombination is shown at each
voltage (red traces) (¢) without and (d) with photon recycling. The fraction of radiative
recombination as a function of voltage with and without photon recycling is equivalent to Q.LEP

ANA QU1 TESPECLIVELY. c.veerirrererrirereeterereerereseeseresessessesesessesesessesssessesersessesssessesssessessesessessesessesssessenes 1-82

Figure 1.22: The effect of photon recycling on steady-state carrier density and Q.[EP(Vc)
as a function of non-radiative recombination rate for a) P.. = 3.8% (probability of escape for
MAPDI;), b) P = 7.8%, and ¢) P = 11.4%. d) AVPR for P, = 3.8% at maximum-power-point

and open-circuit is shown as a function of Q.EP(Vc), which, as k; decreases, approaches 90%.

Figure 1.23: The Voc with photon recycling in the radiative limit (Voc'd) is shown along
with b) the non-radiative subtractive effect on Vo2 (Vocrorrad), Combined, Voc2d + Vgronrad
yield c¢) the total Voc™* as a function of k; and P, with dashed vertical and horizontal lines
indicating P = 3.8% (for MAPbI;) and k; = 1x10° s, respectively. Increasing P for a fixed
QUMD JECTEASES VOt crerrirrrrerrieererreseesessesresessessesesessessssessesessessessssessesessessesessessesessessessssessessasessessssensesssesses 1—-84

Figure 1.24: a) Internal suns as a function of k; at MPP (inset, solid lines) and at Voc

(dashed lines) for varying P... b) Voc'® as a function of ki and P ceeeeeeeereeeeeeeeeeneereereeneeneeseeesennes 1-85

Figure 1.25: The effect of PR on MPP steady-state carrier density and Q.EP(Vypp)
(calculated with an injection current achieved at a voltage bias of Vypp) as a function of k; for

a) Pese = 3.8%, b) 7.6%, and €) 11.4%. .covvevciirirrrrnriiiiiininnnniiiicscssssssssssssssssssesssssssssssssssssssssssssssns 1-85

Figure 2.1: a) LED architecture Al/ZnMgO/QDs/TFB/PEDOT:PSS/ITO/glass with
optical excitation. b-d) Spectrally-resolved lifetime of the QD thin film, the QD-LED with no

bias applied, and the QD-LED with 5V applied in reverse bias (-5V). The center wavelength

1-14



of the Gaussian emission profile is tracked over time (white trace), and the temporally-

integrated PL spectra with Gaussian fit shown (Iower panel).......cccoceeeveeeeerreeecerieeecesseerecessesseesens

Figure 2.2: (a) Lifetimes extracted from streak camera data (integrated over wavelength) of
the QD thin film (black trace) and QD-LED with increasing reverse bias (red traces), showing
a decreasing radiative lifetime with increasing bias. (b) The spectrally-resolved apparent
lifetime of the QD thin film shows increasing lifetimes with decreasing energy while the QD-
LED radiative lifetime as a function of wavelength flattens, revealing a greater reduction in
lifetime for redder photons. (c) The QD-LED emissive lifetime as a function of wavelength
continues to flatten with increasing reverse bias, with a consistently greater impact on redder

photons, as can be seen by the (d) lifetime data normalized to the shortest wavelength...............

Figure 2.3: (a-d) Time-resolved photoluminescence (PL) decay traces extracted from
spectrally-resolved lifetimes at 595 nm, 620 nm, 640 nm, and 660 nm for the QD thin film,
the QD-LED with no bias applied, and the QD-LED with 5V applied in reverse bias (-5V). (e)

QD thin film lifetimes at 595 nm and 660 nm fit with Eq. 1-3 demonstrating delayed red

emission due to exciton diffusion. (f) The energy transfer rate (kgp(A)) is fastest for the highest
energy excitons with the greatest density of states, and decreases with decreasing energy. Inset:
schematic of Gaussian PL distribution with high energy (donor, blue) sites and low energy
(acceptor, red) sites. (g) Schematic revealing high energy photon absorption, exciton diffusion,
and emission from two species of dots - one population that can feel the applied electric field

and emits at low energies after diffusion, and the other population that cannot feel the field,

does not diffuse, and ultimately emits at higher energies. .......coceeeeeerrerrerreereereeneeeerreeseereereereessessenes 2—95

Figure 2.4: (a) Spectral evolution of the photoluminescence (PL) peak maximum for the
QD thin film and QD-LED as a function of increasing reverse bias. The thin film demonstrates
a monotonic red-shift of the center peak, while the QD-LED center wavelength first red-shifts
and then blue-shifts after 55 ns. (¢) The full-width at half-maximum (FWHM) of the Gaussian
PL peak narrows over time for the thin film, and narrows to a greater extent for QD-LEDs
with increasingly negative applied biases. (d) Depiction of two QD populations within the thin
film and QD-LED, showing greater spectral diffusion for the mobile QDs. (e,f) These two

populations can be modeled to fit the experimental bulk energy relaxation dynamics in both a
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thin film and QLED where the mobile excitons are extracted over time. For the thin film (e),
the experimental data (gray scatter) can be well-reproduced by the summation (black trace) of
two fitted populations representing the fast mobile exciton population contribution to the
overall spectral shift (red dashed trace) and slow immobile exciton contribution to the overall
spectral shift (blue dashed trace). For the QD-LED with no bias, the experimental data (gray
scatter) is well-reproduced by the summation (black trace) of both the mobile exciton
contribution to the spectral shift (red dashed trace, modulated by a Fermi-Dirac distribution
as mobile excitons are depleted) and the slow immobile exciton contribution to the spectral

Shift (DIUE dASHE LTACE). c.ueieeieeereereeieeeeereteereereessesseesseessesssesssesssssssssesssesssesssesssessssssssssessnesssesssesesns 2—98

Figure 2.5: (a-b) QD-LED photoluminescence (PL) intensity with increasing applied
reverse bias at 520 nm excitation, showing effective PL quenching and (b) no quantum-
confined Stark effect. (¢c) A PL quenching efficiency of 87% (contrast ratio of 7.7:1) was achieved
at 520 nm excitation (dark traces), with a decreasing ability to recover initial PL counts as the
increasingly large reverse bias is lifted (light traces). (d) The trend in PL quenching efficiency
as a function of bias increases with increasing excitation energy, with most effective quenching

SEETL TOT 405 NIN EXCILALION. veevveerrereriererrereeesreeteesressresseessesssesssessssssssssesssesssesssesssessssssssssesssesssesssessssnses 2—104

Figure 2.6: (a) Bare QD thin film exciton emission with FWHM of 36 nm resolved in k-
space. Right panel: k-space-integrated photoluminescence (PL). b) QD PL leaking through a
vertical cavity mode detuned to 608 nm at k; = 0 with FWHM of 10 nm. Right panel: k-space-
integrated photoluminescence (PL) showing the narrow cavity emission and broad QD exciton

PL leaking through the semi-transparent Ag tOP IMIITOT. .....cccecerverververuessesseeseeseeseeseessessessessesseeseens 2—107

Figure 2.7: (a) K-space photoluminescence (PL) dispersion of the smaller, strongly confined
mesa region with single mode emission and (b) larger mesa with multi-mode emission. (c)
Real-space PL consistent with the LPy mode. (d) Mesa depiction with varying vertical cavity
resonance within and beyond the mesa bounds. (¢) Real-space PL consistent with both LP;

AN LP ] TNOAES. werretieeieeeeieeeieteeceeeeteeseeesaeeessteesseeessesessssessesessesessesessesessesessessssesessesessessssessssessssessssesan 2—109

Figure 2.8: (a-b) Emission spectrum as a function of pump power. (c¢) Integrated area under
the primary curve demonstrates a threshold of ~150 pJ/cm?/pulse. (d) Angular dispersion of

the bare QD thin film (red trace), weakly-confined mesa (Figure 2.24, purple), and strongly
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confined mesa exhibiting ASE (brown) showing increasingly narrow emission angles for highly
directional emission. (e) Real-space image of photoluminescence for the ASE region (upper
image) and region adjacent to the ASE region showing strong waveguiding effect to the mesa

(LOWET 1ITIAGE). cevververerrecreeseerneseesersessessessesssessessessessessessessessessessssssessessessessessssssessensessessessessassssssensessessessenns 2—111

Figure 2.9: Emission from the (a) bare QD thin film, (b) strongly confined mesa
demonstrating ASE, and (c) non-mesa vertical cavity mode spectrally and temporally resolved.
(d) Fitted lifetimes of the bare QD thin film (black trace), lateral strongly confined mesa (red
trace), and vertical cavity (blue trace). The photoluminescence (PL) spectrum from the strongly
confined mesa region is shown (gray dashed trace), with fitted vertical cavity leaking
contribution (purple), ASE region (orange), and bare QD leaking emission (red). (¢) Purcell
factor relating the bare QD thin film lifetime to the vertical cavity emission (blue) and strongly

confined mesa emission (red) with PL spectrum similarly overlayed. .......ccccoeeruerververeereeereeeenennene 2—113

Figure 2.10: (a) Absorption (black trace, InP/ZnSe/ZnS 3R QDs from Won et al.>°) and
photoluminescence (red trace) of encapsulated InP QDs. Inset: excitation scheme for glass-
encapsulated QD thin film. (b) J-V characteristics of corresponding LED architecture utilizing
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) as the hole transport
layer (HTL), poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine) (TFB) as the
hole injection layer (HIL), ~15 nm of InP/ZnSe/ZnS QDs (~2 monolayers), ZnMgO as the
electron transport layer (ETL), and Al as the top contact. (c) Photoluminescence spectrum
(black) and red-shifted electroluminescence spectrum (red). (d) Image of the QD-LED with

€lectrolUMINESCENE PA. «.veveveeerreereeeeeereeteeetessesseeseeseessessessessessessesseessessessessessessessesssessessessassessessassass 2—118

Figure 2.11: (a-f) Spectrally resolved lifetime of QD-LED with applied bias ranging from

0V to -5V, showing decreasing lifetime with increasing reverse bias. .......ceeeveerverververeereereesseesnennes 2—119

Figure 2.12: (a-f) Spectrally integrated lifetime of QD-LED with applied bias ranging from
0V to -5V, showing decreasing weighted lifetime (7., with increasing reverse bias. The
increasing electric field demonstrates a greater effect on the short lifetime (7;) component as

compared to the long lifetime COMPONENLE (T2). ceverrerrererreerresrecreereeseeseersessessessesssessessesssssessessessessssseens 2—119
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Figure 2.13: (a) QD thin film lifetimes at 595 nm and 660 nm fit with Eq. 2.8-2.10
including photon recycling, demonstrating delayed red emission due to exciton diffusion. (b)
QD thin film lifetimes at 595 nm and 660 nm fit with Eq. 2.13-2.14 excluding photon recycling.

A long radiative lifetime for 595 nm emission is required when photon recycling is not

Figure 2.14: (a-k) By varying the donor wavelength from 595 nm to 615 nm and fixing the
acceptor wavelength to 660 nm, the wavelength-dependent energy transfer rate (kgr(4)) can be

fit and quantified, consistent with the density of states due to spectral overlap in the absorption

and emission and magnitude of dipole-dipole coupling.17..........coceeerereerreerrerreerrerrereeresneresseneseenes 2—122

Figure 2.15: The Forster radius calculated from the wavelength-dependent energy transfer

rates, (kpr(4,d)) = TYRo/d)®, yielding an average radius of Ry = 5.6 nm, which is comparable to

similar InP QD SyStemS ThITIAT | ...eeeeeeeeterreesreseseesesteseesessessesessessesessessessssessessssessesensenseseanen 2—122

Figure 2.16: (a) Spectrally resolved streak camera lifetime data for the bare QD

demonstrating (b) a red-shifting peak as a function Of tiME.......ccecververeereereereereerneruersereessessessesseesees 2—123

Figure 2.17: FWHM, change in peak wavelength, and absolute peak wavelength over time
for (a-c) bare QD thin film, (d-f) QD-LED with increasing reverse bias, and (g-i) QD-LED

with increasing low forward bias (below turn-on, 2.5V). .....uuceeeereereereereereeseessesseeseessessessessessesseenes 2—123

Figure 2.18: (a) Wavelength-resolved lifetimes for QD-LED with increasing low forward
bias, and (b) spectrally-integrated lifetimes with increasing low forward bias below turn on. By
applying a gentle forward bias below turn-on, we resolved an increase in the long lifetime
component. In forward bias, excitons still dissociate, but the field injects charges back on
themselves, which can be seen as an increase in the long lifetime tail of the TRPL traces. This
implies that the second lifetime is due to re-injection of charges that would otherwise dissociate

without the electric field pushing them DacK........cceveereereereereeeeneeeereereereeeeesesesseeseessessessessessesseenes 2—124

Figure 2.19: PL spectrum of the bare QD thin film (orange trace), QD-LED with no bias

applied (green trace), and QD-LED with 5V applied in reverse bias (blue trace) normalized to
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(a) the peak emission and (b) the high energy slope, showing that the QD-LED emission is a

reduced fraction of the thin film emission weighted to the high energy blue spectrum. ............ 2—124

Figure 2.20: For the thin film (a,d; unweighted and weighted subset contributions to the
spectral shift, respectively), the experimental data (gray scatter) can be well-reproduced by the
summation (black trace) of two fitted populations representing the fast mobile exciton
population contribution to the overall spectral shift (red dashed trace) and slow immobile
exciton contribution to the overall spectral shift (blue dashed trace). For the QD-LED with no
bias (b,c; unweighted and weighted + Fermi-Dirac subset contributions to the spectral shift,
respectively), the experimental data (gray scatter) is well-reproduced by the summation (black
trace) of both the mobile exciton contribution to the spectral shift (red dashed trace, modulated
by a Fermi-Dirac distribution (ct) as mobile excitons are depleted) and the slow immobile
exciton contribution to the spectral shift (blue dashed trace). For the QD-LED with 5V applied
in reverse bias (c,d; unweighted and weighted + Fermi-Dirac subset contributions to the
spectral shift, respectively), the experimental data (gray scatter) is again well-reproduced by the
summation (black trace) of both the mobile exciton contribution to the spectral shift (red
dashed trace, modulated by a Fermi-Dirac distribution (1.5 x c(t)) as mobile excitons are

depleted) and the slow immobile exciton contribution to the spectral shift (blue dashed trace).2—125

Figure 2.21: QD-LED photoluminescence (PL) intensity with increasing applied reverse

bias at 520 nm excitation, showing (a) no quantum-confined Stark effect down to -10V and (b)

Figure 2.22: Band alignment for InP core, ZnSe inner shell, and ZnS outer shell Type I

QD SEEUCEUTEIIIZ0L, | o.ooeeeereeeeetetceeeeteseesesessesesessesesessesesessesessessesessessesersessessrsessessasensesssensessasens 2—126

Figure 2.23: (a) Vertical cavity mode in non-mesa region with QD photoluminescence (PL)

leaking through the mode at k; = 0, A = 608 nm. Side panel: k-space-integrated PL. (b)
Corresponding real space PL image showing the absence of the localized mode due to lateral

CONTINEMENL 1N INESA TEZIOMIS. ceuveereerereereerrerrerserseeseessessessessessessessessesssessessessessessessessessassasssessessessessessasns 2—127

Figure 2.24: (a) Single-mode laterally-confined mesa demonstrating weak confinement

likely due to defects in the mesa structures such as incomplete coverage of Ag by the thermally-
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evaporated top mirror. Side panel: k-space-integrated PL. (b) Single-mode laterally-confined

mesa showing strong confinement. Side panel: k-space-integrated PL.......c.covvvverververeereeceerennennn. 2—127

Figure 3.1: Exciton-polariton photoluminescence (PL) (left) and reflectivity (right)
dispersions with increasing cavity length from (a) higher cavity mode energy to (c) lower cavity
mode energy as shown schematically in (d). As the cavity shifts to lower energies and the
polariton dispersion becomes increasingly photonic (c), the bottleneck effect emerges with the
greatest emission intensity at high k; values. The upper and lower polariton branches are
extracted from reflectivity minima (white dotted line) and fitted (white solid line) using Eq. 3.1
(fitted cavity and exciton energies shown, white dashed line) with a Rabi splitting of AQga,; =
260 meV. (a-c, lower figures) Hopfield coefficients for cavity detunings (photonic fraction C;2,
black trace; excitonic fraction X2, red trace) ranging from (a) excitonic to (c) photonic depicting
the light-matter characteristics of the generated polaritons as a function of k; (Eq. 3.2). (e)

Experimental (red dots) and theoretical (black traces) upper and lower polariton branch

energies at k= 0 with QQRabi = 260 meV. Dashed black traces correspond to the exciton energy
and cavity energy changing with cavity length. (f) As the cavity energy decreases and the
dispersion becomes more negatively detuned, the photoluminescence (PL) distribution shifts
to higher kj, resulting in a decrease in the fraction of PL within k; = 0 * 0.2 um™ (red trace).
Integrated PL intensity as a function of increasingly negative detuning exhibits inhibited
emission (black trace). (g) The energy-integrated PL spectra reveal the re-distribution of the
maximum PL intensity to higher kj; with increasingly photonic detunings (raw data, solid trace;

smoothed data, dAShEd tTACE). ...cvievieceeeeeeeeeectecrccrcrre e eereeas e e essessesssesssesssessssssesssesssesssesssessenses 3—136

Figure 3.2: (a-c) Lower polariton branch (LPB) photoluminescence (PL) for A = +28 meV
cavity detuning as a function of temperature revealing (e) the shifting of the maximum PL
intensity to higher kj at intermediate temperatures before returning to k; = 0 at 4 K. (d-f) The
temperature-dependence of the energy-integrated PL was monitored for two detunings
established at room temperature (AQg.,; = 175 meV, A = +28 meV and +45 meV), with both
detunings showing bottlenecked PL at intermediate temperatures and emission from k; = 0 at
sufficiently low temperatures (raw data, dashed trace; smoothed data, solid trace; peak PL trend

to guide the eye, symmetric about k; = 0, dotted trace). (g) Cavity detuning and Hopfield
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coefficients as a function of temperature for A = +28 meV, revealing that the detuning becomes

more positive as temperature decreases with polaritons shifting from 70% excitonic at 295K to

8096 €XCILONIC AL 4 K. aoveeeeiieeiieeceeeceecieccresresssses s essssessseeesssessssesssessssessssessssessssessssessssessssessssassssasen 3—140

Figure 3.3: (a) 2D perovskite thin film photoluminescence (PL) spectra as a function of
temperature revealing, beyond the primary PL peak, the emergence of secondary and tertiary
PL peaks assigned to (b) the bright exciton (X), the dark exciton (DX), and the biexciton (XX)
with PL shown in red and absorption in blue. (¢,d) Time-resolved PL for the unfiltered bare
2D film spectrum (black), X filtered spectrum (blue), and DX filtered spectrum (red). Insets:
2D perovskite thin film PL at (¢) 60K and (d) 80K with fitted Gaussian constituent peaks.
High (dark blue) and low (dark red) energy regions highlighted, showing the experimentally
measured PL spectra with tunable edge-pass filters for X and DX decay measurements,

respectively. (e,f) Lifetimes of the X emission (blue) and DX emission (red) simulated with Egs.

G T 3—143

Figure 3.4: (a-d) The bare 2D perovskite film time-resolved photoluminescence (TRPL)

decay (dark traces, Film) compared to the strongly coupled microcavity (AQQRabi = 175 meV,
A = +28 meV) lower polariton branch (LPB) emission (light traces, Cavity) as a function of
temperature (295 K, 100 K, 60 K, 4 K). In the bare film, as temperature decreases, the bright
exciton (X) emission lifetime decreases and the dark exciton (DX) emission emerges with an
increasingly long lifetime, visible as a short-timescale fast component with delayed emission
into a longer tail ((b-c), dark traces). In the cavity ((b-d), light traces), the extent of delayed
emission is reduced. At 60 K in the cavity ((c), light trace), the fast LPB emission begins to
dominate the TRPL decay dynamics at early timescales, with weaker emission contribution

from the DX state resulting in a long lifetime tail. ((d), light trace) At 4 K in the cavity, a

nearly IRF-limited decay is observed with no long lifetime contribution......c.cceceeeeveeercerecerceruenen. 3—147

Figure 3.5: (a-f) Lower polariton branch (LPB) photoluminescence (PL) as a function of
temperature for two detunings established at room temperature (AQgq; 175 meV, A = +28 meV
and +45 meV) with (right panel) bare 2D perovskite film PL at the corresponding temperature
(bright exciton = X; dark exciton = DX biexciton = XX). (a,c,e) For the more photonic detuning

(A = +28 meV), the re-centering of the PL distribution to k; = 0 occurs when the bottom of the
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LPB is resonant with XX due to the (g) 42 meV LO-phonon-mediated relaxation and DX
reservoir intracavity pumping. (b,d,f) For the more excitonic detuning (A = +45 meV), the re-
centering of the PL distribution to k; = 0 occurs when the bottom of the LPB is resonant with
DX due to the (h) 25 meV LO-phonon-mediated relaxation and DX reservoir intracavity

PUITIPINIZ. «eeveerrerrereersessesseeseessessessessessessessessesssessessessessessessasssessessensessessessesssessessessessessessesssessensessassassessassass 3—150

Figure 3.6: (a) Absorption (black trace) and photoluminescence (red trace) spectra for the
PEA,Pbl, thin film. (b) Metallic microcavity structure with normalized electric field profile
(orange trace) and index of refraction (blue trace) simulated with a transfer matrix model of
the cavity architecture: Ag (110nm)/SiOx (108nm)/spin-cast PEA,Pbl, active layer
(~20nm)/PMMA (~110nm). (¢) Room-temperature XRD demonstrating a high degree of

crystallinity equivalent to single Crystals.288...........uieeeeiiieeerirreeererrereesereeesenesessessessesessessesessessesens 3—157

Figure 3.7: Exciton-polariton photoluminescence (left) and reflectivity (right) dispersions
with increasing cavity length from (a) higher cavity mode energy to (f) lower cavity mode energy
(f). As the cavity shifts to lower energies and the polariton dispersion becomes increasingly
photonic (d-f), the bottleneck effect emerges with the greatest emission intensity at high k
values. The upper and lower polariton branches are extracted from reflectivity (white dotted
line) and fit (white solid line) with a Rabi splitting of AQg.,; = 260 meV. (a-f, lower figures)
Hopfield coefficients for cavity detunings (photonic fraction C,2, black trace; excitonic fraction
X2, red trace) ranging from (a) excitonic to (f) photonic depicting the light-matter

characteristics of the generated polaritons as a function Of K/j......ceeeeeeeeeeeeeeeeereereereeneeseesseeseesnesnens 3—157

Figure 3.8: Photoluminesence (PL) in k-space for AQg.,; = 175 meV at 140 K for (a) highly
photonic (negative) detuning with severe bottleneck, (b) photonic detuning with the beginnings
of a bottleneck, and (c) excitonic (positive) detuning with no bottleneck. (d) Increasingly positive
detunings result in polaritons with shorter radiative lifetimes due to the suppression of the
bottleneck effect (blue traces 1-3 corresponding to (a)-(c), respectively). PL from higher k; in
the bottleneck region corresponds to more excitonic polaritons, which possess greater scattering
rates and longer radiative lifetimes, accounting for the slower emission at early timescales and

LONGET LIfELIME LAILS. weeeveerrererereerreereeeerereeretessessessesseessessessessessessessesseessessessessessessessasssessessensassessessassass 3—158
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Figure 3.9: (a-d) Lower polariton branch (LPB) photoluminescence (PL) as a function of
temperature for AQg.,; = 260 meV revealing e) the migration of the maximum PL intensity to
higher k; at intermediate temperatures before returning to k; = 0 at 4K. (e,f) The temperature-
dependence of the energy-integrated PL for A = +41 meV showing bottlenecked PL at
intermediate temperatures and emission from k; = 0 at sufficiently low temperatures. (g,h) PL
spectra for two detunings (A = +41 meV and +65 meV) at 295K, corresponding to the
temperature series in (f). Note: asymmetries in PL distribution arise from imperfectly flat
substrate seating due to Ag cryo paste used for thermal contact. Additionally, the thicker

perovskite active layer results in increased uncoupled exciton PL at elevated temperatures as

compared to the thinner active layer yielding AQRabi = 175 MEV. cneeeeeeeeeeeeeeeeeeeeeceeereeteeeeneene 3—159

Figure 3.10: Temperature-dependent XRD from 295 K to 11 K showing no phase change

aS 2 TUNCLION Of LEMPETALUTE. ...cveeveereerereereeenreereeseeseessessessessessessessessesssessessessessessessesssessessessessessessassaes 3—160

Figure 3.11: (a) PLQE measured at 295 K with integrating sphere and 405 nm laser
excitation in cw-mode (~0.7%), and used to calculate a 100-fold PLQE increase as a function
of temperature. To ensure the PL increase was not from changes in the absorption of the
excitation as a function of temperature, (b) temperature-dependent absorption measurements
were performed from 295 K to 80 K. The excitation wavelength was tuned to a region with

very little change in absorption (c, dashed black trace indicating laser excitation wavelength),

with small fluctuations in absorbance quantified in the (d) Abs Factor extrapolated to 4K....... 3—161

Figure 3.12: Lower polariton branch (LPB) photoluminescence (PL) (AQga; = 175 meV, A
= +40 meV) as a function of excitation power spanning five orders of magnitude. The top row
shows the k-space dispersion, and the bottom row shows the k-space-integrated PL with high-
k; (high energy) and low- k; (low energy) spectral regions fit to determine whether the increase
in power results in an increase in emission from the bottom of the LPB due to increased
polariton-polariton scattering. No such trends are observed at 4 K, and only a weak increase
in the low- kj region is seen at 100 K, indicating that polariton-polariton scattering is likely
not the primary factor for the dramatic redistribution of PL to k; = 0 at low temperature. Row
1,2: 4 K power series (demonstrates a more rapid increase in high k; PL (blue Gaussian) than

low k; (green Gaussian) indicating greater biexciton emission enhancement with increasing
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power); Row 3,4: 100 K power series (ratio between high k; (blue Gaussian) and low k; (green

Gaussian) emMiSSION PrESEIVEA). ..cueerrereerrereerrerseeseesesssesseseessessessessessesseessessessessessessessessessssssessessessesssssasss 3—162

Figure 3.13: Integrated lower polariton branch PL at 4 K for AQg.,; = 260 meV spanning

four orders of magnitude, revealing a slope of m = 0.95, consistent with bright exciton power

dependence. 309314315568 || . ettt re e st e bt e b e b e se st e s se st e e se s esnesensensesennan 3—163

Figure 3.14: Cavity mode shift from 295 K (meV) at k; = 0 due to the thermal contraction
of the microcavity as a function of temperature resulting in ~3 nm blue-shift with decreasing

TEITIPETALUTE. veveverreerreeereerersseessesseessnesssssssssssesssessessssssesssessesssssssesssssssessesssesssesssssssssssesssssssesssssssssssssssssasses 3—163

Figure 3.15: Lower polariton branch (LPB) emission for AQg,; = 260 meV fixing the
detuning at A = +110 meV by selecting a longer cavity length to keep E.,y - Ecy constant as the
exciton energy redshifts with decreasing temperature. Dispersions (upper panels) shown for (a)
295 K, (b) 100 K, and (c) 4 K, revealing the bottleneck effect at intermediate temperatures and
emission from k; = 0 at low temperatures (upper and lower polariton branches (solid white
traces), exciton energy corresponding to the exciton absorption and bare cavity mode (dashed
white traces).2” Lower panels: LPB photoluminescence (PL) with the energy-integrated PL k-

space distribution (white trace). We note that the bottleneck effect is more pronounced with

increasing coupling strength (e.g., greater for AQg.,; = 260 meV than AQg.,; = 175 meV)........... 3—164

Figure 3.16: Bare 2D perovskite thin film energetics as a function of film temperature. (a)
The center PL peak (in eV) for the bright exciton (blue), dark exciton (green), and biexciton
(red). (b) The difference in PL emission energy between the bright exciton and dark exciton
(X-DX, blue) and bright exciton and biexciton (X-XX, green). The full-width half-maximum
(FWHM, in nm) for the bright exciton (blue) and dark exciton (green, below 100 K) as a

function of temperature, showing a reduction of >4x in the bright exciton FWHM. .................. 3—164

Figure 3.17: (a) 4 K lower polariton branch photoluminescence (PL) (AQga; = 175 meV, A
= +45 meV) with primary emission from k; = 0. (b) Spin-flip process from X to DX with spin-
flip rate k,. The spin-flip back to the bright state, k.., calculated via the Arrhenius relationship
as a function of temperature (modified from Kim et al.)1% (c) At low-temperature in the

microcavity system when k. is very slow, the strong coupling of the bright exciton to the cavity
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mode and resulting LPB to G polariton emission outcompetes the spin-flip process. The DX
population generated immediately following photoexcitation is influenced by from the
isoenergetic lower polariton branch mode (dashed arrow from DX to LPB), and can directly
and rapidly emit through this resonant mode, taking on the kinetics of the strongly-coupled

LPB state (k’,px) which outcompetes emission from DX directly to G (Kipx)...eoereereereereecreeeesnenene 3—165

Figure 3.18: Number of photon recycling events in 2D perovskite thin film as a function
of film PLQE, indicating that, for PLQE > ~50%, photon recycling events exceed 2 per photon

and can contribute significantly to carrier dynamics.329 .........coeeeeveeerrerreenrerneessesnesessessesessessesenes 3—168

Figure 3.19: Lifetimes of the bright exciton (X) emission (blue) and dark exciton (DX)
emission (red) in 2D perovskite films simulated with Egs. 3.13-3.14, excluding photon recycling,
at (2) 60 K and (D) 80 Ku..uoeeeeeeeeereeeeereeeiietesesesessesessessessesessessesessessesessessesessessesessessesesssssessssssessases 3—169

Figure 3.20: Instrument response function of the Toptica wavelength-tunable 80 MHz sub-
ps laser and MPD detector. Fits for each trace above (t; = short decay component, 73 = long

decay component, T, = weighted pulse duration [NS])......cccceeereereereereeruereereesseeseessessessessessessessesseesees 3—169

Figure 3.21: (a) 60 K photoluminescence (PL) spectrum of the 2D film with multi-peak
fitting and spectrally filtered regions highlighted in dark blue/dark red. (b) Time-resolved
photoluminescence (TRPL) trace with spectral filter (short-pass) showing the short lifetime, fit
with an exponential, attributed to the bright exciton (40 ps) and (c) (long-pass) showing only
the long tail of the dark exciton (truncating the energy transfer delayed emission portion) to
quantify the long component lifetime (15.1 ns). (d-f) PL spectrum at 80 K and extracted high
energy short lifetime, fit with an exponential, of 38 ps. The long tail of the dark exciton

decreases in lifetime at elevated temperature, with an exponential fit of 14 ns......cccceeeeveeeernnen. 3—170

Figure 3.22: The lower polariton branch (LPB) emission from the microcavity (AQg.; =
175 meV, A = 28 meV, right panel bare 2D film PL spectrum showing bright exciton (X), dark
exciton (DX), and biexciton (XX) emission) with time-resolved photoluminescence (TRPL)
decay traces for the corresponding LPB cavity emission and bare 2D film at (a,b,c) 295 K,
(d,e,f) 100 K, (g,h,i) 60 K, and (j,k,I) 4 K (white dashed circle indicating biexciton-assisted

relaxation signature of high k; PL257). As temperature decreases, the X emission lifetime
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decreases and the DX emission emerges with an increasingly long lifetime, visible as a short-
timescale fast component with delayed emission into a longer tail ((e,f) green trace, 100 K). In
the cavity (e), the extent of delayed emission is reduced as compared to the bare 2D film (f),
and the fast component contribution increased due to the additional pathway of coupling the
X and cavity mode to form the strongly coupled short-lifetime polariton emissive state
competing with the spin-flip from X to DX. For the bare 2D film, further reductions in
temperature show (i,1) the X emission contribution increasing at early timescales as its emissive
lifetime decreases and the spin-flip rate (k(T)) slows, with the DX demonstrating an
increasingly long emissive lifetime and k.(T) additionally slowed via the Arrhenius factor
(Figure 3.18b). Conversely, in the cavity, the IRF-limited strong coupling emission of X and
the cavity mode competes with the spin-flip and begins to dominate the TRPL decay dynamics
at 60 K (h), with weak emission contribution to the decay from the DX state resulting in a
long lifetime tail. (k) At 4 K in the cavity, the delayed emission due to the slow k(4K) and
long tail from the DX is not observed, showing nearly exclusively IRF-limited strongly-coupled

emission between the X and cavity MOME. ......ccueeveeeeeeerrereereereenreeeeeeseeseessessessessessesseessessessessessesssssens 3—171

Figure 3.23: (a) The bare 2D perovskite film time-resolved photoluminescence decay

(TRPL) traces as a function of temperature show a 295 K lifetime of Tygsx = 350 ps, increasing
with decreasing temperature. With the emergence of the dark exciton (DX) emission in the
PL spectrum, the film lifetime trace develops an initial fast decay component attributed to the
bright exciton (X) with a longer lifetime component attributed to the DX. (b) The strongly-
coupled microcavity (AQga.,; = 175 meV, A = +28 meV) lower polariton branch (LPB) emission
demonstrates similar trends to the thin film at high temperatures, but deviates sharply at low
temperatures, exhibiting only the fast, IRF-limited (40 ps) lifetime of the bare 2D film initial
fast decay component. (¢) Temperature-dependent 2D thin film TRPL traces with finer
temperature steps, showing that, with decreasing temperature, the film lifetime increases to
Togsk = 740 ps, consistent with a reduction in non-radiative pathways which quench the lifetime.
For temperatures between 180 K and 100 K, we observe reduced emission at early timescales.
Below 100 K, with the prominent emergence of the DX, and subsequently XX, emission in
the PL spectrum, the film lifetime trace develops an early fast decay component before the flat,

delayed emission leading into a long tail. This multi-component lifetime behavior becomes
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quite pronounced as the system approaches 4 K (light blue trace), and has been observed by
Fang et al33 (d) The cavity LPB emission with finer temperature steps demonstrates similar
trends to the thin film at high temperatures, but deviates sharply at low temperatures,
exhibiting only the fast, IRF-limited (40 ps) lifetime of the bare film initial fast decay

component AttTIDULEA £0 X ..ccviereeeerrereerrireerreeteeteeeesseseeeessessessessesseessessessessessessessessessessssssessessessesssssasns 3—172

Figure 3.24: Photoluminescence (normalized) k-space temperature series (AQgra,; = 175

meV) from 4 K (upper left) to 295 K (lower right) for A = +45 meV. ....eeeeevreereerrreeeeceeceeeneens 3—173

Figure 3.25: Photoluminescence (normalized) k-space temperature series (AQga; = 175

meV) from 4 K (upper left) to 295 K (lower right) for A = +28 meV. .....uveeeervereerrereereereeneenennes 3—174

Figure 3.26: Photoluminescence (normalized) k-space temperature series (AQgru,; = 175
meV) from 40 K (upper left) to 4 K (lower right) for A = +28 meV with temperature increments
of 5 K to resolve the suppression of the bottleneck and emergence of uncoupled exciton PL

and high kj polariton PL from biexciton-assisted relaxation mechanisms. .......ccecervereerrrereerrennens 3—174

Figure 3.27: 4 K lower polariton branch photoluminescence (PL, normalized) (AQga,; = 175
meV, A = +35 meV) with 501 nm excitation and 488 nm excitation showing no change to the
distribution of PL in k-space as a function of excitation wavelength (e.g., via mechanisms such
as resonant upper polariton branch excitation). Differences in k-space contrast stem from the

decreased absorption cross section at 501 nm as compared to 488 NM......ccceereerververnereereecrerreenenees 3—175
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OVERVIEW

Light-Matter Interactions and Thesis Organization

The interaction of light with matter and interconversion between charge carriers and photons
in semiconducting materials are critical processes in numerous energy conversion systems. For
power generation by solar energy, the key process is photon absorption and conversion to electrons
which are subsequently extracted from the device. For power utilization in terms of light emission,
the reverse process is true, in which electrically injected carriers recombine in the device active
layer, emitting photons. In certain excitonic materials, the interconversion between charge
carrier and photon can be harnessed in the strong light-matter coupling regime, in which a
photon emitted following radiative recombination is re-absorbed and re-emitted many times. By
placing the semiconducting material between two highly reflective mirrors, this interconversion
process can be enhanced by further confining photons and increasing the number of
photon/exciton recycling events. If the exciton-photon coupling rate is faster than the dissipation
rate from the system, a hybrid light-matter state is formed, a quasi-particle with properties of
both a photon and an exciton known as an exciton-polariton. Exciton-polaritons present
opportunities for realizing room-temperature Bose-Einstein condensation, low-threshold

polariton lasing, and next-generation qubits.

In this work, we investigate light-matter interactions in photovoltaics, light-emitting diodes,
and strongly coupled microcavities. We first provide a semi-empirical model to predict the power
conversion efficiency enhancements from photon recycling in perovskite solar cells based on
material properties derived from non-contact, optical measurements (Part I). In this way, we
deconvolute active layer theoretical performance from experimental device performance to
determine material property and optoelectronics design principles for next-generation

photovoltaics.

We then investigate charge carrier dynamics such as Forster resonance energy transfer in Cd-
free quantum dot (QD) thin films and quantify the dependence of the energy transfer rate on
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spectral overlap between absorption and emission (Part II). We again deconvolute thin film
dynamics from device performance by investigating the impact of increasing electric field on
diffusive processes in a light-emitting diode (QD-LED) configuration via spectrally resolved

lifetime measurements and quantification of photoluminescence quenching efficiency.

Finally, we continue to explore the recycling of absorbed photons in two-dimensional
perovskite semiconductor microcavities in the strong light-matter coupling regime, in which the
bound exciton couples to the cavity photon to form exciton-polaritons at room temperature (Part
IIT). We study microcavities with varying exciton-photon coupling strengths and detunings as a
function of temperature to deconvolute two-dimensional perovskite exciton-polariton relaxation
mechanisms, highlighting both material-specific scattering processes that could reduce

condensation thresholds and intracavity pumping schemes to inform polaritonic device design.



INTRODUCTION

Photovoltaics

HYBRID ORGANIC-INORGANIC PEROVSKITES

Perovskites are a class of materials possessing an ABX3 structure, where A represents an
organic or inorganic cation (e.g., methylammonium (MA), formamidinium (FA), Cs), B denotes
a metal (e.g., Pb, Sn), and X a halide ion (e.g., I, Br, Cl).! Initially used in dye-sensitized solar
cells, perovskite materials have since emerged as a leading active layer material in high efficiency
single junction photovoltaics.”? The power conversion efficiency (PCE) of perovskite solar cells
has increased rapidly, from 3.81% power conversion efficiency in 2009 to 25.8% certified PCE
in 2021 (Figure A).3 Characterized by their solution processibility, strong absorption, defect
tolerance, long carrier lifetimes and high carrier mobilities, perovskites have risen to the fore as
a light-weight, flexible, cost-effective, and competitively efficient alternative to traditional silicon

and organic PV materials.*

Such advances in perovskite solar cell efficiency have been enabled in part by the
optimization of device architectures, though closing the gap between perovskite experimental
performance and the theoretical maximum requires developing an understanding of the
fundamental photophysics, analogous to the evolution of high-efficiency inorganic solar cell
active layer materials. In highly luminescent GaAs solar cells, multiple absorption and emission
events within the absorber layer were observed, a phenomenon called photon recycling.>” By
utilizing perfect back reflectors, an increase in GaAs power conversion efficiency from 25.1-28.1%
was achieved solely by harnessing photon recycling effects.” This phenomenon is dictated in
part by the high refractive index of the material, which leads to a small escape cone for photons
within the active layer. Emitted photons can be reabsorbed in strongly absorbing materials with
a low Stokes shift, and photons emitted beyond the escape cone can be waveguided, further
increasing the likelihood of reabsorption. These reabsorbed photons generate electron-hole pairs,

and the re-emission/reabsorption process can continue for many iterations.® Under constant
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photoexcitation, photon recycling thus effectively increases the charge carrier density within the
active layer at steady-state, increasing the quasi-Fermi level splitting and open-circuit voltage in
a device setting.”!? In highly luminescent materials with low non-radiative recombination rates,
the effect of this process can increase the steady-state charge carrier density substantially, as was
seen in GaAs solar cells, in which a single photon was determined to undergo up to 50 recycling
events.®? Similarly, in single crystal and polycrystalline lead halide perovskites, photon recycling

has also been observed, but to a lesser extent.113
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Figure A: Evolution of perovskite solar cell performance, highlighting optimization of both device
architectures and material quality yielding rapid advancements from 3.8% power conversion efficiency
(PCE) to 25.8% PCE in just twelve years.314-19

Solution-based perovskite films have traditionally reported high non-radiative
recombination rates and low photoluminescence quantum efficiencies (PLQE).2%2l Recently,
passivated perovskite films have demonstrated high internal PLQE, exceeding 90%, high
external radiative efficiencies (ERE), and low non-radiative voltage losses (AVoc,nr) (Figure B),
indicating low non-radiative recombination rates and defect densities.!®?223 These emerging

optical properties coupled with the small Stokes shift and high absorption coefficient begs the
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question: to what extent is photon recycling observed in state-of-the-art perovskite materials, and
what are the practical performance gains one can make by harnessing this phenomenon? A
rigorous and general quantification of photon recycling as a function of material properties is
required to inform future iterations of materials design. It is essential to bridge the effect of
photon recycling on the optoelectronic properties and device parameters of mixed organic-

inorganic perovskites.

Increases in open-circuit voltage (Voc) due to photon recycling have been explored in the
archetypal perovskite formulation, CH3NH3Pbls (MAPbI3) films, but an extension of this
analysis to cutting-edge multi-cation perovskites and operationally relevant device parameters
such as maximum power point (MPP) has not yet been provided.” In this work, the limiting
device performance of state-of-the-art triple-cation perovskite films, which demonstrate record
efficiencies and high stability,!%?* is determined theoretically, and current-voltage (JV) curves
simulated with and without photon recycling. An extension to MAPbI3 films is provided as a
benchmark against which to compare novel compositions. An analysis of the effect of photon
recycling on voltage, carrier density, outcoupling, and recombination processes at MPP and as a
function of photon escape probability is presented, yielding thresholds for non-radiative
recombination above which significant enhancements in device-relevant parameters are

observed.
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Figure B: For record-holding perovskite solar cells, (a) the external radiative efficiency
(ERE, %) over time is presented, showing that the (b) increases in ERE correspond to increases
in power conversion efficiency (%) and decreases in voltage deficits from the radiative limit
(AVoc,nr). The Shockley-Quiesser (SQ) limit (black trace) is shown, with the record GaAs solar
cell (red circle) as a benchmark comparison to perovskites. From deQuilettes, D.W., Laitz, M.,

et al.23




Light-Emitting Diodes

QUANTUM DOTS FOR LIGHT-EMITTING APPLICATIONS

The ability to deconvolve the photophysics of an active layer from its device setting allows for
the evaluation of dynamics unique to the material system and the quantification of the impact
of transport layers on fundamental processes. Beyond perovskite photovoltaics, this strategy
provides useful insight into the varying properties of semiconducting materials in isolation and
in practical device settings. Here, we extend the materials and device exploration to zero-

dimensional colloidal quantum dots (QDs) in light-emitting diodes (LEDs).

QDs, or “artificial atoms,” generally consist of ~10s to ~10%s tightly packed atoms, forming
highly organized crystals demonstrating unique size-dependent effects due to quantum
confinement.?> These effects arise when the electron and hole wavefunctions within the QD are
confined to a region smaller than the corresponding bulk material’s Bohr radius.?6 While QDs
can be grown epitaxially or in solution via thermally activated nucleation processes (colloidal),
we focus exclusively here on solution-formed colloidal QDs. The size of the resulting QD is
controlled by various reaction parameters, including reaction time, which, in addition to
filtration processes, allows for the careful tuning of QD size and the degree of quantum
confinement.?’” The resulting QD emission is thus a function of QD size, with larger diameter
crystals resulting in lower energy emission and smaller diameter crystals yielding higher energy

emission due to the enhanced degree of confinement resulting in a larger bandgap (Figure C).?

The optical quality of QDs can be enhanced by passivating non-radiative surface sites on the
nanocrystal (core) with a secondary semiconducting material (shell), such as CdSe-core/ZnS-shell
architectures. Core-shell QD structures have exhibited high photoluminescence (PL) quantum
efficiencies (PLQE),” with subsequent iterations involving a secondary shell material and
core/shell gradients yielding ~100% solution PLQE.*® Further defect passivation is achieved by
coating the outermost shell with organic ligands which additionally lend solubility to the QD

system in a variety of solvents, as dictated by the ligand chemistry.?>27
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Figure C: (a) Schematic of increasing optical bandgap with increasing quantum
confinement, from low energy bulk material (left, cube) to high energy, blue-emitting small-
diameter quantum dot (right, blue sphere). (b) Photoluminescence spectra of variable diameter
core-shell quantum dots (low energy PbS/CdS; high energy CdSe/ZnS). Upper inset: schematic
of core-shell quantum dot architecture with passivating organic ligands. Lower inset: CdSe
quantum dot image via high-resolution transmission electron microscope (scale bar = 1.5 nm).
(a) From Panfil et al.25 (b) From Shirasaki et al.?”

QDs have since been utilized in a variety of applications, ranging from light-emitting devices,
field-effect transistors, photovoltaics, biomarkers, and sensors due to high material PLQE,
chemical tunability, narrow spectral linewidths, and flexible deposition schemes.26:28:31 To date,
heavy metal-containing QDs are the most studied and exhibit highly desirable optical properties.
As QD-based devices across applications approach commercialization quality rivaling more
established materials (e.g., conventional inorganic and organic displays), the need for
environmentally benign alternatives is clear.?6:32 Recently, color-tunable InP-based QDs and
blue-emitting ZnSe-based QDs have emerged as promising heavy metal-free emitters for light-

emitting devices.30-33,34
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Due to the narrow emission spectra and high efficiency, QDs have become a low-energy and
high color purity material candidate for display technologies.?” QDs have found application as
an enhancement film in white light back-lit QD-LCDs, replacing conventional
phosphors.26:28:3%36 [n this configuration, the QD thin film absorbs light from LEDs, down-
converting the higher energy LED emission. The resulting QD emission yields greatly enhanced
color purity, with photoluminescence full-width half-maximum (FWHM) <40 nm, increasing
the color gamut figure-of-merit from the National Television System Committee from ~72% of
the standard utilizing phosphors to ~110% of the standard using QDs.26-2® Subsequent work has
moved toward direct electrical excitation of QD films without the LED backlight, and some
experimental QD-LED devices have demonstrated high external quantum efficiencies (EQE)

exceeding 20%.26:27

In device settings, it is essential to understand the influence of the electric field on QD
photophysics, charge transport, quenching mechanisms, and efficiency, and to mitigate adverse
effects during operation. To probe the underlying physics, QD-LED architectures and capacitor
structures have been utilized, revealing composition-dependent QD responses.?® In some QD
systems, an electric field induces exciton polarization and decreases electron-hole wavefunction
overlap, resulting in reduced radiative recombination via the quantum confined Stark effect.?”
In other systems, photoluminescence quenching studies revealed the detrimental effects of
charging, in which the applied electric field can dissociate excitons and ionize QDs, resulting in

free carrier generation and trion formation with subsequent increased Auger recombination.?6-38

Understanding the effect of built-in and applied electric fields in QD-LED architectures
employing Cd-free QDs is essential to the commercialization of energy-efficient light emitting
technologies and displays. In this work, we explore state-of-the-art InP/ZnSe/ZnS QD thin films
and QD-LEDs to quantify diffusive processes in the absence and presence of external fields. We
correlate these results to PL quenching efficiency and explore the impact of QDs in various

dielectric environments within the thin film resulting in mobile and immobile sites.
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Optical Microcavities

COUPLING LIGHT AND MATTER: EXCITON-POLARITONS

The field of optoelectronics arose from the limitations of conventional silicon-based
electronics (e.g., modulation speeds®?#%), and has created the opportunity for engineering fast,
low-loss technologies. Photons (optical signals) are difficult to generate, control, and modulate,
especially for in-direct band-gap materials like silicon, necessitating the development and
optimization of direct band-gap materials beyond silicon.3® A fundamental challenge in realizing
all-optical technologies is that light is weakly interacting. While it is difficult to have one photon
influence the behavior of another, it is possible to make interacting quasi-particles, called
exciton-polaritons (herein referred to as polaritons), that have characteristics of both photons
and excitons - both light and matter. Polaritons are formed in optical microcavities in the strong
coupling regime between bound excitons (coulombically-bound electron and hole pairs) and
cavity photons, and this quantum superposition results in a half-light, half-matter quasi-particle
(Figure D).*! Strong light-matter coupling was first theorized by J. J. Hopfield in 1958,% in
which the hybridization of excitons and photons was shown to generate new eigenstates, and

realized experimentally by C. Weisbuch et al. in 1992.3%43
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Figure D: (a) Schematic of microcavity structure utilizing two highly reflective surfaces
(e.g., Ag mirror or distributed Bragg reflectors (DBRs) comprised of alternating high and low

index of refraction materials) separated by n?'l (n = odd integer) with active layer placed at the
antinode of the cavity photon electric field. (b) Microcavity cross-section comprised of optically
inert spacer layers (gray, e.g., SiO;, TiO,, poly(methyl methacrylate)) and active material
(green, e.g., GaAs quantum well, organic polymer). Momentum k vectors related to energy by:

pc _ hkc

Ep = = :—Z /ki +kfi in which higher energy photons correspond to higher momentum (k),

Nne ne
generating the parabolic cavity photon dispersion in k/-space. (¢) Exciton-polariton dispersion
in k/-space with upper polariton (UP, red) branch, lower polariton (LP, blue) branch, and
uncoupled exciton and photon modes (black dashed trace) for three cavity detunings ranging
from photonic (left) to excitonic (right), showing the enhanced curvature due to the greater
photonic character for positive detunings and flatter dispersion due to the greater excitonic
character for negative detunings. (c) From Sun et al.#*
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Polaritons exhibit photon-like qualities in that they have small effective masses (10 the
mass of an exciton) and travel at high velocities, but also display strong non-linearities at
relatively low excitation densities, which is characteristic of excitons.*’ Polaritons can be tuned
to adjust the fraction of photonic or excitonic features, so that, even when mostly photonic,
polaritons have a finite interaction strength, resulting in the potential for engineering fast, low-
loss, low-power optical devices mediated by matter.#> The upper and lower polariton branches
can be detected via photoluminescence or reflectivity measurements in k-space (Figure E), and
the photonic/excitonic character quantified. Additionally, these properties establish
opportunities for studying out of equilibrium Bose-Einstein condensation (BEC), super-fluidity

and quantum vortices for low-threshold polariton lasing.46-48
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Figure E: Imaging k-space emission using a microscope and infinity corrected, high-NA objective.
Sample emission from laser excitation is filtered through a dichroic beamsplitter before coupling in free
space via a 4F imaging system into a spectrometer and CCD.

BEC is a macroscopic quantum state, which was explored in the mid-1990s in dilute atomic
gases at extremely low temperatures (nK regime). Such low temperatures were required to reduce

the inter-atomic distances below the thermal de Broglie wavelength, facilitating condensation in
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the lowest energy state.3?4%° Given that the de Broglie wavelength (41,5) is inversely related to
the mass and system temperature, heavy atomic systems require cryogenic temperatures to reach

the condensation threshold:3°

2mh?
mKgT

Aap =

The condensation threshold can thus be tuned by decreasing the system temperature or
mass. The idea of realizing light-mass BEC at elevated temperatures was explored as early as the
1960s,3? in which it was hypothesized that excitons and photons could strongly couple and - due
to their respective bosonic character - together form a bosonic quasi-particle. The first definitive
demonstration of exciton-polariton condensation came in 2006, utilizing inorganic Cd-based
II-VI materials at 5 K, much warmer than the nK temperatures required for atomic condensates,

and spurred work in GaAs microcavities at low temperature.?’

Thus, traditionally, polaritons have been formed in high-quality, all-inorganic
semiconducting materials (e.g. GaAs heterostructures) which require low operating temperatures
(4-70 K) for polariton formation to ensure the strong coupling interaction is faster than the
exciton dissipation rate and that the exciton binding energy is above kgT.>? The search for highly
luminescent, excitonic materials that sustain strong light-matter interactions at room
temperature is ongoing. To date, strong light-matter coupling has been successfully realized at
room temperature in inorganic materials (e.g., GaN, ZnO) requiring complex growth techniques,
and organic semiconducting materials (e.g. J-aggregates), though limited carrier transport and
the nature of Frenkel excitons in organics - displaying orders of magnitude lower exciton
interactions than inorganic Wannier-Mott excitons - pose design and implementation
constraints.>3-58 Transition metal dichalcogenides (TMD) have excitonic interactions an order of
magnitude larger than those in organics, and have exhibited room-temperature polariton
formation, but the stability of these materials and necessity of a monolayer pose obstacles for

larger-area development of robust TMD-based polaritonic systems.>?



Realizing BEC at room-temperature is a persistent effort, with recent work showing non-
equilibrium condensation and polariton lasing in polymer microcavities, organic single-crystal
microcavities, and hybrid organic-inorganic microcavities.®®-%2 A promising material for scalable
room-temperature strong coupling devices and condensation has emerged from its meteoric rise

in photovoltaic applications: perovskites.

Perovskites possess an ABX3 structure, where A represents an organic or inorganic cation,
B denotes a heavy metal, and X is a halide ion. Hybrid organic-inorganic perovskites have
emerged as a leading active layer material in high efficiency single junction photovoltaics, now
surpassing all other thin-film technologies in performance with a certified power conversion
efficiency of 25.8%.% State-of-the-art perovskite materials demonstrate photoluminescence
quantum efficiencies above 90% due to their low non-radiative recombination rates and

18,2263 The properties that make perovskites work so well in solar

unparalleled defect tolerance.
cells - high absorption coefficient, small Stokes shift, high photoluminescence quantum
efficiency (PLQE), solution processability, chemical tunability - simultaneously situate
perovskites to function superbly as a coherent quantum material.>25%64-67 The opportunity to
explore this traditional PV material in the context of polaritonic devices has generated
tremendous recent interest, and the synthetic tunability of perovskites has allowed for the

engineering of optimal perovskite formulations for polariton formation, such as high exciton

binding energies (Eg ~50-500 meV) with minimal Stokes shift.65-68

The dimensionality of perovskites can be reduced by adding bulky cations, which separate
the lead octahedra into electrically insulated sheets (Figure F). By varying the stoichiometry of
the cationic species, the number of lead layers (n) can be tuned. These materials are called
‘Ruddlesden-Popper” low-dimensional perovskites, and possess the general structure of (C)2(A)n-

1BnXsn+1, where A, B, and X are as defined above, and C is an additional, bulky cation.’®®> The
number of single layered sheets can be varied from n =1 (2D perovskites) to n = co (bulk 3D

perovskite). The n = 1 formulation is a quasi-quantum well structure with enhanced confinement

in the inorganic layer resulting in an increased exciton binding energy as compared to the n =
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oo bulk perovskite (Eg ~10 meV).56® This results in a blue-shift of the bandgap and increased

excitonic feature in the absorption spectrum with decreasing n.

a) n=1 n=2
Sis 8372 f‘_,;f)f;,;,;fef)
%55 A7
)f 7 f :/ V »’ A " /
Self-assembled quasi- Small Stokes shift
b) quantum well 2D structures D 3D c)
12 —— Absorbance < 10 —— Absorbance
—n — pL
i Exciton § 056
§ | (PEAI.PbL Binding 5
€ o Energy 5%l MAPbL
Q. e
02 NH,1 Dimensionality
0.0 0.0

600 650 700 750 800 850 900 950 1000
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Figure F: (a) Schematic of increasing number of lead layers (n) separated by organic cations

representing low-dimensional (n =1, n = 2, n = 3) and bulk (n = o) perovskites. (b) Absorption
(black trace) and emission (red trace) of low dimensional (n = 1) (C¢HsC,H4NH;3),Pbl, (i.e.,
(PEA),Pbl,) showing prominent excitonic feature in the absorption and low Stokes shift in

emission. (c) Absorption (black trace) and emission (red trace) for bulk (n = o) CH3NH;PbI;
(i.e., MAPbI3;) showing spectral red-shift due to the decreased quantum confinement and
reduced band gap as compared to (PEA),Pbl,.

In this work, we explore a leading two-dimensional (2D) perovskite formulation,
CsH5C2H4INH3)2Pbls (PEA2PbI4), which functions as a highly oriented self-assembled quantum
well structure even in solution deposited films. PEA2Pbl4 was chosen as a test-bed 2D perovskite
material due to its exceptionally high exciton binding energy (~370-490 meV; variation between
single crystal, ultrathin flake, and thin film has been observed, though the exciton binding

energy consistently increases with decreasing halide electronegativity from CL to Br to I)®9, low
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Stokes shift, relatively smooth morphology via spin-coating deposition techniques as compared
to various other formulations, and strong absorption at the band edge. We fabricate 2D perovskite
wedged microcavities and quantify the interplay between intrinsic relaxation mechanisms unique
to this material system. We aim to provide microcavity and material design principles towards

low-threshold BEC and nonsynthetic electronic structure modification for tunable kinetics.



PART 1.
LIGHT-MATTER INTERACTIONS IN
STATE-OF-THE-ART PEROVSKITE
PHOTOVOLTAICS
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CHAPTER 1

1. HIGH-EFFICIENCY SOLAR CELLS: TOWARDS THE
RADIATIVE LIMIT

1.1. OVERVIEW

P hoton recycling is required for a solar cell to achieve an open-circuit voltage (V)
and power conversion efficiency (PCE) approaching the Shockley-Queisser theoretical
limit. The achievable performance gains from photon recycling in metal halide perovskite solar
cells remain uncertain due to high wvariability in material quality and the non-radiative
recombination rate. In this work, we quantify the enhancement due to photon recycling for
state-of-the-art  perovskite  Cso.05(MA0.17FA083)0.9sPb(I083Bro17)3  (triple-cation) films and

corresponding solar cells. We show that, at the maximum power point (MPP), the absolute PCE
can increase up to 2.0% in the radiative limit, primarily due to a 77 mV increase in (V;;pp). For
this photoactive layer, even with finite non-radiative recombination, benefits from photon
recycling can be achieved when non-radiative lifetimes and external LED electroluminescence
efficiencies measured at open-circuit, Qﬁ ED(VOC), exceed 2 ps and 10%, respectively. This

analysis quantifies the significance of photon recycling in boosting the real-world performance

of perovskite solar cells toward theoretical limits.

Portions of this chapter are reprinted with permission from:

*Brenes, R., *Laitz, M., Jean, J., deQuilettes, D.W., and Bulovié, V., Physical Review Applied 12, 014017 (2019).
Copyright 2019 APS Physics.”® *These authors contributed equally



1.2. INTRODUCTION

Improving solar cell power conversion efficiency (PCE) requires both optimization of device
architectures and an understanding of fundamental photophysics. For example, PCEs of GaAs
cells increased from 25.1% to 28.8% through photon management.’® In luminescent
optoelectronic materials, such as GaAs, photons can undergo multiple absorption and emission
events before escaping, a phenomenon called photon recycling. During steady-state operation,

photon recycling increases the charge carrier density within the photoactive cell layers, resulting
in a higher quasi-Fermi level energy splitting (1) and increased open-circuit voltage (Vyc)

through u=qVoc 2% Photon recycling also slows the external photon emission rate,
decreasing the radiative saturation current.”>” Together, these effects can boost the performance
of high-efficiency solar cells toward the Shockley-Queisser theoretical limit. To take advantage
of photon recycling, a photovoltaic (PV) absorber material must exhibit a small Stokes shift,

strong band-edge absorption, and high photoluminescence quantum efficiency (PLQE).8:97L7-7

Relatively low PLQEs have thus far limited the extent of photon recycling observed in
perovskite thin films and single crystals.!'"13 Low PLQEs of <15% result from high first-order
non-radiative recombination rates, (ki) on the order of 10° to 10? s, which are associated with
trap state densities of 10 to 1017 ¢cm3.1820.21 For example, Pazos-Outén et al. demonstrated that
the average photon only undergoes one recycling event in a typical CH3NH;3PbI3 film, but
predicted that up to 25 recycling events could be sustained with a sufficiently high-quality
sample.”> This is in contrast to GaAs films used in state-of-the-art PV devices, where an average
photon can participate in up to 50 recycling events.® In thick perovskite single crystals, several
reports have used time-resolved photoluminescence spectroscopy to show a characteristic red-
shift in emission spectra over time due to photon recycling.! This phenomenon is expected to
be efficient in single crystals, which exhibit low bulk defect densities (~10'° cm™3). However, the
high surface recombination velocities of 5,800 cm/s lead to rapid quenching of excess carriers,

diminishing the probability of photon recycling.!278-82



Passivated perovskite thin films with record-low non-radiative recombination rates and defect
densities have achieved internal PLQEs exceeding 90%!%2263 — approaching the highest-quality
double-heterostructured GaAs films.?? These recent advances in material quality should enable
improved photon recycling and light management in perovskite devices, but thus far it has been
unclear how to realize practical efficiency gains. Futhermore, other works have only considered
the impact of photon recycling on perovskite solar cells at open-circuit, where the extent of
recycling differs significantly from operation at the maximum power point (MPP). Under
operation, rapid charge extraction reduces the steady-state carrier density, allowing non-radiative
processes to compete with radiative recombination and photon recycling. The practical

importance of photon recycling in perovskite solar cells thus remains unclear.

Here we perform a theoretical analysis of photon recycling in state-of-the-art
Cs0.05(MA0.17FA0.83)0.95Pb(10.83Bro17)3 (triple-cation) films, which, in photovoltaic devices, have
demonstrated record efficiencies and high stability.!%?* We examine the impact of photon
recycling at the MPP with varying first-order non-radiative recombination rates and external
emission efficiencies.>®* The analysis is extended to CH3s;NHsPbls films (CHsNH;Pbls
Supplementary Figures), which have been extensively studied previously, serving as a benchmark
against which to compare emerging perovskite formulations. Our model reveals the changes in
carrier density and luminescence efficiency at MPP attributable to photon recycling and
identifies optoelectronic material quality targets— i.e., external luminescence quantum efficiency
and non-radiative recombination rates - towards which the community can strive. Quantifying
these values is critical, as several reports have shown that devices with low non-radiative

recombination can achieve (V) deficits below 0.4 V, which is the deficit regime in which GaAs

solar cells began to benefit from photon recycling.”85-89



1.3. PHOTON RECYCLING IN THE DETAILED BALANCE MODEL

1.3.1. The Radiative Limit

To quantify the effect of photon recycling on device performance, current-voltage (J-V) curves
were simulated using a detailed balance model and experimentally determined absorption
coefficient and refractive index data for Cso.05(MAo17FA0.83)0.95Pb(10.83Bro17)3 (see Figure 1.11).>20

In the Supplementary Results and Discussion Section 1.7, we discuss key assumptions used in

the model, which are consistent with previous analyses.>!1:72:90-92

We first perform a detailed-balance calculation in the radiative limit (i.e., no non-radiative

recombination, k; = 0) by equating the generation current with the recombination and extraction

currents. The total current J,,,,; as a function of voltage (V) is then defined as:

Jeotar(V) = Jsc = Jo® 4 (V) 11

where /s is the short-circuit current density

Jsc =qJ, a(E)psun(E)dE 1.2

and J)“°* is the external radiative saturation current, defined as the photon flux that

escapes the film into the surrounding atmosphere multiplied by the fundamental charge, g:

v (o]
Jaatext(y) = qmek [ a(E)ppp(E)AE 1.3
where k is the Boltzmann constant, Tis the cell temperature, a(E) is the absorptivity (a(E) =
1—exp [-2 - a(E) - d]) as previously defined elsewhere.?>%* d is the film thickness (d = 500 nm),

a(E) is the energy-dependent absorption coefficient, ¢, (E) is the AML1.5 spectral photon flux,

and ¢, (E) is the blackbody spectral photon flux all as a function of energy, E.

Importantly, and as discussed in depth previously,”>?2 photon recycling is implicit in the

Shockley-Queisser detailed balance calculation, where the total photon flux emitted from the
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. . - . dext
front surface of the device is used to determine the external radiative saturation current: J;*“*

(Eq. 1.3). Here, only the emitted photons in the escape cone contribute to Ji*®**", regardless of

the number of photon recycling events before escape.?%%

Next, we determine the benefits of photon recycling by considering the radiative saturation

current when photon recycling is not included in the calculation.’®% The internal radiative

. d,inty « .- .. . .
saturation current (J;**'"") is similar to the external radiative saturation current but is enhanced

by the photon mode density within the photoactive dielectric medium characterized by the index
of refraction, n,(E), absorption coefficient, and integrated over the sphere of emission.”!
Equation 1.4 describes a microscopic view of recombination within the active region where all

photons immediately escape into the surrounding environment:?%-%

JRmE W) = qel [ dmnd (E)a(E) by (E)E .

We use ]g“d"'”t to calculate the intrinsic carrier density (van Roosebroeck-Shockley
relationship, Eq. 1.5) from standard reported second-order internal radiative recombination rate
constants (ki) for triple-cation films, ki =2x10"1cm™3s! 5297 The radiative
recombination rate constant is an intrinsic material property for a given perovskite film
composition, and is not varied in this analysis. We find the external radiative recombination
rate constant (k5**) and intrinsic carrier density to be k§** = 1 x 107 cm™3s™! and k§** =n; =

2.3 x 10° cm™3 respectively, which agree with experimental reports considering photon recycling

effects 21,63,97-99

kittn? = [7 4mnZ(E)a(E) Py (E)dE 1.5

In order to make our calculations relevant for real-world perovskite devices exhibiting band-
tailing likely due to disorder,%%101 we experimentally determined the energy-dependent
absorption coefficient and refractive index using photothermal deflection spectroscopy and
ellipsometry (1.11). Figure 1.1 shows the theoretical current-voltage (J-V) curves for a triple-cation

perovskite solar cell (see Section 1.7.5 for CHsNH3Pbl3) in the radiative limit with and without
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photon recycling, calculated using the external and internal radiative saturation currents,
respectively. We note that the calculated maximum efficiency with photon recycling of 30.2%
corroborates previously reported theoretical limits for a similar bandgap CH3NH3Pbl3 perovskite
solar cell,> where the theoretical Jg. (25.77 mA cm?) is only slightly higher than what has been
achieved experimentally (25.40 mA cm™2).192 These results emphasize the need to optimize V¢

and fill-factor (FF) through reducing non-radiative recombination and harnessing photon

recycling.
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Figure 1.1: Detailed-balance simulation of current-voltage (J-V) curves for an ideal triple-
cation Csg.95(MAg.17FA.83)0.95Pb(Io.83Bro.17)3 perovskite photovoltaic device in the radiative limit

(no non-radiative recombination) with (red trace) and without (black dashed trace) photon
recycling (PR).



Jsc [MA/CM?| Voc [V] FF Jurr [MA/CM?]  Vupr[V]  PCE [%]

No PR 25.77 1.22 0.899 25.19 1.12 28.2

With PR 25.77 1.29 0.906 25.23 1.20 30.2
Table 1.1: J-V characteristics and power conversion efficiency (PCE) extracted from the
simulated J-V curve in the radiative limit with and without photon recycling (PR). Photon

recycling leads primarily to enhancements in the maximum power point (MPP) operating
voltage (Vypp).

Table 1.1 shows that photon recycling improves PV device performance at both open-circuit
and MPP conditions. The V. increase of AVSE = 70 mV calculated in this work is consistent
with the 70 mV value predicted by Kirchartz et al. for a planar device architecture with Beer-
Lambert absorption.45 Extending beyond previous studies, our full J-V simulation also shows
that photon recycling improves the MPP voltage Vy,pp (AVER, = 80 mV) and the FF, producing
an absolute increase in PCE of 2.0%. We note that the short-circuit current density remains
unchanged because, with or without photon recycling, /- only depends on the absorptivity of

the material and the solar irradiance.

One highlight of this analysis is that the maximum V. achievable without photon recycling
is only 1.22 V for both the triple-cation and CH3INH3PbI3 films (S22) — a voltage deficit of 0.38
V for each formulation. Our results suggest that perovskite PVs (with bandgap of 1.6 eV)
exhibiting V. > 1.22 V and Vy;pp > 1.12 V benefit from photon recycling.8>8? In this regard, Liu
et al. recently reported a record-setting Vy = 1.26 V in CH3NH;3PbI3 devices, of which our

calculations suggest 40 meV can be attributed to photon recycling effects.
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1.3.2. Incorporating Non-Radiative Recombination

Theoretical photovoltaic performance limits are useful for setting efficiency targets, but most
absorber layers perform far from the radiative limit due to non-radiative losses. Perovskites are
no exception - typical films exhibit PLQEs of <15% at 1-sun equivalent generation, with ki
ranging from 106 s to 10° s, depending on chemical composition and processing methods.!-20:21

However, with recently developed passivation techniques, ki values have been decreasing and

will likely continue to decrease as passivation mechanisms are better understood and

implemented.!? For example, a low non-radiative recombination rate of ki = 1.7 x 10° s has

been reported for tri-n-octylphosphine oxide (TOPO)-treated CHsNH3PbI; films.!®

To adapt our model to non-idealized scenarios, we modify the saturation current density (Eq.
1.3 and Eq. 1.4) to account for non-radiative Shockley-Read-Hall (SRH) and Auger

recombination, as previously reported by Pazos-Outén et al. (Eq. 1.6):

Jo =15%% + 5" = J§9% + Jspy +Ja 1.6

where J7%¢ is the radiative recombination rate (external or internal) and J#°"%¢ is the sum
of the non-radiative, first-order SRH (J°®") and non-radiative, third-order Auger (J,)
recombination currents. The SRH and Auger recombination rates are described for a carrier

density (n) in quasi-thermal equilibrium using the law of mass action (Eq. 1.7):

nV) = nie% 1.7
Jseu (V) = qkyn(V)d 1.8
JaV) = qkzn®(V)d 1.9

where n; is the intrinsic carrier density and ki and k3 are the first-order SRH and third-order

Auger recombination rate constants, respectively.

Figure 1.2 shows the impact of different non-radiative recombination values on device

performance with and without photon recycling. For these calculations, we used the radiative
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rate of k" =2x 107 cm™3s™! and the Auger rate of k; = 1x 10728 cm®s™!, which are
intrinsic material properties that do not vary significantly with film quality (Table 1.3 and Table
1.4).2197 Figure 1.2a shows the simulated J-V curves with k; =1 x 10*s™!, which closely
resemble those reported in Figure 1.1 (k, = 0), suggesting that radiative recombination
outcompetes non-radiative recombination and the benefits of photon recycling are therefore
observed at this low k;. Figure 1.2b shows that, as k, increases to 2 x 10% s~1, the effect of
photon recycling is greatly reduced and eventually becomes negligible when non-radiative rates

approach 3 x 10° s~! (Figure 1.2¢c).

Figure 1.2d shows both the V, and Vjpp with and without photon recycling for varying k,
values. For k; exceeding a threshold value of 2 x 10°s™! (i.e. T; < 500 ns), we observe no
increase in V¢ and Vypp with photon recycling. For k; between 7 x 10%s™! and 2 x 10° s™1
(i.e. T4 = 500 ns to 1430 ns), photon recycling can improve V. but the fill-factor decreases and,
therefore, PCE enhancements are negligible (Figure 1.12). With the full J-V simulation we can
see that Vy,pp is unaffected at these values. Only when k; is reduced below 7 x 10° s (t; > 1430
ns) does photon recycling improve the MPP and efficiency (Figure 1.12 and Figure 1.13). For
example, at k; = 2 x 10° s~ (Figure 1.2b), photon recycling increases V, by 50 mV but Vypp
by only 20 mV (Table 1.2). We note that for k; = 3 x 10° s~%, the PCE is comparable to current

record-performing devices.103
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Figure 1.2: Simulated J-V curves (triple-cation, 1.6 eV bandgap) with and without photon
recycling (PR) for k; values of (a) 1x10* s, (b) 2x10°% s1, and (c¢) 3x106 s (kyint = 2x10-10 ¢m3s!
and ks = 1x10-28 cmbs1). (d) Voc (red lines) and Vypp (black lines) as a function of ki, revealing
differences in the onset of performance improvements due to PR. Dotted vertical red and black
lines indicate k; thresholds (2x10¢ s! and 7x105 s, respectively) below which PR improves
performance at open-circuit and the maximum power point (MPP), respectively.
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Jsc Jupp

[1)
[mA/em?] Voc [V] FF [mA/em?] Vurr [V] PCE [%]
No PR 25.77 1.22 0.897 25.13 1.12 28.2
ki=1x10*s!
With PR 25.77 1.29 0.900 25.17 1.19 30.0
No PR 25.77 1.21 0.876 24.86 1.10 27.4
ki =2x10°s7!
With PR 25.77 1.27 0.850 24.67 1.13 27.8
ki = 3x10° s1 No PR 25.77 1.15 0.824 24.50 1.00 24.4
With PR 25.77 1.15 0.822 24.50 1.00 24.4

Table 1.2: Device parameters extracted from the simulated J-V curves for k; = 1x10* s,
2x10° 71, and 3x106 s1 (kyi2t = 2x10710 ¢cm3s?! and ky = 1x10-28 ¢cmbs!) with and without photon
recycling (PR).

1.3.3. Competition Between Radiative & Non-Radiative Recombination Currents

To better understand the recombination processes governing PV device behavior with and
without photon recycling, we break down the J-V curve from Figure 1.2b (k; = 2 X 10° s™1) into
its individual recombination components. The absolute magnitude is calculated using Equations
1.3-1.4 and 1.8-1.9, and the fraction of each recombination mechanism is its magnitude divided

by the total recombination current (i.e. Jspy raa.a/Jtot )-

Figure 1.3a and b show J;%%™ and J7*** a5 a function of voltage, along with [z and
Ja, which are the SRH and Auger non-radiative pathways, respectively. Jsgy and J4 have the
same functional form with or without photon recycling, as neither depend on the radiative
saturation current (Egs. 1.8-1.9). Photon recycling requires the reabsorption of emitted photons;
if the recombination process is non-radiative (i.e. SRH, Auger), no photons are generated for the
reabsorption process. We observe that photon recycling shifts radiative recombination to higher

onset voltages and therefore reduces the magnitude of the radiative saturation current at MPP,
leading to increases in V,. and Vypp with photon recycling (Table 1.2, k; = 2 x 10° s™1). Figure

1.3c and d give further insight into these results, where the fractions of each recombination

current are compared as a function of voltage. With photon recycling, SRH recombination

1-56



becomes the limiting pathway (solid blue and red traces). To harness photon recycling in devices,

it is essential to reduce non-radiative recombination pathways through improved processing or

passivation techniques. For example, alkali metal salt additives and interfacial passivation layers

have yielded low voltage-deficit devices (e.g. <0.35 V) which we predict currently benefit from,

but do not fully harness, photon recycling.8%104
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= 2x10° s, kyint = 2x10°10 cm3s1, and
ks = 1x1028 ¢m®s! (a, ¢) without and (b, d) with photon recycling (PR) are shown with the
magnitude of Shockley-Read-Hall (SRH), radiative, and Auger recombination currents as a
function of voltage (blue traces). (¢, d) The fractions of total recombination current due to
SRH, radiative, and Auger recombination are shown at each voltage (red traces) (c¢) without
and (d) with PR. The fraction of radiative recombination as a function of voltage with and
without PR is equivalent to Q.1EP and Q;!*™, respectively.
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We note that the radiative recombination fraction without photon recycling in Figure 1.3c is

equal to the internal luminescence quantum efficiency (Q/“™), which has similarly been defined

elsewhere:"!

1 ]rad,int(v)
ium (V) = : rad,int
IJsru(V)+], W)+Jav)

1.10

The radiative recombination fraction with photon recycling in Figure 1.3d yields the external
light-emitting diode (LED) electroluminescence efficiency (Q£P), which is connected to the

mean probability of photon escape from the film (P.;.) through a geometric series:%!

LED _ PescQ"™()
Qe (V)_l—Q}“m(V)(l—Pesc) 111

Here, the escape probability (P,s.) can be defined as the ratio of the external to the internal

radiative saturation current:"

rad,ext
Pose = Lz
esc = ,rad,int

Jo

1.12

1.4. EXTERNAL ELECTROLUMINESCENCE EFFICIENCY ENHANCEMENTS

LED s a function of the injection current, and thus it is necessary to denote both the

injection current and corresponding voltage at which the current is achieved for a given QLEP.

LED yalues are often

Due to the reciprocity relations that link optical output to electrical input, Q
measured at an injection current equivalent to the photocurrent.1%>1% Unless otherwise stated,

LED yalues calculated with an injection current equivalent to Js. - i.e. applied voltage

we report Q
equal to V¢, QLEP (Vo). Considering Equation 1.11, Figure 1.3d shows that a device with k; =

2 x 10°s7! (i.e. T; = 5 ps) should demonstrate a QLEP (V) of 31.5%. Importantly, the external
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emission efficiency of a solar cell is a metric that has been shown to directly correlate with power

conversion efficiency and, therefore, serves as a useful optimization parameter.l%718 Equations
1.9 and 1.10 provide two apparent routes: decreasing Jsgy and J, and/or increasing P, . to
increase QLEP(V,c). To evaluate which method best capitalizes on the benefits of photon

recycling, we examine the dependence of QLEP (V) and P.s. on Vy and Vypp.

1.4.1. Modification of Non-Radiative Recombination

First, we consider how QLEP(V,.) and photovoltage are affected by decreasing Jspy (i.e.
varying k; in Equation 1.8), for a fixed escape probability (P, = 4.7%). Figure 1.4 shows
QLED (V) increases with decreasing K,, resulting in voltage enhancements at open-circuit and
MPP. We report a photon recycling threshold of QLEP (V,) > ~0.3% and significant performance
improvements for Q%P (V,.) = 10%, yielding AVEER = 36 mV and AViE, = 9 mV (Figure 1.4).
Recently, Liu et al. reported a QLEP (V) of 7.5+2.5% for CHsNH3PbI; devices achieving a V.

of 1.26 V. This experimental V. is higher than the maximum achievable theoretical V. in the

radiative limit without photon recycling, indicating performance enhancements due to photon

recycling.®’
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Figure 1.4: The voltage with photon recycling (VPR) for P, = 4.7% at the maximum power
point (MPP) and open-circuit is shown as a function of Q.FEP(Voc), which, as non-radiative
recombination decreases, approaches unity. Inset: AVPR for P, = 4.7% at MPP and open-circuit

as a function of Q.LEP(Ve).

1.4.2. Modification of the Probability of Photon Escape

Second, we consider how QLEP (V,.) and photovoltage (see below) are affected by increasing

P.,. and decreasing k;. We note that the photovoltage is proportional to the steady-state carrier

density and is, therefore, an intuitive metric to compare across the multiple varying parameters.

We calculate the carrier density using the law of mass action (Eq. 1.7) as a function of k; and

Pesc-

Figure 1.5a shows that, at P,;. = 4.7% and low Kk, values, photon recycling increases the

steady-state carrier density by a factor of four, from 8.5 x 10%* to 3.7 x 10° cm~3 at MPP. This

high carrier density results from additional generation associated with the reabsorption of
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trapped photons — up to 18-suns equivalent at open-circuit and >1.4 equivalent suns at MPP (see
Figure 1.15 for triple-cation and Figure 1.24 for CH3NH3PbI3). Figure 1.5 shows that photon
recycling allows QLEP (V,.) to exceed the escape probability, a direct result from the multiple re-
absorption events that re-randomize the photon propagation angle. While the emission efficiency
can increase beyond P,;. as non-radiative recombination decreases, QP (V) cannot reach
100% due to the higher fraction of Auger recombination at increased steady-state carrier
densities, as shown in Figure 1.3c-d. A similar limiting effect for the efficiency droop at high

applied voltages in GaN LEDs has been attributed to Auger recombination processes.!0%:110

Next, we consider scenarios in which P, is changed without significantly impacting the
material absorptivity function (Figure 1.7). Figure 1.5b and ¢ show the carrier density and
QLED (Vy() for P,e. = 9.4% and 14.1%. Here, the steady-state carrier density steadily decreases,
while QLEP (V,.) approaches 90% with photon recycling due to a smaller contribution from
Auger recombination at lower carrier densities. These results appear to counteract one another,

as both a high steady-state carrier density and high QLEP(V,.) are desired.
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Figure 1.5: The effect of photon recycling (PR) on the maximum power point (MPP) steady-
state carrier density and Q.EP(Voc) as a function of k; for a) P, = 4.7%, b) 9.4%, and c) 14.1%.

This observation raises the question as to whether solely increasing the escape probability can
enhance device performance and, in particular, open-circuit voltage.l>?* The traditional
definition of the maximum achievable open-circuit voltage (V52**) is expressed as a function of

the external LED electroluminescence efficiency, as described in Equation 1.13.91-105111

kT
max Vrad , ln [Qé,ED (VOC)] 1.13

Here, it appears that increasing QLEP (V,) through enhancing the escape probability should
allow V% to approach V& - however, the implicit dependence of the radiative component
(V342 on P, is often overlooked. This dependence becomes clear if we equate ]md Xt with the

product of J;%*™ and P, (Eq. 1.14), where it can be seen that this term decreases as the escape

probability increases.!2

d _ Isc Jsc
Ta 1 [ rad, ext] - n [P ]rad Lnt] 1'14
esclo
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1.5. EFFECT OF NON-RADIATIVE RECOMBINATION AND Pgsc ON Voc

To better understand the competition between V;2% and QLEP (V,c) on V4, Figure 1.6a and

b show the magnitude of these terms as a function of P,;. and k. As P, increases for a given

k;, V34% decreases due to the enhanced light outcoupling, which increases the external radiative

a

saturation current. Opposing this negative impact on V/} ypad yponrad

* from V&%, V¥ also decreases

with increasing P,., resulting in a smaller subtractive component from Vj3**, as shown in Figure

1.6b. As P,. changes, the radiative and non-radiative terms vary in opposing directions.

Ultimately, Vj2** is dominated by the radiative dependence on P, so Vj¢*

* decreases
monotonically with increasing P, at a constant k; value (Figure 1.6¢).2° Thus, it is evident that
simply increasing the outcoupling efficiency reduces output voltages due to the reduction in
steady-state carrier density (c.f. Figure 1.5). We highlight that we only analyze the voltage in this

simulation, and note that overall device performance may not track the changes in voltage if, for

example, J¢- also changes.
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1.6. CONCLUSION

In summary, we present a rigorous method for evaluating the extent of and benefits from
photon recycling in emerging perovskite absorbers by exploring device performance limits using
experimentally determined optical constants and absorption for triple-cation films. This analysis
investigates the effect of photon recycling on both V,. and operationally relevant maximum
power point (MPP) parameters, both in the radiative limit and with non-radiative recombination.
Our simulations provide a framework for evaluating the improvements attributable to photon
recycling in standard current-voltage measurements. This analysis reveals that perovskite devices
demonstrating voltage deficits of <0.38 V&89 already benefit from photon recycling. This would
mean that high-quality devices fabricated today may be further improved by reducing non-
radiative recombination and/or modifying the escape probability to harness the benefits of

photon recycling.

With recycling, photons waveguided within the film can be re-absorbed and re-emitted in the
escape cone, allowing QEP (V, ) to approach the intrinsic limit while maintaining a high steady-
state carrier density. If QLEP(V,.) is enhanced only by increasing P.,., the steady-state carrier
density will decrease, resulting in a lower V.. For triple-cation films, enhancements in V, and
Vupp are observed for k; <2x10°s™! (7, > 500 ns) and k; <7 x 10°s™! (7; > 1430 ns),
respectively, while, for k; <1 x 10*s™! (7, > 100 ps), further performance improvements
become negligible. Our analysis, therefore, identifies a target non-radiative recombination rate
for perovskite films of k; < 1 x 10* s™1. Below this threshold, the steady-state carrier density
plateaus at 4x the density without photon recycling. In theory, a perovskite film reaching this
lower bound of k; =1 x 10*s™! (P,,. = 4.7%) can achieve a 74 mV increase in V,., 73 mV
improvement in Vypp, 0.3% absolute increase in fill factor, and 1.79% increase in PCE — due

solely to photon recycling.

We note that the model used to simulate J-V curves in this study represents an ideal case and

sets an upper limit for the target non-radiative recombination rate constants. For example,
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perovskite material quality will likely need to be even better than these targets, as charge
transport layers in devices introduce new pathways for interfacial recombination. Passivation
methods and surface modifiers that reduce the number of defects at the interfaces and lead to
favorable band alignment will be critical in minimizing non-radiative loss to fully harness
photon recycling.!8%263 Toward the development of new perovskite formulations and device
architectures, this analysis provides clear material quality targets and device performance limits

for evaluating photon recycling in next-generation perovskite solar cells.

1.7. SUPPLEMENTARY RESULTS AND DISCUSSION

1.7.1. Experimental Methods

Materials: Formamidinium iodide (FAI) and methylammonium bromide (MABr) were
purchased from GreatCell Solar. Lead iodide (Pbls) and lead bromide (PbBrz) were obtained
from TCI Chemicals. Cesium iodide (CsI), N,N-dimethylformamide (DMF), dimethyl sulfoxide

(DMSO) and all other chemicals were sourced from Sigma Aldrich unless otherwise stated.

Sample Preparation: Glass, fused silica, and p-type silicon substrates were washed
sequentially with soap (2% Hellmanex in water), de-ionized water, acetone, and isopropanol, and
finally treated under UV-Ozone for 30 min. Thin films of Cso.05(MAo17FA0.83)0.95Pb(10.83Br0.17)3
(triple cation) were solution processed following the procedure outlined by Saliba et al?* The
precursor solution was prepared in a nitrogen-filled glovebox by dissolving 1 M FAI, 0.2 M
MABr, 1.1 M Pblz, 0.2 M PbBrz, and 0.05 M CsI in a 4:1 volume ratio of DMF to DMSO. The
solution was spin coated in a dry-air box with a two-step program, with the first step at 1,000
rpm for 10 s with a 1000 rpm/s ramp followed by a step at 6000 rpm for 20 s with a 6000 rpm/s

ramp. 110 pl of chlorobenzene was added 5 s before the spin procedure ended. The films were

then annealed at 100°C for 1 hour. Samples were then stored in the dark in a nitrogen-filled
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glovebox until use. Thin films deposited on top of fused silica were used for PDS and UV-Vis

measurements, while films deposited on top of silicon were used for ellipsometry measurements.

Photothermal Deflection Spectroscopy (PDS): PDS measurements were performed using
a custom system optimized for the near-infrared (Fig. 1.10, from Jean, J. et al.).1}3 The pump beam
consists of a 300 W Xe arc lamp chopped at 10 Hz, a dual-grating monochromator (300 lines per
mm) with 1 mm slits (15 nm output FWHM), a periscope, and achromatic lenses to collimate
and focus the beam. The illuminated spot size at the sample is approximately 3.5 mm wide x 0.4
mm tall, corresponding to a monochromatic intensity of 50-750 mW cm™2. The sample is secured
using a custom holder in a standard 10 mm quartz cuvette. Perfluorohexane (Acros Organics
Fluorinert FC-72) filtered with 0.02 pm PTFE is used as a deflection medium. The probe beam
consists of a 658 nm, 40 mW temperature-controlled laser diode, an anamorphic prism pair,
spatial filter, and iris to circularize the beam and isolate the fundamental mode; a bandpass filter
to eliminate scattered light; and a quadrant detector with built-in transimpedance amplifier. A
DAQ is used to drive the chopper and acquire the quad detector signal. AC lock-in detection is
performed using custom LabView software with a low-pass filter cutoff frequency of 0.5 Hz. The
entire PDS system is assembled on an optical table to minimize vibrations and enclosed in a box

to mitigate stray light and air flow.

Variable Angle Spectroscopic Ellipsometry: Spectroscopic ellipsometry was performed
using a variable angle spectroscopic ellipsometer (Woollam) at 65°, 70°, and 75° angles of
incidence. Ellipsometry data were fitted to obtain film optical constants and thicknesses used in

PDS data analysis.

UV-Vis Reflectivity Measurements: Reflection spectrophotometry was performed with light
incident from the film side wusing an Agilent Cary 5000 dual-beam UV-vis-NIR
spectrophotometer. Specular reflectance was collected at an incident angle of 8°. A 3 mm round

aperture was used for all measurements.



1.7.2. Analysis Methods

PDS Data Analysis: Acquired PDS data for the perovskite samples was normalized with
respect to the pump power spectrum. The data was then re-normalized to one at a highly
absorbing wavelength (400 nm) and divided by the PDS spectrum of a black reference sample
to obtain a relative absorptance spectrum. Absolute absorptance was then obtained by scaling the
data by (1-R), where Ris the reflectivity of the perovskite sample at a highly absorbing wavelength
obtained from spectrophotometry measurements. To determine the absorption coefficient from
the absolute absorptance spectrum, we followed the procedure developed by Ritter and Weisser
utilizing thicknesses and optical constants for fused silica and the perovskite absorber layer

determined from ellipsometry.11#

Corrected Absorption Coefficient Spectrum: The absorption coefficient spectrum
determined from ellipsometry was used as the basis data set. Since PDS measurements provide
increased sensitivity by multiple orders of magnitude, the absorption coefficient spectrum
obtained from PDS measurements was used for the band edge. The PDS data was shifted by 20

meV to match with the absorption coefficient spectrum from ellipsometry. The Urbach

E-E,
Ey

expression a = aoexp( ), where a is the absorption coefficient, a, is an absorption

coefficient scaling factor, E is the photon energy, E, is an energy offset and E; is the Urbach
energy was fitted to the band edge to extrapolate the absorption coefficient spectrum beyond the
noise floor of the PDS measurements. We obtained a fitted value of E; = 15 meV, consistent

with previous reports for other perovskite absorber materials.!15116

Determination of ki and k&*': Using experimentally determined absorption coefficient

a(E) and refractive index n,(E), we calculated second-order internal and external radiative
recombination rate from the internal and external radiative saturation current (Egs. 1.15-1.19).
We assume a perfect back reflector and Beer-Lambert absorptivity a(E) =1 —exp (=2 - a(E) - d)

where d is the film thickness (500 nm).
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1.7.3. Model Assumptions

Critical Mobility: In the radiative Shockley-Queisser (SQ) performance limit, it is assumed
that all photogenerated carriers are entirely collected, which would require charge carriers to
possess extremely high mobilities. Mattheis et al. examined the effect of mobility on idealized
photovoltaic devices to determine whether, in relevant materials, there is a PCE ceiling before
the SQ limit based on fundamental mobility limitations, even in the radiative limit.1'7 A critical

mobility was defined based on a reference mobility (pry) for each material, with p.s defined in

Eq. 1.20:

E
g
qNACDbb

Urer = 1.20

kTorm,gni2
where g is the electron charge, N, the doping density, <I>§f; = fEOO ¢pp (E)dE is the integrated
g

black body spectrum, ¢, (E) is the black body spectral photon flux, k is the Boltzmann constant,
T is the temperature of the material, and a,,4 is the average absorption coefficient across the
AML.5 spectrum. Mattheis et al. showed that the SQ radiative limit can be achieved if the
material’s mobility was two orders of magnitude larger than s and thus the limiting efficiency
was not limited by mobility. Using standard reported doping concentration of N, =

3

1 % 10*® cm™3 for MAPDbI; films, an intrinsic carrier concentration of n; = 2.74 x 10° cm~3, and
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the average absorption coefficient across the AMIL5 spectrum for MAPDbI3, pyor =
0.013 cm?V~1s~1 1318 Additionally, using reported mobilities for MAPDI3 films, ppyapp;, =

3em?V~ts™t =225 X pyor .11 The typical mobility of MAPbI3 is more than two orders of
magnitude greater than the reference mobility, and thus we will assume that this analysis is not
limited by mobility, and that perfect charge collection can be assumed even when investigating
the effect of non-zero non-radiative recombination on JV characteristics. The model can then be
extended to determine the impact of photon recycling on device performance when Shockley-
Read Hall (SRH) (ki) and Auger (k3) recombination rates are non-zero, both at open circuit and

at the maximum power point of the device.

Rate Constants and Band Gap of Triple-Cation Thin Films: The band gap for
Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Bro.17)3 used in the simulations is as reported by Soufiani et al. for
planar Cso.05(MA0.17FA0.83)0.95Pb(I0.83Bro17)3 films at 2K: E; = 1.593 eV.!?° We prepared triple-
cation films using the same method as Kumar et al., where they report a second-order radiative
recombination constant which was used for our simulations: ko™ = 2x107° cm3s?! with a
corresponding calculated external radiative recombination constant of ko®t = 1x10"! ecm™3s? and

intrinsic carrier density of 2.3x10° cm (Eqgs. 1.17-1.18).97

Variation of Photon Probability of Escape from the Film: In this work, we assume that
the film escape probability can be changed without significantly altering the material absorptivity

function. Although this is a common assumption made in similar simulations to simplify the

S,90’112

analysi we explore two different device geometries which are well known to lead to distinct

absorptivity functions.>®°2 Namely, a textured thin film can be described by previously reported
functional forms for a(E) as shown in Eq. 1.21.>8

anZ(E)a(E)d

a(E) = anZ(E)a(E)d+1
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Whereas a planar device is described using Eq. 1.22:%2

a(E)=1—exp(—2-a(E)-d) 1.22
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Figure 1.7: Calculated absorptivities for a planar thin film (black) and a randomly textured
thin film (red). The textured thin film shows increased absorptivity at lower photon energies.

Figure 1.7 shows the absorptivity as a function of energy in both cases, where the textured
device shows an onset at lower photon energies. Next, we consider how the photon escape
probability changes for the two different scenarios according to Equations 1.15, 1.16, and 1.19.
We calculate P, to be 4.7% and 22.8% for the planar and textured film, respectively. We can
envision scenarios that would allow for intermediate values of 4.7% < P, < 22.8% as well as
geometries in which P, > 22.8%. Each value of P,. corresponds to a unique absorptivity
function either through the modification of the absorptivity a(E) via film texturing or by changing

the refractive index of the surrounding media.l?
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Model Sensitivity to Variations in k™t and k3: Literature reports of ko™ values for triple-
cation films prepared in DMF/DMSO range from 1.8x10° - 2.6x10° cm3?! and, for
CHsNH3PbI; films, reported values span from 0.6 x10710 - 9.2 x101° ¢cm3s1.2b97 To assess the
influence of ko™ on the obtained J-V curves, we simulated J-V characteristics using these upper
and lower bounds for both triple-cation and CH3NH3PbI; films (Figure 1.8 and Table 1.3). A

constant value of k; = 2x10° s was used for the non-radiative rate. In the main text triple-cation

photon recycling analysis, a value of ko™t = 2x101° cm3s? was used, which falls within the range

reported for triple-cation films. Within this range for triple-cation films, the difference in
resulting J-V characteristics is quite small (Figure 1.8a). The second-order recombination rate is
significantly less dependent on material quality and processing techniques than the first-order
recombination rate, and is largely if not solely a function of active layer perovskite chemical
composition.?! This assumption is consistent with similar studies reported in the literature.>?-112
Figure 1.8b shows that the range of ko™ values does lead to differences in the open-circuit voltage

and PCE for CH3NH;3PbIs. In particular, Table 1.3 shows approximately a 30 mV difference in
Voc and 0.68 % in PCE.
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Figure 1.8: Simulated J-V characteristics for a) triple-cation films with ky'»t = 1.8x10-1° ¢m3s-

1 (dashed line) and k,i»t = 2.6x101° cm3s! (solid line). J-V curve for b) CH3;NH;3;PbI; films with

kyirt = 0.6x101° cm3s! (dashed line) and kyit = 9.2x101° cm3s! (solid line). All curves were
obtained with: k; = 2x105 s! and k; = 1x10°28 cm®s'!.
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Material kyint [cm3s] AV, »r [mv] APCEP?" [%]

1.8x10°10 58.0 0.493
Triple-cation

2.6x10°10 54.0 0.401

0.6x1010 41.0 0.188
CH;NH;PbI;

9.2x10°10 71.0 0.867

Table 1.3: Difference in Voc and PCE due to photon recycling in triple-cation films®’ and
CH;3;NH;3PbI; films?! for varying ky'»t and k; = 2x10% s71, k3 = 1x10-28 ¢m®s1.

Literature reports of ks for CH3NH3PbI3 perovskites have a narrow range and are well within
the same order of magnitude (Table 1.4).2! Simulations within this range show no significant

variation in simulated J-V characteristics.

Material k3 [cm®s1]
1.3x1028
1.6x1028

Triple-cation

Table 1.4: Reported Auger recombination rate constant (k;) for CH3;NH;PbI; show less than
an order of magnitude variation.2!

Calculating Total, Short-Circuit, and Radiative Saturation Currents: /;,:4:, /sc, and the
radiative saturation current (internal and external) are calculated assuming angle independence
of irradiation, optical constants, and absorption. Furthermore, when calculating Jg- for these

simulations, we assume perfect incoupling due to the low short-circuit current deficit between

theoretical and experimental reports (Jon-”"” = 25.77 mA cm™2 and JS5P = 25.40 mA cm™2).102
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Voc Enhancement Due to Photon Recycling: The expression for the enhancement in V.
solely due to photon recycling is as derived by Abebe et al. (Eq. 1.23).112

PR _ kT 1
AVpe = p In [1—Q}“m(1—Pesc)] 1.23

Internal Suns: The internal photon population corresponds to the addition of incident
photons and the photons generated by radiative recombination that are waveguided within the
film. This can be expressed in terms of the short circuit current and saturation currents which,
when normalized with respect to the short circuit current, provide an equivalent number of

internal suns (Eq. 1.24).

rad,int

Jo

(1—Pesc)+/sc—Jsru—Ja 1.24
Isc .

Suns =

Definition of Escape Cone: The escape cone for a photon from the bulk film into the
atmosphere is a reduced solid angle in 3D, which is determined by the index mismatch between
the film and its surroundings. A schematic view in 2D is presented in Figure 1.9, showing the
critical angle due to the difference in energy-dependent index of refraction of the medium
(n-(E)) and surroundings (n,(E)) as derived from Snell’s law. For a perfect rear reflector,
emission is only considered from the front surface, so that the critical angle is defined by Eq.
1.25. The solid angle can then be computed by integrating over the projection of the cone defined
by the critical angle onto a unit sphere, as seen in Eq. 1.26. The corresponding reduced solid

angle Q. from 6. is significantly less than the entire solid angle of the sphere 4w for materials

where 0, « 1 radian.!?!
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Figure 1.9: With photon recycling, a) a photon escapes the film when its angle of emission

falls within the escape cone (critical angle = 6,.). Any photon emitted outside of the solid angle
depicted in 2D is waveguided within the film (left). b) The projection of the escape cone onto
the unit sphere (adapted from'??) forms an area smaller than the area of the unit sphere.
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1.7.4. Cso.05(MA0.17FA0.83)0.95Pb(I0.83Bro.17)3 Supplementary Figures
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Figure 1.10: Schematic of photothermal deflection spectroscopy with Xe arc lamp pump and
658 nm diode laser probe (from Jean, J. et al.).113
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Figure 1.11: a) Absorption coefficient (black trace) and index of refraction (red trace) of
triple cation films as a function of photon energy. b) Absorption spectrum (black trace) and
photoluminescence (PL) spectrum (red trace) of triple cation films. The overlap between the
two spectra is due to the low Stokes shift in the material. ¢) Beer-Lambert absorptivity of triple-
cation films as a function of energy.
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Figure 1.12: a) Power conversion efficiency (PCE) and b) fill-factor (FF) as a function of
non-radiative recombination rate (k;) with and without photon recycling. With photon
recycling, the fill-factor initially decreases because of the larger fraction of non-radiative
recombination at the maximum-power-point. Ultimately, when k; decreases below ~2x104 s,
radiative recombination outcompetes non-radiative recombination and the fill-factor with
photon recycling is greater than the fill-factor without photon recycling.
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Figure 1.13: The increase in voltage at the maximum-power-point (MPP) due to photon
recycling (AVyppPR) divided by the increase in voltage at open-circuit due to photon recycling
(AVocPR) is shown as a function of k;. As k; decreases, the fraction exceeds 1, indicating that,
at k; ~5x103 s'1, AVyppPR increases faster than AVgcFPR.
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CHAPTER 2

2. CD-FREE QUANTUM DOTS: TOWARDS ENVIRONMENTALLY
BENIGN HIGH-EFFICIENCY LIGHT-EMITTING DEVICES

2.1. OVERVIEW

Q uantum dots (QDs) have emerged as a leading light-emitting material, with extremely
high quantum efficiencies, narrow emission linewidths, synthetic flexibility, and high
operating stability. The demand for energy efficient displays utilizing environmentally benign
materials has expanded efforts beyond high-performing yet heavy metal-containing QDs towards
less toxic materials with comparable optical properties. In this work, we use time-resolved optical
microscopy to probe the spectrally resolved decay dynamics of InP/ZnSe/ZnS QD thin films and
light-emitting diodes (QD-LEDs) to reveal the interplay between carrier diffusion, charge
transfer, and exciton dissociation in the absence and presence of external fields. In the thin film,
we report wavelength-dependent energy transfer rates up to 0.02 ns?, and quantify two energy
relaxation rates corresponding to spectrally-distinct populations of mobile and immobile field-
screened photogenerated or field-ionized carriers of 0.04 ns' and 1.8x103 ns’, respectively.
Additionally, we study the photoluminescence (PL) quenching of QD-LEDs in reverse bias,
demonstrating 87% PL quenching towards efficient voltage-controlled optical downconverters,
informing the rational design of Cd-free, high-efficiency emitters and devices for next-gen

displays.

Portions of this chapter are reprinted with permission from:

Laitz, M., Xie, S., Zhu, H., Proppe, A., Jang, E., Kim, T., Bawendi, M., and Bulovié, V., in prep (2022).
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2.2.INTRODUCTION

Semiconducting quantum dots (QDs) have garnered interest in both light emitting and
absorbing applications due to highly desirable and synthetically-modifiable optical properties,!?3

124-127 parrow emission linewidths,128-130 flexible deposition

such has high quantum efficiencies,
schemes,31132 bandgap tunability,3*13* and surface functionalization capacity.>137 High-
efficiency light-emitting diodes (LEDs)38-140 and photovoltaics (PVs)4-143 utilizing QD active
layers present opportunities for light-weight, solution-processed electronics. To date, heavy
metal-containing QDs (Pb, Cd-based) are the colloidal archetype and most well-studied, though
there is an emerging effort to identify and optimize environmentally benign materials with
comparable optical properties. Recent studies have shown color-tunable InP3%144-146 and blue-
emitting ZnSe?31%” QDs with competitive optical properties for lighting and display technologies,
yet a rigorous understanding of the photophysics, carrier dynamics, non-radiative processes, and
behavior under applied fields is required for material and device optimization towards high-

efficiency lighting and displays.124145:148,149

An understanding of the underlying photophysics, exciton recombination dynamics, and
transport processes within the inhomogeneous QD distribution is essential for the rational
engineering of QD nanostructures and device architectures with effective transport layers and
optimal electric field profiles.”®1>2 Depending on the degree of quantum confinement and
exciton binding energy, some QD systems display photogenerated excitons that dissociate on
short time scales into free carriers even in the absence of an electric field,>® demonstrating band-
like electron transport.t>*156 In contrast, high exciton binding energy material systems with
slight variations in QD size polydispersity, like InP-based QD thin films,3* have been shown to
result in energy transfer from smaller (higher energy, donor) to larger (lower energy, acceptor)
QDs via Forster resonance energy transfer (FRET) utilizing inter-dot dipole-dipole interactions
due to low material Stokes shift, as quantified by the absorption/emission spectral overlap

inte gral.150,157,158



Here, we investigate exciton transport, spectral diffusion, and field-induced luminescence
quenching in state-of-the-art InP/ZnSe/ZnS QD thin films and QD-LEDs, probing energy
transfer mechanisms in QD systems that have recently been shown to demonstrate 100% solution
quantum vyield, 21.4% maximum theoretical external quantum efficiency, and long operating
lifetimes of one million hours at 100 candelas per square meter.>® InP-based QDs are poised to
compete with Cd-based QDs, and a nuanced understanding of exciton dynamics in thin films
and devices is essential to close the gap, enabling heavy metal-free light emitting and display
technologies. In this work, we quantify the impact of increasing electric field on exciton diffusion
processes and determine the impact of field-induced photoluminescence quenching by reverse-
biasing an optically excited QD-LED.!*® We report 87% PL quenching in reverse bias, which is,
to the best of our knowledge, the highest quenching efficiency for InP-based QDs. We identify
two spectrally distinct populations of QDs characterized by (1) mobile excitons with energy-
dependent transfer rates to low energy sites and (2) immobile excitons demonstrating an order
of magnitude slower energy relaxation rate. We propose an optical characterization metric by
which to evaluate QD thin film mobile exciton populations effecting photoluminescence
quenching efficiency and bias-recovery time, with implications for device performance based on

efficient charge extraction and injection.

2.3.FIELD-DEPENDENT LUMINESCENCE LIFETIME IN
INP QD FILMS & LEDS

To characterize the energetic disorder in an ensemble of InP/ZnSe/ZnS QDs, we spectrally
resolve the PL decay dynamics of photogenerated carriers. Additionally, we investigate these
energy transfer processes in a LED architecture utilizing poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) as the hole transport layer (HTL), poly(9,9-dioctylfluorene-
alt-N-(4-sec-butylphenyl)-diphenylamine) (TFB) as the hole injection layer (HIL), ~15 nm of
InP/ZnSe/ZnS QDs (~2 monolayers), ZnMgO as the electron transport layer (ETL), and Al as
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the top contact (Figure 2.1a, Figure 2.10b). In these devices, we achieve excellent charge injection
and the reverse process, charge extraction, should likewise result in the efficient quenching of

photoexcited carriers.3%15

For the QD thin film, the maximum of the Gaussian PL distribution is tracked over time,

revealing a monotonic redshift from the initial, nonequilibrium energy distribution to the
thermalized energy distribution (Figure 2.1b) and bulk, energy-integrated lifetime of 7;;,,, = 35.4

ns (Figure 2.2a). The QD lifetime in the QD-LED is effectively quenched by the transport layers

(Figure 2.1c¢), and, in reverse bias, the energy-integrated lifetime further decreases (Figure 2.1d),
consistent with field-induced exciton dissociation (7, gpoy = 17.8 ns and 7,5p _sy = 11.6 ns,

respectively; Figure 2.2a).147160

The spectrally resolved apparent lifetime of the bare QD film reveals a near monotonic
increase in the lifetime with increasing wavelength, ranging from ~20 ns for higher energy
photons to ~48 ns for lower energy photons (Figure 2.2b, black trace). The observed spectral
dynamics can be attributed to the spectral diffusion of higher energy carriers to lower energy
sites due to the QD size polydispersity and bandgap variation. Such dynamics have been reported
in various QD systems, with the rate of energy relaxation and exciton population thermalization
dependent on QD chemistry and ligand composition, ranging from 10s of ps in CdSe,6! PbSe,62
and PbS%3 QDs to 100s of ps in ligand-exchanged PbS QDs.164165
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Figure 2.1: a) LED architecture Al/ZnMgO/QDs/TFB/PEDOT:PSS/ITO/glass with optical
excitation. b-d) Spectrally-resolved lifetime of the QD thin film, the QD-LED with no bias
applied, and the QD-LED with 5V applied in reverse bias (-5V). The center wavelength of the
Gaussian emission profile is tracked over time (white trace), and the temporally-integrated PL
spectra with Gaussian fit shown (lower panel).

When placed in an LED structure, the spectrally-resolved lifetime decreases for all emission
wavelengths, though a more dramatic reduction in the lifetime of red photons is observed, with
a factor of 2.8 reduction in the lifetime of the highest energy photons and a factor of 4 reduction
in the lifetime of the lowest energy photons (Figure 2.2b). This reduction in lifetime and its
spectral asymmetry with the introduction of transport layers and built-in electric field is a strong
indication of efficient charge extraction and field-enhanced exciton dissociation limiting
diffusive processes.®®166 With an increasing applied reverse bias to enhance exciton dissociation,
we measure a concomitant reduction in the energy-integrated radiative lifetime from 17.9 ns to
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11.6 ns at -1V and -5V, respectively (Figure 2.2a, Figure 2.11-Figure 2.12). The spectrally-resolved

dynamics in reverse bias show a similar reduction in lifetime across emission energies (Figure

2.2¢), with the effect more pronounced for lower energy photons (Figure 2.2d), consistent with a

reduction of exciton diffusion and subsequent decrease in radiative recombination events from

the low-energy tail of the bare QD film thermalized distribution. The multi-component

spectrally-integrated lifetimes as a function of increasing reverse bias in an LED structure are

reported in Table 2.1, with spectrally-resolved decay traces shown in Figure 2.3a-d (green and

red traces corresponding to the LED with no bias applied and the LED with -5V applied in

reverse bias, respectively).
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Figure 2.2: (a) Lifetimes extracted from streak camera data (integrated over wavelength) of
the QD thin film (black trace) and QD-LED with increasing reverse bias (red traces), showing
a decreasing radiative lifetime with increasing bias. (b) The spectrally resolved apparent
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lifetime of the QD thin film shows increasing lifetimes with decreasing energy while the QD-
LED radiative lifetime as a function of wavelength flattens, revealing a greater reduction in
lifetime for redder photons. (¢) The QD-LED emissive lifetime as a function of wavelength
continues to flatten with increasing reverse bias, with a consistently greater impact on redder
photons, as can be seen by the (d) lifetime data normalized to the shortest wavelength.

(E]-gfiieel:sld) Tt (ns) 72 (ns) Al A2 T,y (0S)
0V, no bias 14.6 46.0 0.90 0.10 17.8
(0.175-3]V/cm) 14.9 49.0 0.91 0.09 17.9
(0.35_13/1\;/cm) 140 413 0.89 0.11 17.0
(0.525-31‘\>I]V/cm) 122 327 0.85 0.15 153
(0.7 K&m L2 37.0 0.92 0.08 13.8
(0.875_?\>I]V/cm) 100 36.2 0.94 0.06 11.6

Table 2.1: Spectrally integrated decay lifetimes in a QD-LED as a function of applied reverse
bias. The short and long lifetime components are reported as T; and T, along with the weighted

average, Tyy¢.

2.4. ENERGY TRANSFER RATES: INP QDS

In the QD thin film, we observe increasing delayed emission with decreasing energy in the
spectrally resolved TRPL traces (Figure 2.3a-d, blue trace), a signature of spectral diffusion. The
delayed emission feature is absent from the low energy TRPL traces in the LED structure
without bias and with -5V applied in reverse bias (Figure 2.3a-d, green and red traces,
respectively), where field-enhanced dissociation competes with the diffusive processes and serves
as an additional non-radiative pathway reducing the number of carriers hopping to lower energy

g.37,167,168

site In the 2D film, only the excitons on the highest energy sites with the fastest radiative

rates radiatively recombine before diffusing, a “hopping” process in which the exciton energy
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progressively decreases due to the inelastic nature of the dipole-dipole coupling diffusive
process.9171 The excitons lose energy as they diffuse, and, when they ultimately radiatively

recombine, emit a lower energy photon from the thermalized population distribution.
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Figure 2.3: (a-d) Time-resolved photoluminescence (PL) decay traces extracted from
spectrally-resolved lifetimes at 595 nm, 620 nm, 640 nm, and 660 nm for the QD thin film,
the QD-LED with no bias applied, and the QD-LED with 5V applied in reverse bias (-5V). (e)
QD thin film lifetimes at 595 nm and 660 nm fit with Eq. 1-3 demonstrating delayed red

emission due to exciton diffusion. (f) The energy transfer rate (kgr(A)) is fastest for the highest
energy excitons with the greatest density of states, and decreases with decreasing energy. Inset:
schematic of Gaussian PL distribution with high energy (donor, blue) sites and low energy
(acceptor, red) sites. (g) Schematic revealing high energy photon absorption, exciton diffusion,
and emission from two species of dots - one population that can feel the applied electric field
and emits at low energies after diffusion, and the other population that cannot feel the field,
does not diffuse, and ultimately emits at higher energies.

The rate at which excitons at high energy sites hop, or energy transfer, to lower energy sites

is dependent on the initial energy and the availability of lower energy states in the disordered
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landscape, following the density of states.!®! This rate, kg (A1), is thus dependent on the starting
site (donor) energy and the probability of transferring to a lower energy (acceptor) site, which is
dependent on the density of acceptor states. In the thin film case, kg (1) was determined by
extracting the time-resolved photoluminescence (TRPL) traces at variable high and fixed low

photon energies and fitting the energy transfer rate using Eqgs. 2.1-2.3 to include photon recycling

due to the small material Stokes shift (Figure 2.13).11.170.172,173

d

_:tD = —kypnp — kgr(Dnp + nirZ/l arya 2.1
d

% = _krAnA + kET(A)nA 2.2
dy c

it = _n_TZA a¥a + kpnp (1 - Pesc) + krAnA(1 - Pesc) 2.3

where kj and k4 are the radiative recombination rates of the donor and acceptor exciton,
respectively, kgr(A) is the wavelength-dependent energy transfer rate, np and n, are the donor
and acceptor site carrier densities, respectively, ¢ is the speed of light, a; is the absorption
coefficient averaged over emission wavelengths, y; is the photon concentration within the film
for a given wavelength due to radiative recombination and photon recycling, n, is the index of

refraction, and P,. the probability of a radiatively recombined photon leaving the film within

the escape cone.

For a donor wavelength of 4 = 595 nm and an acceptor wavelength of 660 nm, k(595 nm)
= 2.22x10 ns! (Figure 2.3e), which is in excellent agreement with previous reports of InP QDs
quantifying resonance transfer rates of 4-7x102 ns1,16%17 and is consistent with other reports of
CdSe QDs with ns resonance transfer timescales.'®>>%1%> QOther systems, such as PbSe and PbS
QDs, demonstrated spectral diffusion due to energy and charge transfer on the ps timescale.162163
By varying the donor wavelength from 595 nm to 615 nm and fixing the acceptor wavelength to
660 nm, the wavelength-dependent energy transfer rate can be quantified (Figure 2.3f, Figure

2.14), consistent with the density of states due to spectral overlap in the absorption and emission

and magnitude of dipole-dipole coupling.”® The Forster radius can be calculated from the energy
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Ro

6
transfer rates, kgr(4,d) = %(7) , vielding an average radius of R, = 5.6 nm (Figure 2.15), which

is comparable to similar InP QD systems.174177:178

2.5.THERMALIZATION RATES: MOBILE AND IMMOBILE
EXCITONS IN INP QDS

In addition to the wavelength-dependent energy transfer rate, the bulk rate of population
thermalization or ensemble energy relaxation, kpgp, can be determined for carrier systems
exhibiting hopping diffusion and dynamically red-shifting Gaussian energy distributions.!®! The
center emission wavelength is tracked over time from its initial energy, E,, to the saturated

energy at long timescales, E,, with energy difference AE,, = E, — E., (Egs. 2.4-2.5).16117

AE = AE,[1 — exp(—kpgt)] 2.4
2

AE, = — 2.5
kpT

where AE is the difference in energy as a function of time from the initial peak of the
Gaussian PL distribution, AE, is the difference between the initial and long timescale saturated
peak of the Gaussian PL distributions, kpy is the ensemble energy relaxation rate, oy, is the

inhomogeneous energy distribution width, kg is the Boltzmann constant, and T is the system
temperature taken here as room temperature. In Eq. 2.5, we approximate the energy distribution
due to hopping processes by a Boltzman distribution, consistent with other reports in similar

systems. 161176

In the QD thin film, the PL center wavelength exhibits a 9.5 nm (33 meV) monotonic redshift
(Figure 2.4a-b, black trace; Figure 2.16), which can be fitted with Eqgs. 2.4-2.5. The

/24, as a function of time

inhomogeneous broadening is determined by fwhm = 2[2 - In(2)]
(Figure 2.4c), corresponding to a decrease in energy from 45 meV to 33 meV in the thin film.
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Similarly, the QD center emission wavelength can be tracked in the QD-LED architecture
with no bias applied and as a function of increasing reverse bias, in which, for all biases, we
observe an initial redshift followed by an anomalous blue-shift of the center emission wavelength
(Figure 2.4a-b, Figure 2.17). As compared to the bare QD film, the center wavelength in the QD-
LED architecture is blue-shifted, and the FWHM of the emission narrower, indicating a

reduction in the low energy spectral contribution (Figure 2.4a,c, Figure 2.19).
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Figure 2.4: (a) Spectral evolution of the photoluminescence (PL) peak maximum for the
QD thin film and QD-LED as a function of increasing reverse bias. The thin film demonstrates
a monotonic red-shift of the center peak, while the QD-LED center wavelength first red-shifts
and then blue-shifts after 55 ns. (¢) The full-width at half-maximum (FWHM) of the Gaussian
PL peak narrows over time for the thin film, and narrows to a greater extent for QD-LEDs
with increasingly negative applied biases. (d) Depiction of two QD populations within the thin
film and QD-LED, showing greater spectral diffusion for the mobile QDs. (e,f) These two
populations can be modeled to fit the experimental bulk energy relaxation dynamics in both a
thin film and QLED where the mobile excitons are extracted over time. For the thin film (e),
the experimental data (gray scatter) can be well-reproduced by the summation (black trace) of
two fitted populations representing the fast mobile exciton population contribution to the
overall spectral shift (red dashed trace) and slow immobile exciton contribution to the overall
spectral shift (blue dashed trace). For the QD-LED with no bias, the experimental data (gray
scatter) is well-reproduced by the summation (black trace) of both the mobile exciton
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contribution to the spectral shift (red dashed trace, modulated by a Fermi-Dirac distribution
as mobile excitons are depleted) and the slow immobile exciton contribution to the spectral
shift (blue dashed trace).

The spectral feature of an initially red-shifting center emission wavelength followed by a blue-
shift can be well-explained by the presence of two populations of QDs, one subset that responds
to an applied electric field and is depleted over time (mobile), and the other subset that is less
perturbed by the field (immobile). The two populations of QDs can arise from inhomogeneous
dielectric environments in both the thin film and LED case, in which the bottom and top QDs
are in contact with glass, air, or organic/metal oxide transport layers, resulting in varying degrees
of polarizability (Figure 2.3g).18%18! Additionally, solution-processed QD films can form islands,
in which QDs are electrically insulated from neighboring QDs, or embedded in electron/hole
transporting layer materials, resulting in immobile sites.'82-18 The electric field can also be
locally screened by photo-generated charges or field-ionized carriers, contributing additionally
to the immobile population of QDs.18518 In the QD-LED architecture, we observe the center
emission wavelength returning to shorter wavelengths at longer timescales due to the emission
of immobile QDs, the luminescence efficiency of which has likely not been significantly
impacted by the field. When the mobile excitons have been depleted by the field, the immobile

population remains as the brightest emitters.

By expanding Eq. 2.4 to include the disparate bulk energy relaxation rates for these two
populations of QDs - those that respond to applied fields and rapidly thermalize to the lowest
available energy states, and those that feel applied fields less and saturate to lower energies at a
slower rate - we can quantify the contributions of the two populations to the ensemble energy

relaxation.

AE = AEOO [1 —A- eXp(_kAElt) —B- eXp(_kAEzt)] = AEl + AEZ 2.6

where A, kpg; and B, kpg, are the population coefficients and energy relaxation rates for the

mobile and immobile QD subsets, respectively.



In the QD-LED case, we have the additional bias-dependent non-radiative pathway of field-
induced exciton dissociation and carrier extraction, which can be accounted for by the
introduction of a time-evolving loss rate following a Fermi-Dirac distribution as the prefactor to
the mobile exciton population (Eq. 2.7).2 The summation of the rapidly thermalizing yet
simultaneously depleting mobile exciton spectral contribution and slowly thermalizing immobile
exciton spectral contribution yields the early timescale red-shift and long timescale blue-shift

(Figure 2.4d).

1
[exp (%) + 1]

where C(t) is a fit parameter associated with the rate of field-induced dissociation and

AE = - AE; + AE, 2.7

quenching.

Xie et al. similarly demonstrated two exciton populations in CdSe QDs, in which they report
one subset demonstrating field-induced dissociation and carrier extraction with a concomitant
decrease in emissive lifetimes quantified by reductions in the short lifetime component, while
the other subset of the QD population appears impervious to even strong applied fields, with a

nearly unchanging long PL lifetime component at various biases.!® Similarly, in the spectrally-
integrated TRPL traces, we observe a short lifetime component, 7,, that decreases with

increasing reverse bias, while the long lifetime component, 7,, is less sensitive to the increasing

reverse bias (Table 2.1).

Differently, we infer that the immobile population can contribute to the PL signal at both
early and late timescales due to the distribution of radiative lifetimes in the inhomogeneous QD
film!®” and the mechanism of immobility, such as immobile bound charge-transfer states
generated immediately following excitation!8%18! and the confinement of initially mobile charges
by trap states at longer timescales.!8® In the thin film case - in which mobile carriers are not
dissociated by built-in/applied fields and extracted via transport layers - the PL decay is
monoexponential. In the QD-LED case, the decay becomes biexponential, due to the
introduction of additional non-radiative extraction pathways for mobile carriers (Figure 2.2a).
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The PL signal at long timescales in the QD-LED structure can be attributed predominantly to
the fraction of immobile excitons with long radiative lifetimes, with the PL signal at early

timescales comprised of both mobile and immobile exciton emission.

By fitting the PL spectral shift over time with Egs. 2.6-2.7, we determine that the thin film
mobile exciton population demonstrates an energy relaxation rate of kg, = 0.040ns™?,
consistent with previous reports in similar QD systems,!! and the immobile population relaxes
at a much slower rate of kpg, = 1.8 X 1073ns™?! (Figure 2.4e). Mobile excitons contribute 24% to

the bulk spectral thermalization, with 76% of the spectral shift due to the slowly relaxing

immobile population.

For the LED with no bias applied, we obtain kxz; = 0.032ns™! and kpg, = 1.8 x 107 3ns™?!
for the mobile (36%) and immobile (64%) populations, respectively (Figure 2.4f). In the QD-
LED structure, the rate of energy relaxation of mobile carriers is slightly reduced as compared
to the thin film due to the depletion of mobile carriers resulting in a diminishing bulk rate of
mobile exciton energy thermalization. The immobile population, conversely, possesses the same
rate of energy relaxation, though represents a smaller fraction of all charged species as the built-
in field liberates ~10% of the thin QD film immobile carriers. With 5V applied in reverse bias
(corresponding to 0.875 MV/cm, assuming the voltage drop across the ZnMgO layer is minimal
due to its high electron mobility!®?), the population of mobile QDs increases to 57% and the rate
of energy relaxation for mobile carriers continues to slow as non-radiative processes increase

with increasing field strength, resulting in kg, = 0.025 ns~ (Figure 2.20).

We observe and quantify the reduction in radiative lifetime due to increasing electrical bias
and the augmentation of the mobile QD exciton population with increasing field strength due
to the liberation of a fraction of the previously immobile QD subset. We next investigate the PL
quenching efficiency to begin to understand the extent to which the population of immobile QD

excitons adversely impacts the electrical modulation of PL intensity.
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2.6.VOLTAGE-CONTROLLED PHOTOLUMINESCENCE
MODULATION OF INP QDS

Voltage-controlled active modulation of QD PL has been demonstrated in several QD
material systems, with efforts to achieve high contrast ratios and rapid response rates yielding
recent progress in Cd-based QDs, where Xie et al. report a record contrast ratio of 200:1,1>® more
than an order of magnitude higher than previous demonstrations of Cd-based QD contrast ratios
~0.28-0.9:1.37:38,189-195 For InP/ZnS QDs, there exist fewer demonstrations of PL quenching, with
the highest report, to the best of our knowledge, achieving a 6.7:1 ratio.l% The ability to achieve
high contrast ratios approaching commercial displays (1000:1) and reversible quenching with a
fast temporal response is essential for the development of biomedical and optoelectronic devices
based on the electrical modulation of active layer PL, including cellular probes and selectively-

addressable voltage-dimmable pixels.3819

To characterize the PL quenching efficiency in this system of InP/ZnSe/ZnS QD-LEDs, we
apply an increasing reverse bias from 0V to 15V (0 - 2.3 MV/cm) under constant 520 nm
photoexcitation (Figure 2.5a). We observe a decrease in the integrated PL spectrum with
increasing reverse bias, though no spectral shift is observed, contrary to Cd-based QDs
demonstrating the signature red-shift indicative of the quantum-confined Stark effect (QCSE)!>®
(Figure 2.5b, -10V corresponding to 1.6 MV/cm; Figure 2.21, -15V corresponding to 2.3 MV/cm).
The lack of notable QCSE is likely due to the greater degree of confinement of the electron and
hole wavefunctions in the core of the QD as compared to Type II CdSe/CdS QDs, in which the
electron and holes are confined less strongly due to the small conduction band offset (0.3 eV).34
At the excitation wavelength of 520 nm, we achieve 87% PL quenching efficiency at 15V applied
in reverse bias, resulting in a 7.7:1 contrast ratio, which is, to the best of our knowledge, the

highest PL quenching efficiency for InP-based QDs.

Additionally, the PL quenching response is explored as a function of excitation wavelength,

in which higher energy excitations can generate hot-carriers with energy greater than the InP
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core bandgap energy, reducing the difficulty of tunnelling through the wider bandgap ZnSe/ZnS
QD shell to the adjacent transport layers in this Type-I QD.3* Such excitation wavelength-
dependent relaxation to the band edge and charge extraction has been shown in PbSe and CdSe
QDs. 197198 Here, the PL quenching efficiency was measured for decreasing excitation wavelength
(535 nm, 525 nm, 505 nm, 485 nm, and 405 nm). As the excitation wavelength decreases from
535 nm to 405 nm, we observe a trend of increasing PL quenching efficiency as a function of
reverse bias (Figure 2.5¢,d). The efficiency increases sharply as a function of bias for 405 nm
excitation, which can be understood in the context of the InP/ZnSe/ZnS band alignment.!99-200
The ZnSe inner shell possesses a bandgap of 2.7 eV,2" corresponding to 460 nm, and thus the

hot-carriers generated with 405 nm light possess sufficient energy to tunnel through the wider

bandgap inner shell layer to neighboring transport materials more effectively (Figure

2.22).159,198,202

The ability for the PL to recovery after the bias is lifted diminishes with increasing field
strength (Figure 2.5¢, light traces). Such effects were not observed in the Cd-based QDs reaching
a 200:1 contrast ratio, in which the PL counts before bias were recovered post-bias.!>® Mobius et
al. cite the higher valence band as compared to CdSe QDs resulting in a greater barrier through
which to tunnel for the hole as the key factor in long PL recovery times for InP QD systems.1%
The recovery time is additionally a function of the excitation wavelength. While the higher
energy 405 nm excitation does indeed result in more efficient PL quenching, this scheme also
demonstrates slower PL recovery when the reverse bias is lifted. This behavior is consistent with
photo-charging effects due to hot-carrier transfer to trap sites on the exterior of the QD, as seen
in PbSe nanocrystals.?®®> Such transfer of hot-carriers to external traps has been shown to
decrease the PL quantum efficiency and increase Auger trion recombination due to the build-

up of trapped charges as a function of increasing excitation energy.20420
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Figure 2.5: (a-b) QD-LED photoluminescence (PL) intensity with increasing applied reverse
bias at 520 nm excitation, showing effective PL quenching and (b) no quantum-confined Stark
effect. (c) A PL quenching efficiency of 87% (contrast ratio of 7.7:1) was achieved at 520 nm
excitation (dark traces), with a decreasing ability to recover initial PL counts as the increasingly
large reverse bias is lifted (light traces). (d) The trend in PL quenching efficiency as a function
of bias increases with increasing excitation energy, with most effective quenching seen for 405
nm excitation.

Additionally, the two populations of QDs - mobile and immobile - will also impact the PL
quenching efficiency and PL recovery after bias. The mobile population, subject to the electric
field, should respond fairly rapidly (ns) to changing field strengths, while the immobile
population remains unperturbed when faced with changing fields. The immobile subset could
be due, in part, to electric field screening from field-ionized, photogenerated, or injected charges,

greatly slowing the PL response and recovery when the bias is lifted. It is anticipated that a
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uniform population of mobile QDs would respond more rapidly to applied fields, both in the
magnitude of PL quenching beyond a 7.7:1 contrast ratio and the restoration of pre-bias PL
levels. In this way, it is possible to relate the center emission wavelength spectral shift over time
as a function of increasing reverse bias, and corresponding fraction of mobile/immobile subsets,

with PL quenching efficiency and recovery.

2.7.STRONG 3D OPTICAL CONFINEMENT TOWARDS INP QD ASE

Quantum dots (QDs) have demonstrated high functionality as an active layer material in light
emitting diodes (LEDs) and devices.30-33206-208 Beyond utility in LEDs, the emission wavelength
tunability, high photoluminescence efficiency, charge localization, spectral overlap between
absorption and emission, charge transport properties, and stability render these materials
excellent candidates for amplified spontaneous emission (ASE) and, ultimately, provide a

pathway to electrically injected lasers.20%-213 To achieve lasing in QD systems, architectures such

215 6

as high-Q distributed Bragg reflector (DBR) microcavities,?* photonic crystals,?!> micropillars,?!
and micro disks?'” have been employed to localize the electric field and photon modes to achieve
resonance with the active layer spectral gain region, thus lowering the lasing threshold. These
devices, however, are difficult to incorporate into structures for electrically injected lasing due
to growth complexity, thermal management, mechanical fragility, and limited electrical

conductivity.20?

Here, we explore the possibility of achieving ASE from the fundamental mode of a three-
dimensional metallic cavity with vertical and lateral optical confinement utilizing an
InP/ZnSe/ZnS QD active layer. We demonstrate spectral discretization in reciprocal (k) space,
consistent with lateral confinement of the active layer. We utilize the enhanced photon and
carrier density from the cavity multi-dimensional photon confinement and the material spectral

region of absorption and emission overlap. In this way, we achieve highly directional, narrow
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line-width emission and quantify the Purcell enhancement from the fundamental mode. By
utilizing low quality factor (Q) metallic mirrors, we demonstrate a discretized emitter microcavity
system sustaining ASE than can be readily incorporated into traditional LED structures already

employing highly reflective metallic top electrodes towards electrically injected lasing.

InP/ZnSe/ZnS QDs present a heavy metal-free alternative to traditional Cd-based QDs and
display a small Stokes shift in the absorption and emission spectrum (Figure 2.10a), high
oscillator strengths, and compatibility with solution processing techniques.3* The flat
photoluminescence (PL) dispersion of a QD thin film (~15 nm, two monolayers) is shown in
Figure 2.6a as a function of wavelength and angle (k-space, resolving in-plane k), revealing a

PL full-width half-maximum (FWHM) of ~36 nm.

We fabricate metallic microcavity structures on fused silica with the following architecture:
Ag mirror (110 nm) / SiO2 (108 nm) / QD active layer / poly(methyl methacrylate) (PMMA) (150
nm) / Ag mirror (35 nm). By engineering the spin-coating speed of our solution-processed
optically-inert cavity layer (PMMA), we achieve a radial wedged cavity, with increasing cavity
length from center to substrate edge. The resulting monotonic thickness variation allows for
changes to the cavity mode by scanning the photoexcitation on the cavity surface. When the QD
thin film is embedded in the microcavity, the QD emission is modulated by the cavity mode,
and we see the PL escaping from the cavity mode when energetically resonant (Figure 2.6b). The
FWHM of the QD emission in the cavity is decreased from the bare thin film case as determined
by the cavity Q. We achieve a Q of ~110, and subsequently resolve a 10 nm FWHM peak from
the cavity mode QD PL.
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Figure 2.6: (a) Bare QD thin film exciton emission with FWHM of 36 nm resolved in k-
space. Right panel: k-space-integrated photoluminescence (PL). b) QD PL leaking through a
vertical cavity mode detuned to 608 nm at k;; = 0 with FWHM of 10 nm. Right panel: k-space-
integrated photoluminescence (PL) showing the narrow cavity emission and broad QD exciton
PL leaking through the semi-transparent Ag top mirror.

When the cavity energy is scanned across the exciton emission energy band, we observe
certain regions on the cavity in which discrete energy levels emerge, superimposed on the bare
cavity mode through which the QD film emits (Figure 2.7a,b). The dispersionless discrete
energetic levels are consistent with fabrication process-induced stochastic intracavity mesa
formation, in which agglomerates of QDs deposited during the solution-processing of the active
layer create local, pm-scale lateral regions of confinement (Figure 2.7d).218-223 These confined
photon modes resulting from mesa-induced vertical and lateral confinement have been observed
in many systems, effectively modulating the PL in k-space through dispersionless, spectrally
discretized modes with smaller angular spread than planar cavity modes in organic materials
(e.g., Algs),?1?22% inorganic materials (e.g., InAs, GaAs),209:218,222,223,225-229 and strongly coupled

exciton-polaritons (e.g., GaAs, GaN, CdTe, organic polymers).220,221,230-237

In our system, mesa formation is consistent with the conformal coating of the top Ag mirror
around a QD agglomerate. The resulting cavity mode in this region, confined vertically by the
top and bottom Ag mirrors, is additionally confined laterally, which limits the mode propagation

resulting in the local optical confinement of the electric field.????* The change in cavity length
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and cavity resonance surrounding the mesa further contributes to the confinement of the optical
mode.209225 Muller e al. describe the propagation constants within (k = (k,,k,)) and beyond

(K=K Ly I?Z) the mesa, in which k < K.28 Under these conditions, for real k 1, there are solutions

resulting in imaginary K, for % = \/ K2 + k2 = \/I?ZZ + K2, as also found by considering an effective

index step further confining the mode in the lateral dimension.2!8225

The number of modes confined by the mesa has been shown to be a function of lateral
confinement length, with smaller mesas exhibiting a greater degree of confinement resulting in

218 Targer mesas sustain

a smaller number of modes displaying increased energetic spacing.
higher modes with decreased energetic spacing. The limitation of the number of modes by small
mesas can reduce the ASE threshold in certain systems due to the reduction of higher order

mode emission competition.??*

Figure 2.7a shows a single laterally confined mode with strong emission and the faint,
superimposed emission from the higher energy planar cavity mode. The emission from this
fundamental laterally confined mode displays a further reduction in spectral broadening as
compared to the planar cavity mode, resulting in a FWHM of ~6 nm. The corresponding real
space PL mode image appears similar to cylindrical waveguide LPym modes, where n and m are
the number of nodes in the radial and azimuthal directions, respectively (LPo1, characterized by
a single PL spot) (Figure 2.7¢).218:221,226,234 Figure 2.7b depicts multi-mode optical confinement,
indicating a larger lateral mesa dimension. The emission distribution is consistent with higher
order modes observed in similar systems, and the real space PL mode image again resembles the
spectrally integrated LPo1 and LP11 modes, with the LP11 mode characterized by two real space
elliptical PL spots (Figure 2.7e).218:226.234 The emission is broader spectrally than the single mode
region shown in Figure 2.7a due to the lesser degree of confinement. It is noted that the mesa
size is several factors smaller than the real space mode emission,?'® indicating mesa sizes ranging

from ~0.75 pm to ~2.5 pm, consistent with other reports.209218:226 Sych bright PL modes are not
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observed in the real space images of non-mesa regions in which QD PL leaks through a single

planar cavity mode (Figure 2.23).
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Figure 2.7: (a) K-space photoluminescence (PL) dispersion of the smaller, strongly confined
mesa region with single mode emission and (b) larger mesa with multi-mode emission. (c) Real-
space PL consistent with the LPy mode. (d) Mesa depiction with varying vertical cavity
resonance within and beyond the mesa bounds. (¢) Real-space PL consistent with both LPy;
and LP;; modes.
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We observe the strongest emission from the fundamental mode in both the single laterally
confined photon mode region (small mesa) and multi-mode region (larger mesa), with weaker
emission from higher order modes, consistent with literature reports.??:224231.232 Syych dominant
emission from the lowest order mode has been demonstrated to additionally contribute to

reductions in ASE thresholds, though multi-mode lasing has also been shown.209:225.228,229

By resonantly positioning the fundamental laterally confined photon mode with the active
layer spectral gain region (corresponding dispersion, Figure 2.7a), we investigated the PL
intensity as a function of pump power, with an ASE threshold of 150 pJ/cm?/pulse (Figure 2.8a-
¢). The superlinear exponential prefactor of the power dependence indicates the contributions
from the background lower energy QD exciton PL leaking through the semi-transparent Ag

mirror and higher energy planar cavity mode PL.
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Figure 2.8: (a-b) Emission spectrum as a function of pump power. (¢) Integrated area under
the primary curve demonstrates a threshold of ~150 pnJ/ecm?2/pulse. (d) Angular dispersion of
the bare QD thin film (red trace), weakly-confined mesa (Figure 2.24, purple), and strongly
confined mesa exhibiting ASE (brown) showing increasingly narrow emission angles for highly
directional emission. (e) Real-space image of photoluminescence for the ASE region (upper
image) and region adjacent to the ASE region showing strong waveguiding effect to the mesa
(lower image).

In addition to the enhanced electric field from lateral confinement contributing to ASE
processes, there is likely further benefit from photon recycling in this specific spectral regime
(575 nm to 625 nm, Figure 2.10a) due to the overlap in the absorption and emission which serves
to increase the gain: photon recycling-induced gain.?3® This allows for the wavelength regime in

which the overlap exists to sustain ASE at lower thresholds. The stochastic locality of the ASE

2—-111



regions benefit from the fundamental mesa mode coinciding with a planar cavity mode trapping
high energy photons with strong spectral absorption overlap to promote photon recycling-

enhanced gain.

The real space PL mode from the region of ASE (single mode laterally confined mesa)
demonstrates persistent emission even as the laser excitation is scanned away from the mesa,
indicating that light is waveguided within the microcavity and selectively emitted in this region

of confinement (Figure 2.8e).

We quantify the reduction in the angular dispersion for the strongly confined single-mode
mesa region as compared to the bare QD thin film (Figure 2.6a) and weakly confined single-
mode mesa (Figure 2.24). Emission is detected out to ~40 degrees (limited by the 100X Nikon L
Plan 0.85 NA dry objective) for the bare QD film (Figure 2.8d). For the strongly confined single-

mode mesa region, the ASE dispersion shrinks to <10 degrees.

We next quantify the spectrally resolved Purcell enhancement for the strongly confined
single-mode mesa region (Figure 2.9b) and for a low energy planar cavity mode emission in a
non-mesa region (Figure 2.9¢,f).?!® We measure a reduction in the lifetime of the single lateral
mode mesa as compared to the bare QD thin film, with a greater decrease in lifetime in the
spectral region of ASE (Figure 2.9a,b,d,e). This is compared to a low energy detuned vertical
cavity mode, which possesses a longer lifetime at shorter wavelengths (605 nm to 635 nm)
corresponding to off-normal (k> 0) emission due to cavity inhibition extending the measured
exciton lifetime (Figure 2.9¢,d,e).?*? The vertical cavity mode k; = 0 emission (wavelengths > 635
nm) benefits from cavity Purcell enhancement, with a markedly shorter lifetime than the bare
QD film. The spectrally resolved Purcell factor is shown in Figure 2.9e, with a local maxima at
608 nm corresponding to the ASE emission (red trace) and dramatic reduction at 623 nm
corresponding to the peak emission wavelength of the bare QD film possessing enhanced
radiative lifetimes due to the electric field enhancement of the laterally confined mesa (Purcell

factor ~1.7).
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Figure 2.9: Emission from the (a) bare QD thin film, (b) strongly confined mesa
demonstrating ASE, and (¢) non-mesa vertical cavity mode spectrally and temporally resolved.
(d) Fitted lifetimes of the bare QD thin film (black trace), lateral strongly confined mesa (red
trace), and vertical cavity (blue trace). The photoluminescence (PL) spectrum from the strongly
confined mesa region is shown (gray dashed trace), with fitted vertical cavity leaking
contribution (purple), ASE region (orange), and bare QD leaking emission (red). (e) Purcell
factor relating the bare QD thin film lifetime to the vertical cavity emission (blue) and strongly
confined mesa emission (red) with PL spectrum similarly overlayed.
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2.8.CONCLUSION

In this work, we study environmentally benign III-V semiconducting QDs (InP/ZnSe/ZnS)
as a Cd-free alternative for high-efficiency light-emitting devices. We quantify the impact of
increasing electric field on radiative PL lifetime showing quenching due to field-induced exciton
dissociation and charge extraction. Through spectrally resolved streak camera measurements of
the decay dynamics, we can quantify the wavelength-dependent energy transfer rate (kgr(4)).
By tracking the peak of the PL Gaussian emission over time, we can extract bulk thermalization
or energy relaxation rates (kpg) for two distinct populations of QDs - a mobile subset that feels
the field and an immobile subset that is less perturbed by applied fields. As field strength
increases, the fraction of mobile dots increases from 24% to 57%, and the rate of energy relaxation
slows as non-radiative processes compete increasingly with hopping diffusion processes and

subsequent radiative recombination.

The population of immobile carriers negatively impacts the PL quenching efficiency and bias
recovery in these QDs, resulting in a 7.7:1 contrast ratio (87% efficient PL quenching) at 15V in
reverse bias, with only 63% of the initial PL intensity is recovered post-bias. While this contrast
ratio is, to the best of our knowledge, the highest yet reported for InP-based QDs, there is much
room for improvement by mitigating deleterious effects from the immobile QD population, with
field-induced screening and varying polarizability due to different dielectric environments
resulting in limited PL quenching and slow recovery times post-bias. By evaluating the center
wavelength spectral shift over time, it is possible to quantify the various QD populations
contributing to the PL signal, and to determine whether increasing the fraction of mobile QDs
correlates to improved PL quenching efficiencies and bias recovery time as a predictive
performance metric for future device iterations, enabling efficient active electrical modulation

of QD PL in optoelectronic devices.

We also show vertically and laterally confined photon modes from stochastic mesas resulting

in discrete energetic levels dependent on the degree of lateral confinement in InP/ZnSe/ZnS
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QD metallic microcavities. ASE is observed from the fundamental mode of a highly confined,
single-mode mesa with a threshold of ~150 pJ/cm?/pulse. Unlike similar systems employing
complex architectures, these metallic cavities are readily incorporated into standard LED
architectures by the addition of a conductive bottom semi-transparent metallic electrode to the
conventional stack with top metallic electrode. In this way, it is anticipated that electrically
injected lasing is achievable through careful three-dimensional optical confinement via
microstructured metallic microcavities embedded in an LED architecture. The threshold can be
lowered by tuning the vertical distance between metallic mirrors such that the planar cavity
mode is resonant with the region of high QD gain - the spectral overlap region between
absorption and emission - and increasing the lateral confinement to promote single-mode lasing

from the fundamental lateral mode.209-238

2—-115



2.9.SUPPLEMENTARY RESULTS AND DISCUSSION

2.9.1. Experimental Methods

Sample Preparation: All quantum dot (QD) samples used in this work were provided by
Samsung Advanced Institute of Technology (SAIT). To prevent oxidation of the thin films and
devices over the course of measurements in air, samples were encapsulated under inert
atmosphere using a clean glass slide and epoxy. The QDs used in the QD-LED and spectral
diffusion study are 5R InP/ZnSe/ZnS (4.3 nm InP core, 3.5 nm ZnSe shell, and 0.15 nm ZnS
shell, solution QY: 97%) with oleic acid (OA) ligands exchanged for hexanoic acid (HA) ligands
(post ligand exchange composition: 63% of OA replaced by HA) following the procedure
described by Won et al.3® The QD-LED architecture used was ITO/PEDOT:PSS (35 nm)/TFB
(25 nm)/QD (20 nm)/ZnMgO (40 nm)/ Al (100 nm).3° The QDs used in the ASE study were 15
mg/mL 3R InP/ZnSe/ZnS similarly fabricated. The 3R QDs were spin-coated under nitrogen

with a poly(methyl methacrylate) encapsulant.

Steady-State Photoluminescence and Quenching: All steady-state PL. measurements were
performed in air with films and devices that were encapsulated in a nitrogen glovebox post
fabrication and before measurements. A test fixture connected to a Keithley 2636A source meter
was installed using a Nikon Eclipse-Ti inverted microscope fitted with an infinity corrected 50 X
dry objective (Nikon L Plan, NA = 0.7). A 405 nm pulsed diode laser (PDL-800 LDH-P-C-405B,
300 ps pulse width) was used for excitation with repetition rate of 80 MHz. The sample
photoluminescence (PL) was filtered through a 405 nm dichroic beamsplitter (Nikon DiO1-
R405) and the output coupled in free space into a Princeton Instruments Acton 2300i

spectrometer (300 g/mm) and Pixis 100b cooled CCD (100 (k-space) x 1340 (wavelength) pixels).

Streak Camera Spectroscopy: Optical spectroscopy was performed using a Nikon Eclipse-Ti

inverted microscope fitted with an infinity corrected 50 X dry objective (Nikon L Plan, NA =
0.7). A 405 nm pulsed diode laser (PDL-800 LDH-P-C-405B, 300 ps pulse width) was used for
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excitation with repetition rate of 62.5 kHz. The sample emission was filtered through a 405 nm
laser dichroic beamsplitter (Nikon DiO1-R405) as well as an additional 450 nm long pass filter
and then coupled in free space into a streak camera (Hamamatsu C5680) equipped with a slow
speed sweep unit (M5677). The time delay between the laser source and sweep unit was controlled
using a digital delay generator (Stanford Research Systems, Inc. Model DG645). Data was
collected using the time-correlated single photon counting mode in the HPD-TA 8.4.0 software

(Hamamatsu).

Excitation Wavelength-Dependent Photoluminescence: Excitation wavelength-

dependent PL measurements were obtained using a variable wavelength NKT Photonics SuperK
laser with an AOTF (40 MHz) and 405 nm (40 MHz) diode laser (PDL-800 LDH-P-C-405B).

The fluence was adjusted to maintain the same carrier density across excitation energies.
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2.9.2. Supplementary Figures
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Figure 2.10: (a) Absorption (black trace, InP/ZnSe/ZnS 3R QDs from Won et al.3%) and
photoluminescence (red trace) of encapsulated InP QDs. Inset: excitation scheme for glass-
encapsulated QD thin film. (b) J-V characteristics of corresponding LED architecture utilizing
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) as the hole transport
layer (HTL), poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine) (TFB) as the
hole injection layer (HIL), ~15 nm of InP/ZnSe/ZnS QDs (~2 monolayers), ZnMgO as the
electron transport layer (ETL), and Al as the top contact. (¢c) Photoluminescence spectrum
(black) and red-shifted electroluminescence spectrum (red). (d) Image of the QD-LED with
electroluminescent pad.
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Figure 2.11: (a-f) Spectrally resolved lifetime of QD-LED with applied bias ranging from
0V to -5V, showing decreasing lifetime with increasing reverse bias.
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Figure 2.12: (a-f) Spectrally integrated lifetime of QD-LED with applied bias ranging from
OV to -5V, showing decreasing weighted lifetime (7, with increasing reverse bias. The
increasing electric field demonstrates a greater effect on the short lifetime (7;) component as

compared to the long lifetime component (75).
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Energy Transfer Dynamics with Photon Recycling: To determine the energy transfer rate
from the high energy (donor) spectral region to the low energy (acceptor) spectral region, a set
of coupled ODEs was solved to include photon recycling (Egs. 2.8-2.10). Photon recycling is the
ability for a photon emitted following radiative recombination to be waveguided within the film
and re-absorbed. The probability of photon escape (P,;.) is calculated via Egs. 2.11-2.12, in which

the indices of refraction for the thin film, substrate, and air interface are taken into account, as

well as the optical density (OD) at the wavelengths of emission.!1,2%:70
d
% = —kypnp — ker(Hnp + nirZ/l aryi 2.8
d
A= —kpang + kpr(Dng 2.9
dy, _ c
? = _n_TZA ayat+ anD (1 - Pesc) + krAnA(1 - Pesc) 2.10

where kj and k4 are the radiative recombination rates of the donor and acceptor exciton,
respectively, kgr(4) is the wavelength-dependent energy transfer rate, np and ny are the donor
and acceptor site carrier densities, respectively, ¢ is the speed of light, a; is the absorption
coefficient averaged across emission wavelengths, y; is the photon concentration within the film
for a given wavelength due to radiative recombination and photon recycling, n, is the index of
refraction, and P,,. the probability of a radiatively recombined photon leaving the film within

the escape cone.

3

—Qescp o M2
e = 4T T~ N1 (M1 +My2)? 2.11
_0Dpg, ob
Poge =10 2 - (nt,QD—glass + Nt.op—glass + 10 PL - (nt,QD—glass - nt,QD—glass)) 2.12

where 7); is the transmission efficiency, ()., is the solid angle of photon escape, and n,., is

the index of refraction of the given material (QD thin film/glass interface). We estimate the

probability of photon escape for QD thin films to be P,;, = ~75%.
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Energy Transfer Dynamics without Photon Recycling:
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Figure 2.13: (a) QD thin film lifetimes at 595 nm and 660 nm fit with Eq. 2.8-2.10 including
photon recycling, demonstrating delayed red emission due to exciton diffusion. (b) QD thin
film lifetimes at 595 nm and 660 nm fit with Eq. 2.13-2.14 excluding photon recycling. A long
radiative lifetime for 595 nm emission is required when photon recycling is not included.

an

dt = _k-anD - kET(}{)nD 2.13
ddL: = _krAnA + kET(A)nA 2.14

where kj and k4 are the radiative recombination rates of the donor and acceptor exciton,

respectively, kgr(4) is the wavelength-dependent energy transfer rate, np and n, are the donor

and acceptor site carrier densities, respectively.
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Figure 2.14: (a-k) By varying the donor wavelength from 595 nm to 615 nm and fixing the

acceptor wavelength to 660 nm, the wavelength-dependent energy transfer rate (kgr(4)) can be
fit and quantified, consistent with the density of states due to spectral overlap in the absorption
and emission and magnitude of dipole-dipole coupling.!76
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similar InP QD systems.!74:177.178
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Figure 2.16: (a) Spectrally resolved streak camera lifetime data for the bare QD
demonstrating (b) a red-shifting peak as a function of time.
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Figure 2.17: FWHM, change in peak wavelength, and absolute peak wavelength over time
for (a-c) bare QD thin film, (d-f) QD-LED with increasing reverse bias, and (g-i) QD-LED

with increasing low forward bias (below turn-on, 2.5V).
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Figure 2.18: (a) Wavelength-resolved lifetimes for QD-LED with increasing low forward
bias, and (b) spectrally integrated lifetimes with increasing low forward bias below turn on. By
applying a gentle forward bias below turn-on, we resolved an increase in the long lifetime
component. In forward bias, excitons still dissociate, but the field injects charges back on
themselves, which can be seen as an increase in the long lifetime tail of the TRPL traces. This
implies that the second lifetime is due to re-injection of charges that would otherwise dissociate

without the electric field pushing them back.
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Figure 2.19: PL spectrum of the bare QD thin film (orange trace), QD-LED with no bias
applied (green trace), and QD-LED with 5V applied in reverse bias (blue trace) normalized to
(a) the peak emission and (b) the high energy slope, showing that the QD-LED emission is a
reduced fraction of the thin film emission weighted to the high energy blue spectrum.
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Figure 2.20: For the thin film (a,d; unweighted and weighted subset contributions to the
spectral shift, respectively), the experimental data (gray scatter) can be well-reproduced by the
summation (black trace) of two fitted populations representing the fast mobile exciton
population contribution to the overall spectral shift (red dashed trace) and slow immobile
exciton contribution to the overall spectral shift (blue dashed trace). For the QD-LED with no
bias (b,c; unweighted and weighted + Fermi-Dirac subset contributions to the spectral shift,
respectively), the experimental data (gray scatter) is well-reproduced by the summation (black
trace) of both the mobile exciton contribution to the spectral shift (red dashed trace, modulated

by a Fermi-Dirac distribution (c(t)) as mobile excitons are depleted) and the slow immobile
exciton contribution to the spectral shift (blue dashed trace). For the QD-LED with 5V applied
in reverse bias (c,d; unweighted and weighted + Fermi-Dirac subset contributions to the
spectral shift, respectively), the experimental data (gray scatter) is again well-reproduced by
the summation (black trace) of both the mobile exciton contribution to the spectral shift (red
dashed trace, modulated by a Fermi-Dirac distribution (1.5 x ¢(t)) as mobile excitons are
depleted) and the slow immobile exciton contribution to the spectral shift (blue dashed trace).
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Figure 2.23: (a) Vertical cavity mode in non-mesa region with QD photoluminescence (PL)

leaking through the mode at k; = 0, A = 608 nm. Side panel: k-space-integrated PL. (b)

Corresponding real space PL image showing the absence of the localized mode due to lateral
confinement in mesa regions.
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Figure 2.24: (a) Single-mode laterally confined mesa demonstrating weak confinement
likely due to defects in the mesa structures such as incomplete coverage of Ag by the thermally
evaporated top mirror. Side panel: k-space-integrated PL. (b) Single-mode laterally confined
mesa showing strong confinement. Side panel: k-space-integrated PL.
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PART III.
STRONG LIGHT-MATTER
INTERACTIONS IN 2D PEROVSKITE
MICROCAVITIES
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CHAPTER 3

3. MICROCAVITY EXCITON-POLARITONS: TOWARDS
EFFICIENT POLARITON RELAXATION AND STRONG
COUPLING-MEDIATED TUNABLE KINETICS

3.1. OVERVIEW

tate-of-the-art hybrid perovskites have demonstrated excellent functionality in

S photovoltaics and light-emitting applications and have emerged as a promising material
candidate for exciton-polariton (polariton) optoelectronics. In the strong light-matter coupling
regime, polariton formation and Bose-Einstein condensation (BEC) have been demonstrated at
room-temperature in several perovskite formulations. Thermodynamically, low-threshold BEC
requires efficient scattering to the polariton energy dispersion minimum at k; = 0, and many
applications demand precise control of polariton interactions. Thus far, the primary mechanisms

by which polaritons relax in perovskites remains unclear.

In this work, we perform temperature-dependent measurements of polaritons in low-
dimensional hybrid perovskite A/2 microcavities and demonstrate high light-matter coupling

strengths with a Rabi splitting of AQg,,; = 260 +5 meV. By embedding the perovskite active
layer near the optical field antinode of a wedged microcavity, we are able to change the Hopfield
coefficients by moving the optical excitation along the wedge length and thus tune the strength
of the primary polariton relaxation mechanisms in this material for the first time. We observe
the polariton bottleneck regime and show that it can be overcome by harnessing the interplay
between the different excitonic species whose corresponding dynamics are modified by strong
coupling. We demonstrate the dependence of the bottleneck suppression on cavity detuning and
achieve efficient relaxation to k; = 0 at cryogenic temperatures. This new understanding

contributes to the design of polariton microcavities that could be used in future demonstrations
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of BEC benefiting from efficient, material-specific relaxation pathways and intracavity pumping

schemes from thermally brightened excitonic species.

Portions of this chapter are reprinted with permission from:

Laitz, M., Kaplan, A.E.K., Deschamps, J., Barotov, U., Proppe, A., Garcia-Benito, I., Osherov, A., Grancini G.,
deQuilettes, D.W.*, Nelson, K.A., Bawendi, M., and Bulovié, V.*, arXiv:2203.13816 (2022). *Co-corresponding.
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3.2.INTRODUCTION

Exciton-polaritons (polaritons) are formed in optical microcavities in the strong coupling
regime between material excitons and cavity photons. This quantum superposition results in a
hybrid state of light and matter, and the formation of a bosonic quasi-particle.?>*! Polaritons
can be modified to adjust the photonic/excitonic character, so that, even when tuned to have a
large photonic fraction, polaritons can interact due to the non-zero excitonic component. Such
interactions provide several advantages over purely photonic systems in designing logic elements
in integrated circuits, such as facile cascadability?*’ and large nonlinearities due to the polariton
matter component,?¥! creating the potential for engineering fast, low-power optical
transistors.*>242 These properties also establish opportunities for studying Bose-Einstein
condensation,*® quantum vortices,* and low-threshold polariton lasing*’ for quantum photonic

244-248 Additionally, recent reports utilizing strong

technologies?® and next-generation qubits.
coupling to modify electronic structure and energy transfer rates show great promise for the
polariton-mediated tuning of chemical reactivity and photophysics.?*? The possibility of
improving energy conversion processes without synthetic changes to the chemical system allows
for external modification of kinetics, energy, and electronic and vibrational transitions2*%-25! by

the precise engineering and control of strongly coupled device structures.??

To date, room-temperature polaritons have been sustained in inorganic materials (e.g., GaN,
Zn0), organics (e.g., J-aggregates), transition metal dichalcogenides (e.g., WSz, WSe2), and
perovskites (e.g., CsPbBrs, CsPbCls, (C¢Hs(CHg2)2NH3)2Pbl4).23 In perovskites, room-
temperature polariton formation,2>*-260 manipulation,261-262 ]asing,263264 and condensation®2-241:265-
213 have been shown, in which perovskite single crystals, exfoliated flakes, platelets, or thin films
are embedded in microcavities typically comprised of either a single distributed Bragg reflector
(DBR) and metallic mirror or two high quality DBRs. Although these demonstrations have
shown the exceptional potential of perovskite materials for polaritonics, most optoelectronic
applications rely on careful control of polariton momentum. Currently, for perovskites, the

scattering and relaxation mechanisms that lead to changes in polariton energy and momentum
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are not well understood. Additionally, there have been very few demonstrations of polariton
lasing and condensation in quasi-two-dimensional (herein referred to as 2D) perovskites, which
is believed to result from the low room-temperature photoluminescence quantum efficiency
(PLQE), low quality factor (Q) cavities leading to short polariton lifetimes, and high exciton-
exciton annihilation rates.?53-273-2% Therefore, a deeper understanding of polariton scattering and
relaxation mechanisms is needed in order to fully harness polariton utility for a wide range of

applications.

Despite these challenges, 2D perovskites remain one of the most promising materials for
room-temperature polaritonic devices due to optimal optical properties, chemical versatility, and
facile deposition and fabrication schemes. 2D perovskites function as self-assembled quantum
well structures, and can be formed as single crystals or polycrystalline thin films. The smaller
band gap inorganic monolayers (e.g. Pbls), where the excitons are confined, act as the quantum
well and the larger energy gap organic spacers serve as potential barriers.?”-280 The low Stokes

260,281,282

shift, high absorption coefficient, narrow emission, controllable dipole orientation, and

high exciton binding energy (100-500 meV)®®28 render these materials excellent candidates for

facilely-fabricated room-temperature polaritonic devices.?>

Here we explore strong coupling in a test-bed 2D system based on phenethylammonium lead
iodide perovskite (CeHs(CHz2):2NH3)2Pbly (PEA2Pbls) thin films embedded in a wedged
microcavity and demonstrate, to the best of our knowledge, a record room-temperature Rabi
splitting for PEA3Pbly of Aflg,p; = 260 + 5 meV. This figure of merit denotes the magnitude of
the photon-exciton coupling,?®* and larger Rabi splittings lead to reduced BEC thresholds as

285 and experimental work in organic polaritons.?6 We

demonstrated by nonequilibrium models
probe polariton formation by Fourier spectroscopy to image momentum (in-plane kj) space via
reflectivity and photoluminescence (PL) measurements. We show the emergence of a polariton
bottleneck for negative cavity detunings (E.;, — Eexc < 0), where Ec, is the energy of the

microcavity photon and E.. is the energy of the perovskite thin film exciton, and explore

temperature-dependent polariton photophysics, revealing, for the first time, the role of and
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interplay between reservoir excitons, phonons, and cavity polaritons for efficient polariton
relaxation in these materials. We measure the significant brightening of the dark excitons in
PEAsPbl4 perovskite polariton structures at cryogenic temperatures, and suggest their role
together with the role of biexcitons and resonant longitudinal optical (LO) phonon interactions
as they jointly mediate exciton-polariton relaxation to k; = 0. Additionally, we show that
perovskite excited states can be tuned via strong coupling to achieve new dynamics (i.e. kinetic
rates). These insights inform microcavity and polariton dispersion design to harness material-
specific, efficient polariton relaxation pathways to kj = 0 enabling future measurements of low-

threshold Bose-Einstein condensation in 2D perovskites.24%287

3.3. ROOM-TEMPERATURE STRONG COUPLING IN 2D PEROVSKITE
MICROCAVITIES

We realize room-temperature polaritons by fabricating 1/2 metallic microcavities with a spin-
cast PEA2Pbly active layer possessing a high degree of crystallinity resembling single crystals
(Figure 3.6).288 The strongly-coupled system achieves a Rabi splitting of Qg,p; = 260 meV, which
is, to the best of our knowledge, the highest reported coupling strength in a PEA2Pbl4 planar
microcavity.>? High-quality epitaxially-grown GaAs quantum well microcavities have previously
been fabricated in a wedged geometry, which yields a spatially-varying cavity length that allows
for the probing of multiple cavity detunings to investigate polaritons with varying
photonic/excitonic character.?892%0 By engineering the spin-coating speeds in our solution-
processed cavity layers, we achieve a radial wedged cavity, with monotonically increasing cavity
length from center to substrate edge which allows for facile changes to the polariton detuning
(~30 meV/mm cavity mode gradient, as compared to 13 meV/mm in previously demonstrated
epitaxially-grown GaAs quantum well wedged cavities??!). The reflectivity and
photoluminescence dispersions are probed by Fourier spectroscopy, in which the emission of the

lower polariton branch (LPB) is observed in photoluminescence and both the upper (UPB) and
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lower polariton branches can be resolved in reflectivity (Figure 3.1a-c). To verify minimal change
in the polariton coupling strength as a function of position on the cavity, the upper and lower
polariton branches are extracted from reflectivity measurements and fit at each detuning with

Eq. 3.1,%°2 showing that, for each position, the coupling strength remains virtually constant as

the cavity mode shifts to lower energies (Figure 3.1e, iflg,p; = 260 meV £ 5 meV).

1 2
ELP,UP(kH ) = E Eexc + Ecav(kll) + \/495 + (Eexc - Ecav(kH)) 3.1

where E;p yp (k”) corresponds to the upper and lower polariton branch energies as a function
of kjj, E¢xc is the exciton energy (considered dispersionless over kj values measured), E.q, (k))) is

the uncoupled cavity energy as a function of kj, and 2g, = A{Qdpap; is the normal mode splitting,

or Rabi splitting as in a single-atom microcavity system.*

The Hopfield coefficients for each dispersion quantify the excitonic and photonic fraction as
a function of kj; (Eq. 3.2), with the most excitonic detuning possessing >50% excitonic character
at kj = 0 and the most photonic detuning possessing >50% photonic character at kj = 0 (Figure

3.1a-c and Figure 3.7, lower panels).

1 AE (k)
X2, 1Ce)? = - 1+ ——

2 /AE(k||)2+4g(2)

where |X;|? and |C,|? are the excitonic and photonic Hopfield coefficients, respectively.

3.2
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Figure 3.1: Exciton-polariton photoluminescence (PL) (left) and reflectivity (right)
dispersions with increasing cavity length from (a) higher cavity mode energy to (c) lower cavity
mode energy as shown schematically in (d). As the cavity shifts to lower energies and the
polariton dispersion becomes increasingly photonic (c), the bottleneck effect emerges with the
greatest emission intensity at high kj; values. The upper and lower polariton branches are
extracted from reflectivity minima (white dotted line) and fitted (white solid line) using Eq.

3.1 (fitted cavity and exciton energies shown, white dashed line) with a Rabi splitting of AQg.y;
= 260 meV. (a-c, lower figures) Hopfield coefficients for cavity detunings (photonic fraction
Ci2, black trace; excitonic fraction X2, red trace) ranging from (a) excitonic to (c¢) photonic
depicting the light-matter characteristics of the generated polaritons as a function of k;; (Eq.
3.2). (e) Experimental (red dots) and theoretical (black traces) upper and lower polariton branch

energies at k;; = 0 with Qggp; = 260 meV. Dashed black traces correspond to the exciton energy
and cavity energy changing with cavity length. (f) As the cavity energy decreases and the
dispersion becomes more negatively detuned, the photoluminescence (PL) distribution shifts
to higher k/, resulting in a decrease in the fraction of PL within k; = 0 + 0.2 um! (red trace).
Integrated PL intensity as a function of increasingly negative detuning exhibits inhibited
emission (black trace). (g) The energy-integrated PL spectra reveal the re-distribution of the
maximum PL intensity to higher k; with increasingly photonic detunings (raw data, solid trace;
smoothed data, dashed trace).
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As the cavity mode shifts to lower energy and the polariton dispersion becomes more
photonically detuned, the emission distribution shifts from the maximum PL intensity at k= 0
to higher kj (Figure 3.1f,g), known as the polariton bottleneck regime, a well-studied effect in

inorganic and organic polariton systems,293-300

The bottleneck effect is a manifestation of the reduced scattering rate of high kj polaritons as
they relax down the LPB. This effect is a combined consequence of the decreased excitonic
character as polaritons move down their dispersion curve, which makes exciton-phonon
scattering less efficient, and of the reduced density of states as the polariton effective mass
decreases, that is, as the LPB curvature increases. Additionally, an increase in photonic character
is accompanied by an increase in radiative rates, which leads to the depletion of the polariton
population near kj = 0 if the scattering rates into nearby states is too low.2%3-2% As the overall
excitonic character of polaritons diminishes, and as the LPB curvature increases, the bottleneck
effect becomes more pronounced for negative (photonic) detunings. The polariton lifetime at
negative detunings is longer than at positive detunings due to the increase in excitonic character
of polaritons above the bottleneck region, consistent with our measurements in this system

(Figure 3.8).

The polariton bottleneck effect has been shown to be thermally activated - by decreasing the
system temperature, exciton-phonon scattering is similarly reduced, resulting in the emergence
of the bottleneck even for polaritons with mostly excitonic character.??¢2%7 This phenomenon is
difficult to study in systems that require cyrogenic temperatures to achieve strong coupling (e.g.,
GaAs heterostructures), but room-temperature strong coupling systems present an opportunity
to investigate the role of phonon scattering in polariton relaxation by lowering the temperature.
Thus, we are able to explore the impact of LO-phonon-exciton Frohlich interactions and acoustic
phonon-induced deformation potential mechanisms that can accelerate or hamper key polariton

scattering pathways.?
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3.4. TEMPERATURE-DEPENDENT POLARITON PHOTOPHYSICS

By reducing the microcavity temperature and carefully controlling the cavity length along the
cavity wedge to modulate the detuning, we probe the emergence of the bottleneck regime for
polaritons with varying excitonic/photonic character and thus changing energy differences
between the exciton reservoir and the bottom of the lower polariton branch. Additionally, the
impact of the magnitude of photon-exciton coupling on temperature-dependent scattering
mechanisms is investigated by modifying the Rabi splitting to determine the contribution of

enhanced coupling strength on polariton relaxation toward kj = 0.

To begin deconvoluting these various relaxation mechanisms, we explore the temperature-
dependent k-space PL distribution for two coupling strengths: 7Qg,p; = 175 meV (Figure 3.2) and

hQgrapi = 260 meV (Figure 3.9) by changing the perovskite active layer thickness (i.e. number of

oscillators N, AQpgp; ¢ VN ).301-393 Additionally, temperature cycles are performed on two
detunings (A = +28 meV and +45 meV). For both positive cavity detunings with emission from
k=0 at 295 K, we probe the emergence of the bottleneck region with decreasing temperature

due to the reduction of phonon scattering pathways.

We begin to observe the redistribution of PL to high kj at ~200 K, with the most pronounced
bottleneck at ~140 K (Figure 3.2). Unexpectedly, the PL distribution in k-space for A = +28 meV
re-centers at kj = 0 for temperatures below 15 K, and, for A = +45 meV, re-centers to kj = 0 for
temperatures below 60 K (Figure 3.2d,e). For both detunings, we see the appearance and
suppression of the bottleneck effect, with PL. moving away from kj; = 0 when cooling down to 140
K and shifting back to k= 0 when cooling down to 4 K (Figure 3.2f, Figure 3.9f). To understand
this behavior, we note several key factors at play with decreasing temperature, both for the

perovskite film system in isolation and for the strongly coupled microcavity system.

If there are temperature-dependent changes in the bare excitonic thin film outside of the
microcavity (e.g., structural changes, bandgap and concomitant emission energy shifts, PLQE

changes), these effects could manifest as temperature-dependent alterations in the polariton
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density and therefore polariton-polariton scattering rates. For the bare 2D film, we confirm that
there are no significant changes in the perovskite structure (i.e. phase change) as a function of
temperature (Figure 3.10), and, as previously shown in PEA2Pbls 2D perovskites, we observe a
redshift in the PL with decreasing temperature which is consistent with the Varshni effect.3%4-
306 Additionally, we quantify a ~100-fold increase in PLQE, from ~0.7% at 295 K (consistent
with other reports)3%7 to between 30% and 40% as the temperature drops from 180 K to 40 K to
T1% at 4 K (Figure 3.11). While the increase in film PLQE as the temperature decreases serves
to increase the polariton population and thus should enhance polariton-polariton scattering, this
effect is likely not the dominant relaxation mechanism for k; = 0 emission at 4 K, as we see very
little change to the k-space PL distribution as a function of excitation power spanning five orders
of magnitude (Figure 3.12-Figure 3.13). If enhanced polariton-polariton scattering due to the
increase in material PLQE were the dominant mechanism for relaxation to kj; = 0 at low
temperature, we would expect the re-emergence of the bottleneck effect at sufficiently low
excitation powers, or low polariton densities, which we do not observe. Even at low fluences (~30

nJ/cm?/pulse), efficient relaxation to kj = 0 at 4 K is achieved.

For the microcavity system, the exciton PL redshift (~5 nm), combined with the thermal
contraction of the microcavity due to cavity cooling (primarily due to the shrinking of the
optically inert organic spacer layer) results in an overall blue-shift of the cavity energy (~3 nm,
Figure 3.14), which leads to progressive increases in the detuning with decreasing temperature,
from A = +28 meV at 295 K to A = +68 meV at 4 K, or from 70% excitonic character to 80%
excitonic character (Figure 3.2g). This change in detuning alone is not responsible for the re-
centering of the PL distribution around kj; = 0, as the bottleneck effect and its suppression are
observed even when fixing the detuning by moving to lower energy cavity mode regions at lower

temperatures on the radial wedged cavity (Figure 3.15).
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Figure 3.2: (a-¢) Lower polariton branch (LPB) photoluminescence (PL) for A = +28 meV
cavity detuning as a function of temperature revealing (e) the shifting of the maximum PL
intensity to higher k;; at intermediate temperatures before returning to k; = 0 at 4 K. (d-f) The
temperature-dependence of the energy-integrated PL was monitored for two detunings

established at room temperature (AQg,,; = 175 meV, A = +28 meV and +45 meV), with both
detunings showing bottlenecked PL at intermediate temperatures and emission from k; = 0 at
sufficiently low temperatures (raw data, dashed trace; smoothed data, solid trace; peak PL trend
to guide the eye, symmetric about k; = 0, dotted trace). (g) Cavity detuning and Hopfield
coefficients as a function of temperature for A = +28 meV, revealing that the detuning becomes
more positive as temperature decreases with polaritons shifting from 70% excitonic at 295K to

80% excitonic at 4 K.
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3.5.2D BRIGHT AND DARK EXCITONS IN 2D PEROVSKITES

The luminescence spectrum of the uncoupled, bare 2D perovskite film at room temperature
(295 K) shows a dominant bright exciton (X) peak at 2.370 eV (Figure 3.3a). As the film is cooled,

the PL monotonically red-shifts, reaching a center energy of 2.348 eV at 4 K (Figure 3.16).

A second, low-energy peak emerges below ~140 K, which is consistent with reports of a dark
exciton (DX) with center energy 2.323 eV at 4 K (Figure 3.3a and Figure 3.16), and has been
shown to increase in PL intensity in the presence of an external magnetic field.3°8-310 Emission
of the DX state in the absence of the magnetic field has also been observed due to spin-orbit
coupling and dipole mixing with the bright exciton (X).39%310 Though the films possess a high
degree of crystallinity (Figure 3.10), we are unable to resolve the four states previously reported
within the fine structure for the bright and dark excitons due to PL broadening resulting from

disorder of the polycrystalline thin film.308-313

Below 80 K, we observe a third, low energy peak below the DX (center energy 2.305 eV at 4
K, Figure 3.16), which can be attributed to either electron-phonon coupling, self-trapped
excitons, and/or to biexcitons (XX) (Figure 3.3a).305-308-310,312,313 Gjven earlier reports, we attribute
this third, low energy peak in the PL to the biexciton, for which we calculate a biexciton binding
energy of AEyy =43 meV, utilizing PL as a proxy for state energies and relative energies, in
agreement with Thouin et al.3* Here, the biexciton binding energy is defined as the energy
difference between two free X excitons and the bound biexciton state (XX), namely AEyy = 2 -
Ey — Exx. The first step of biexciton radiative recombination results in an emitted photon with

energy Ey — AExy, which is then followed by the emission of the remaining free exciton (X)

with energy Ex. The assignment of this peak to the biexciton species is also consistent with other
reports indicating a power-dependent slope of two and reporting a short lifetime for the lowest
energy PL peak.309314-316 The increase in biexciton emission with decreasing temperature is
expected with the observed increase in the radiative luminescence efficiency, and hence the
increase in the radiative exciton density.
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Though multiple excitonic species are visible in the low-temperature 2D film PL, single-
mode polariton dispersions are observed down to 4 K, direct evidence that the cavity mode

254285 To better understand the polariton

strongly couples to only one exciton species.
photophysics and excitonic state to which the cavity couples at low-temperature, we investigate
the bare 2D film bright, X, and dark, DX, state dynamics by selecting high and low energy
regions of the film PL spectrum with spectral filters, capturing separately the decay of X and
DX, respectively (Figure 3.3). Furthermore, to separate the DX and XX response, as they are in

the same low energy region, these measurements are performed at 80 K and 60 K, temperatures

at which DX emission is present and the XX emission is not yet significant.

We observe delayed emission from DX (low energy spectral region, Figure 3.3e,f), which is
strong evidence for a spin-flip process’31° facilitated by the dark exciton gaining oscillator
strength from the bright exciton by mixing due to spin-orbit coupling,3%32° and by limiting the
non-radiative phonon-assisted relaxation at low temperatures. This transfer process can be
modeled by a set of coupled differential equations. These equations capture the three-state model,
in which radiative recombination from the bright exciton (denoted as X in Eq. 3.3-3.5) competes
with transfer to the dark exciton population (denoted as DX in Eq. 3.3-3.5) and vice versa through

microscopic reversibility.!87-321,322

The temperature-dependent spin-flip rate (kg(T)) and the
reverse process (ks_(T)) maintain thermodynamic equilibrium, weighted by the Arrhenius factor:

ky_ = eEx~Epx)/KT .k (Figure 3.17b).187:323-328
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Figure 3.3: (a) 2D perovskite thin film photoluminescence (PL) spectra as a function of
temperature revealing, beyond the primary PL peak, the emergence of secondary and tertiary
PL peaks assigned to (b) the bright exciton (X), the dark exciton (DX), and the biexciton (XX)
with PL shown in red and absorption in blue. (¢,d) Time-resolved PL for the unfiltered bare
2D film spectrum (black), X filtered spectrum (blue), and DX filtered spectrum (red). Insets:
2D perovskite thin film PL at (¢) 60K and (d) 80K with fitted Gaussian constituent peaks.
High (dark blue) and low (dark red) energy regions highlighted, showing the experimentally
measured PL spectra with tunable edge-pass filters for X and DX decay measurements,
respectively. (e,f) Lifetimes of the X emission (blue) and DX emission (red) simulated with
Eqgs. 3.3-3.5.

To fully capture the exciton/photon dynamics in the photoexcited 2D perovskite film, we take
into account photon recycling due to the low material Stokes shift and high absorption (Figure
3.3b), creating additional terms that contribute to the excited state dynamics through radiative
recombination of either a bright or dark exciton (Eq. 3.3, 3.5). Photon recycling occurs when a
photon generated via radiative recombination is re-absorbed by the active layer.”” These multiple
absorption/emission events serve to increase the carrier density in the thin film for a given

excitation power as compared to a material that does not exhibit photon recycling. The impact
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of photon recycling is dependent on the material absorption coefficient, index of refraction,
radiative lifetime, and PLQE (Figure 3.18).7032% At low temperature, the perovskite material
PLQE eventually reaches 100-fold the room temperature PLQE, indicating that photon recycling

plays an ever-greater role with decreasing temperature.3??

d
% = —k,xny — ks(T)ny + ks_(T)npx + nirz/l ayYa 3.3
d

Z?X = —kypxnpx + ks(T)npx — ks—(T)npx 34
d
% - _n%zl aya + (1 — Pese) - [krxny + krpxnipx] 3.5

where k,y and k,py are the radiative recombination of X and DX, respectively, k¢(T), and
ks_(T) are the temperature-dependent (T) spin-flip rates from X to DX and DX to X allowing
for interconversion between both species, respectively, ny and npy are the X and DX energy
carrier concentrations, respectively, ¢ is the speed of light, a; is the absorption coefficient
averaged over the emission band, y; is the photon concentration within the film for a given
wavelength due to radiative recombination and photon recycling, n, is the index of refraction,

and P,,. the probability of a radiatively recombined photon leaving the film within the escape

cone.

In this way, ks(T) can be quantified as a function of temperature in this material system. At
60 K (Figure 3.3c,e), the system of coupled differential equations yields a fast bright exciton
lifetime Té(OK,fast < 40 ps, limited by the instrument response function (IRF) of the detection
scheme (Figure 3.20). The long tail of the time-resolved photoluminescence (TRPL) trace is not
included in the model given system IRF limitations and the non-zero spectral overlap of the
dark exciton contributing to the counts at longer timescales. The dark exciton has a fast

component, Té’g{,{, fast = 1.3 ns, and long component, fit with an exponential decay, of TﬁDé(K'SmW =

15 ns (Figure 3.21), which is consistent with reports of the long DX lifetime in these materials.?!°
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The transfer process at 60 K, 75y, = 0.9 ns, is relatively slow,33? but several studies show similarly

long time-scales for spin dynamics in perovskites and other materials at low temperature.331-339

When the temperature is increased from 60 K to 80 K, the lifetime of the bright exciton

remains IRF-limited (rgo,(,fast < 40 ps), the dark exciton fast-component lifetime decreases

(ng(,('fast = 0.9 ns), and the transfer rate increases (73ox = 0.5 ns), which is anticipated
considering the Arrhenius relation and large bright-dark state splitting in this material, and is

consistent with a thermally activated spin-flip (Figure 3.3d,f).187:321,323-327,340,341

Both X and DX states can be populated following photoexcitation, with additional DX
population contributions due to transfer from the higher energy X to DX at rate kg (T), and
additional X population due to the thermally dependent back-transfer from DX to X at rate
ks_(T).342-3% As temperature decreases and non-radiative phonon scattering events are reduced,
luminescence of the long-lived DX population can outcompete the phonon-assisted non-radiative
emission resulting in the observable DX emission peak. Additionally, the bi-directional
interconversion between X and DX (ks(T), ks_(T)), as previously demonstrated in many
material systems,'873% favors the population of the lower-lying DX as temperature decreases. We
calculate 75~ = 1/k,_(T) to be T35, = 63 ns and 7y, = 110 ns, which is much slower than the
measured radiative emission time of the DX state. Thus, we observe a steady increase in the DX
emission with decreasing temperature due to both a reduction in non-radiative phonon scattering
and the Arrhenius decrease of thermal excitation from DX to X, as seen in similar systems.3??
Additionally, the impact of photon recycling on these dynamics is non-trivial, as for a PLQE of
T1% at 4 K, the average number of recycling events per emitted photon in the 2D perovskite
thin film is 3.5, with recycling events increasing to 13 in the radiative limit (Figure 3.18). Photon
recycling effectively functions as a mechanism for repopulating the bright state exciton reservoir,

allowing another opportunity for the regenerated bright excitons to spin-flip into the dark state.
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3.6. LUMINESCENCE LIFETIMES OF BARE EXCITONS AND LPB STATES

Figure 3.4 shows the temperature-dependent emission lifetimes for the bare 2D film and
strongly coupled cavity (additional temperature-dependent TRPL traces are shown in Figure
3.23). At room-temperature, the bare 2D film luminescence lifetime is 7,955 = 350 ps, and the
LPB lifetime is 7,954y = 260 ps, representative of the transient response near the cavity
polaritons (Figure 3.4a). This decay is longer than the expected polariton lifetime (<100 fs for Q
~ 110) due to the widely observed confounding influence of reservoir states that are not strongly
coupled and only weakly perturbed by cavity polaritons?? as well as by photoinduced effects
unique to the cavity system.?*® For example, in organic thin films, it has been shown that the
polariton lifetime of low-Q cavities, intrinsically on the order of 10’s of fs, in practice follows the
time-evolution of the fundamental carrier and spin dynamics of material excitons on much
longer timescales (ns to ps in duration), resulting in strongly coupled PL decay dynamics that

are similar to the bare film exciton dynamics.2>2

In the bare 2D film, as the temperature decreases from 295 K to 100 K, the X emission
lifetime decreases and the DX emission emerges with an increasingly long lifetime and
increasingly strong intensity, as has previously been observed by Fang et al. (Figure 3.4b, dark
teal trace, 100 K).313 Further reductions in temperature show that, as the back transfer k,_(T)
slows, the X emissive lifetime shortens and its early timescale emission increases, while DX
demonstrates an increasingly long emissive lifetime (Figure 3.4c,d, dark purple and blue traces).
Indeed, by 4 K, the DX state constitutes most of the emission of the bare perovskite film, with

a 100-fold increase in the overall luminescence efficiency, as compared to the PLQE at 295 K.

The improvements in the perovskite film PLQE and the emergence of significant emission
from the DX state (Figure 3.3) occur over the same temperature range in which the cavity LPB
dispersion undergoes its own spectral emission changes (Figure 3.2). In the strongly coupled
cavity at 100 K, the extent of delayed emission is similar to but slightly reduced from the bare

2D film, and the fast component contribution increases as the strong coupling between the bright
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exciton and cavity mode forms the short-lifetime LPB emissive state (Figure 3.4b, light teal trace,
100 K). As the temperature decreases from 60 K to 4 K in the cavity, the fast emission from the
LPB shifts in energy (Figure 3.2) and the emission rate increases (Figure 3.4c¢, light purple trace).
At 4 K in the cavity, we measure nearly IRF-limited emission largely from the strongly coupled
state emitting near k; = 0 and do not observe significant delayed emission or the long tail from

the DX emission (Figure 3.4d, light blue trace).
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Figure 3.4: (a-d) The bare 2D perovskite film time-resolved photoluminescence (TRPL)
decay (dark traces, Film) compared to the strongly coupled microcavity (AQgzgp; = 175 meV, A
= +28 meV) lower polariton branch (LPB) emission (light traces, Cavity) as a function of
temperature (295 K, 100 K, 60 K, 4 K). In the bare film, as temperature decreases, the bright
exciton (X) emission lifetime decreases and the dark exciton (DX) emission emerges with an
increasingly long lifetime, visible as a short-timescale fast component with delayed emission
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into a longer tail ((b-c), dark traces). In the cavity ((b-d), light traces), the extent of delayed
emission is reduced. At 60 K in the cavity ((c), light trace), the fast LPB emission begins to
dominate the TRPL decay dynamics at early timescales, with weaker emission contribution
from the DX state resulting in a long lifetime tail. ((d), light trace) At 4 K in the cavity, a
nearly IRF-limited decay is observed with no long lifetime contribution.

3.7. INTRACAVITY PUMPING, LO-PHONON SCATTERING, BIEXCITON-
ASSISTED RELAXATION

While the strong coupling between the bright exciton, X, and cavity mode results in a short
polariton emissive lifetime, there can still exist the DX population inside the cavity, generated
after photoexcitation but not strongly coupled to the cavity, consistent with the weak oscillator
strength and dipole misorientation of the DX state.3*>-3#* The brightening of the DX state at
lower temperatures allows its luminescence to then be observed via the LPB mode, which is
resonant in energy with the DX state. Decay of a lower energy DX state through the resonant
LPB mode has been observed in strongly coupled organic microcavities,*"3*® and increased
polariton density has been demonstrated by cavity-enhanced, kj-dependent transfer of the DX
population to the LPB3% as well as the radiative pumping of polariton modes by a secondary,

uncoupled or weakly coupled isoenergetic emitter within the cavity.3°0-354

In our system, as the temperature of the cavity drops from 100 K to 4 K, the higher energy
k>0 LPB population can resonantly transfer to the luminescent DX state due to weak coupling
facilitated by the DX acquiring oscillator strength at high-k;.3*? The energy in the DX state can
be rapidly transferred back to the isoenergetic LPB state (Figure 3.5), creating a new pathway of
emission as compared to the long-lived DX state in the bare 2D film case. The DX state can
then also be described as an intermediary that shuttles the kj; > 0 LPB energy to the kj state of
the same energy as the DX. When the bottom of the LPB, or k; = 0 mode, is resonant with the
DX state, the result is the suppression of the bottleneck effect with primary emission from kj; =

0 (Figure 3.5d,f). A similar isoenergetic release of, or radiative pumping by, the XX luminescence
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through the LPB mode can also be sustained at sufficiently low temperatures when the XX state

emits (Figure 3.5¢).

Additionally, while the cavity does not strongly couple to the DX or XX states, transitions
between these species and bright excitons appear resonant with LO-phonon modes in PEA2Pbl4
as computed by Straus et al. for energies below 50 meV (400 cm™) using DFT calculations.3%
Straus et al. quantify mode contributions from the high-energy organic cation vibrations (25 meV
and 41 meV) that are resonant with the DX and XX energy differences from the bright exciton
(X-DX = 25 meV, X-XX = 42 meV).30>35 In this work, we excite above band gap, and generate
hot carriers that can cool via nonradiative relaxation with vibronic replicas - states that
resonantly emit phonons into the XX state and DX state during spin-flip transfer processes.?*¢-
358 These phonon modes are always present, but it is only when the red-shifting exciton reservoir
and corresponding LPB minimum is resonant with a transition involving one of these phonon
modes at low temperature that LO-phonon assisted relaxation can enhance scattering processes
(Figure 3.5). When the detuning is such that the energy difference between the bottom of the
LPB and the exciton reservoir matches the energy of one LO-phonon, efficient LO-phonon-

mediated relaxation pathways can be utilized.
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Figure 3.5: (a-f) Lower polariton branch (LPB) photoluminescence (PL) as a function of

temperature for two detunings established at room temperature (AQg,,; 175 meV, A = +28 meV
and +45 meV) with (right panel) bare 2D perovskite film PL at the corresponding temperature
(bright exciton = X; dark exciton = DX; biexciton = XX). (a,c,e) For the more photonic detuning
(A = +28 meV), the re-centering of the PL distribution to k;; = 0 occurs when the bottom of the
LPB is resonant with XX due to the (g) 42 meV LO-phonon-mediated relaxation and DX
reservoir intracavity pumping. (b,d,f) For the more excitonic detuning (A = +45 meV), the re-
centering of the PL distribution to k;; = 0 occurs when the bottom of the LPB is resonant with
DX due to the (h) 25 meV LO-phonon-mediated relaxation and DX reservoir intracavity
pumping.

Emission from k; = 0 at low temperature can be described as a combined consequence of
intracavity pumping from the DX and XX populations, resonant LO-phonon scattering, and
biexciton-assisted relaxation. For A = +28 meV at 120 K (Figure 3.5a), the brightest emission is
observed at high kj (bottleneck), whereas, at 60 K, the brightest emission has shifted to lower kj,
peaked at the resonant DX energy and benefitting from isoenergetic intracavity pumping with
further opportunity for bottleneck suppression via X-DX LO-phonon scattering (Figure 3.5c). At

4 K, the LPB minimum red-shifts, becoming resonant with the XX state, and the LPB emission
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profile redistributes due to the isoenergy of the XX state and k; = 0 mode, with available

scattering pathways from relaxation via X-XX LO-phonons (Figure 3.5e,g).

For A = +45 meV at 120 K (Figure 3.5b), the bottleneck effect is again observed, though to a
lesser extent as the increased excitonic character reduces the curvature of the LPB and increases
the DOS, allowing for greater scattering towards k; = 0. Because of the flatter dispersion, the
bottom of the LPB never reaches the XX energy resonance, but instead is resonant with the DX
state and again matches the smaller LO-phonon energy difference from X (X-DX). This occurs
at higher temperatures than its less excitonic counterpart, A = +28 meV, resulting in k; = 0
emission at an elevated temperature of 60 K (Figure 3.5d), maintaining kj = 0 primary emission
down to 4 K (Figure 3.5f,h). These proposed scattering pathways are consistent with reports on
inorganic polaritons, identifying LO-phonon-assisted transfer - including the first LO-phonon
replica of the biexciton - as efficient mechanisms for directly populating kj = 0.287.298,359-362 We
can observe additional signatures of biexciton-assisted relaxation given that the biexciton has

two viable pathways for dissociation, as described by Corfdir et al.:?%7

Biexciton = LPB Polariton at kj = 0 + LO-Phonon + Bright Exciton

Biexciton = LPB Polariton at kj = 0 + LO-Phonon + LPB Polariton at High kj

In both 4 K dispersions (Figure 3.5e,f), there exists uncoupled exciton PL in a flat,
dispersionless line at the low energy tail of the bare exciton energy band. This uncoupled PL is
only visible for temperatures in which the biexciton emission is prominent (<20 K, Figure 3.26).
We also observe brightening of the high-k; wings of the LPB for T <15 K (Figure 3.26), consistent

with contributions to the LPB PL distribution from both mechanisms above.

Isoenergetic DX and XX intracavity pumping can be assisted by LO-phonon-mediated
scattering and biexciton-assisted polariton relaxation for kj = 0 emission in this 2D perovskite
exciton-polariton system, presenting opportunities for engineering the microcavity detuning such
that the bottom of the lower polariton branch can be directly populated. These insights are

critical for the rational engineering of microcavity systems requiring careful control of polariton
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momentum and benefiting from the non-synthetic, strong coupling-mediated tuning of the
kinetic rates of 2D perovskite excitonic species. By targeted synthetic, passivation, or applied
external field approaches, the brightening of these excitonic states can be harnessed to increase
the polariton population at elevated temperatures towards low-threshold polariton lasing and

condensation.298:363-366
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3.8. CONCLUSION

We have identified, for the first time, the interplay between PEA>Pbls perovskite excitonic
states and exciton-polariton formation as a function of temperature in wedged microcavity
systems. By careful control of the Hopfield coefficients, the impact of changing cavity detuning
and thus changing polariton photonic/excitonic character on the lower polariton branch (LPB)
emission profile in k-space was determined. We have shown that, for excitonic detunings, the
bottleneck effect emerges at intermediate temperatures and can then be suppressed at low
temperatures with the emergence of dark exciton (DX) and biexciton (XX) luminescence. We
quantify the spin-flip transfer process from the bright exciton (X) to the DX state at low
temperature in the bare 2D perovskite film, and investigate the competition between strong
coupling in the microcavity and transfer from the X to DX state. In this way, we demonstrate,
without synthetic modifications, tuning of the perovskite electronic structure via strong coupling
to enable new kinetic rates. These insights provide cavity and material design principles for next
generation polaritonic devices and condensates requiring careful control of polariton momentum
and relaxation, and demonstrate the utility of polariton formation to modify recombination
dynamics and energy conversion processes towards optoelectronic devices with tunable emissive

properties.

3—153



3.9.SUPPLEMENTARY RESULTS AND DISCUSSION

3.9.1. Experimental Methods

Perovskite Preparation: Perovskite precursors were obtained from Sigma Aldrich
(phenethylammonium iodide, SKU 805904) and TCI (lead(II) iodide, TCI-L0279), and prepared
in dimethyl sulfoxide (Sigma Adlrich, SKU 34869) stoichiometrically for n = 1. Films were
spincast in a two-step procedure: 1) 1000 rpm, 10 s, 500 accel; 2) 5000 rpm, 30 s, 2000 accel with
a chlorobenzene quench 15 s before the end of the second step (Sigma Aldrich, SKU 284513).
The films were annealed at 100°C for 10 min. All synthesis and process steps under nitrogen.
The resulting thin films ranged from approximately 25-50 nm (+/- approximately 3 nm) as a

function of solution concentration, as measured on silicon substrates by ellipsometry.

Solution-Processed Spacer Layer Preparation: Poly(methyl methacrylate) was purchased
from Sigma Aldrich (SKU) and dissolved in chlorobenzene (Sigma Aldrich, SKU 284513) at
50°C. Films were spincast using a single-step procedure: 1500 rpms, 60 s, 1000 accel. Films were
gently annealed at 60°C for 1 min to assist in driving off excess solvent. All process steps under
nitrogen. The resulting thin films were approximately 110 nm thick, as measured on fused silica

substrates by profilometry.

Microcavity Preparation: Fused silica substrates were cleaned by sonication in water,
diluted detergent, acetone, and isopropyl alcohol followed by boiling isopropyl alcohol. The
bottom Ag mirror was thermally evaporated at 110 nm followed by sputter deposition of a 108
nm SiOx layer in argon. The perovskite active layer was spin-cast and annealed under nitrogen
(~25 nm), followed by the Poly(methyl methacrylate) layer. The microcavity was capped with a

semi-transparent thermally evaporated Ag layer (35 nm).

Room-Temperature Fourier Spectroscopy: K-space emission was imaged using a Nikon

Eclipse-Ti inverted microscope fitted with an infinity corrected 100 X dry objective (Nikon L
Plan, NA = 0.85). A 405 nm pulsed diode laser (PDL-800 LDH-P-C-405B, 300 ps pulse width)
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was used for excitation with repetition rate of 80 MHz. The sample photoluminescence (PL) was
filtered through a 405 nm dichroic beamsplitter (Nikon DiO1-R405) and the reflectivity collected
via a halogen lamp white light source (Nikon Eclipse-Ti) and 50/50 beamsplitter (Chroma 21014-
UF3 C188781). The output for both PL and reflectivity was then coupled in free space via a 4F
imaging system into a Princeton Instruments Acton spectrometer and Pixis camera (100 (k-space)

x 1340 (wavelength) pixels).

Low-Temperature (4-295 K) Fourier Spectroscopy: K-space emission was imaged using a
Montana Instruments closed-cycle liquid He crysotat with piezo-controlled 3D-moveable sample
stage, cryo-optic low-working distance 100x 0.9NA objective, vacuum housing, radiation shield,
and local objective heater. A wavelength-tunable ultrafast laser (Toptica Photonics FemtoFiber
Pro) was used for 488 nm excitation with 80MHz repetition rate, guided into the cryo-optic with
electrically-controlled Thorlabs Galvo mirrors. The sample emission was filtered through a
Semrock tunable edge pass (set to 490 nm long pass) filter and directed via a 4F imaging system
into a Princeton Instruments Acton spectrometer and either a 512 (k-space) x 512 (wavelength)

pixel or 1024 (k-space) x 1024 (wavelength) pixel Pixis camera.

Time-Resolved Photoluminescence: A wavelength-tunable ultrafast laser (Toptica
Photonics FemtoFiber Pro) was used for 488 nm excitation with 80MHz repetition rate. The
emission was filtered through a Semrock tunable edge pass (set to 490 nm long pass) filter and
directed to a Micro Photon Devices (MPD) PicoQuant PDM Series single photon avalanche
photodiode with a 50 ym active area and 40 ps IRF. Photon arrival times were time-tagged using

a time-correlated single photon counter (TimeHarp 260).

Variable Angle Spectroscopic Ellipsometry: Spectroscopic ellipsometry was performed
using a variable angle spectroscopic ellipsometer (Woollam) at 65°, 70°, and 75° angles of

incidence. Ellipsometry data was fitted to obtain perovskite thin film thicknesses.

Photoluminescence Quantum Efficiency (PLQE) Measurements: PLQE measurements

were acquired using a center-mount integrating sphere setup (Labsphere CSTM-QEIS-060-SF)
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and Ocean Optics USB-4000 spectrometer. The integrating sphere setup was intensity calibrated
with a quartz tungsten halogen lamp (Newport 63355) with known spectral irradiance set at a
distance 0.5 m away from the integrating sphere illumination port. A fiber-coupled 405 nm diode
laser in CW mode (PDL-800 LDH-P-C-405B) was collimated with a triplet collimator (Thorlabs
TC18FC-405) to produce a beam with an approximate 1/e?> diameter of 2.8mm. The beam was
used to excite the sample and a variable neutral density filter was used to attenuate the laser.

Data acquisition followed the protocol described by de Mello et al.,3¢” with a scattering correction.

Cryo XRD: Temperature-dependent XRD was performed using a Panalytical Multipurpose
Diffractometer with a liquid He cryostat for in-situ low temperature measurements. 30 minute
scans were taken for 5-67 degrees at each temperature in increments of 20 K from 295 K to 11
K, with 15 minutes between scans for temperature equilibration. The temperature was scanned
from high to low and cycled back from low to high to determine whether the temperature cycle
damaged the 2D perovskite. No structural changes (peak intensity or position) were noted in the

up cycle.

Cryo Absorption: Reflection spectrophotometry was performed with light incident from the
film side using an Agilent Cary 5000 dual-beam UV-vis-NIR spectrophotometer with home-
built, liquid N2 cryostat quartz window attachment. The 2D perovskite was coated onto a 15 mm
diameter fused silica optical window (see substrate cleaning procedure above) for compatibility
with cryo sample holder. Specular reflectance was collected at an incident angle of 8°. A 3 mm

round aperture was used for all measurements.
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3.9.2. Supplemental Figures and Analysis
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Figure 3.6: (a) Absorption (black trace) and photoluminescence (red trace) spectra for the
PEA,Pbl, thin film. (b) Metallic microcavity structure with normalized electric field profile
(orange trace) and index of refraction (blue trace) simulated with a transfer matrix model of
the cavity architecture: Ag (110nm)/SiOx (108nm)/spin-cast PEA,Pbl; active layer
(~20nm)/PMMA (~110nm). (c) Room-temperature XRD demonstrating a high degree of
crystallinity equivalent to single crystals.288
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Figure 3.7: Exciton-polariton photoluminescence (left) and reflectivity (right) dispersions
with increasing cavity length from (a) higher cavity mode energy to (f) lower cavity mode energy
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(f). As the cavity shifts to lower energies and the polariton dispersion becomes increasingly
photonic (d-f), the bottleneck effect emerges with the greatest emission intensity at high k
values. The upper and lower polariton branches are extracted from reflectivity (white dotted
line) and fit (white solid line) with a Rabi splitting of AQg.,; = 260 meV. (a-f, lower figures)
Hopfield coefficients for cavity detunings (photonic fraction Cy2, black trace; excitonic fraction
X2, red trace) ranging from (a) excitonic to (f) photonic depicting the light-matter
characteristics of the generated polaritons as a function of k/,.
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Figure 3.8: Photoluminesence (PL) in k-space for AQg.; = 175 meV at 140 K for (a) highly
photonic (negative) detuning with severe bottleneck, (b) photonic detuning with the beginnings
of a bottleneck, and (c¢) excitonic (positive) detuning with no bottleneck. (d) Increasingly
positive detunings result in polaritons with shorter radiative lifetimes due to the suppression
of the bottleneck effect (blue traces 1-3 corresponding to (a)-(c), respectively). PL from higher
ki in the bottleneck region corresponds to more excitonic polaritons, which possess greater
scattering rates and longer radiative lifetimes, accounting for the slower emission at early
timescales and longer lifetime tails.

3—158



a,
) — 295K f) 016 )
A =41 meV — 280K . o
- L]
H — 260K o1 A = 65 meV
p : y — 240K ° ° .
M 7 — 20K o1 °
i . 200K . .
— 180K ¥ .
w0k E 013 . . . o2
a0k 5 ° .
120K a 012 .
b 100K 6
) — 8K  § o1 A =41 meV
— 60K 5
— 40K % . e o
— 20K 0.10 .
— — * ° Excitonic
E 0.09 4 .
- . Photonic
ey L]
£
2 o 50 100 150 200 250 300
K Temperature
c) ° p (K)
©
=
A =41 meV 295K A =65 meV 295K
3
£
£
o
d) H
2
o
=

K (um-) K (um-)

Figure 3.9: (a-d) Lower polariton branch (LPB) photoluminescence (PL) as a function of
temperature for AQg,,; = 260 meV revealing e) the migration of the maximum PL intensity to
higher k), at intermediate temperatures before returning to k; = 0 at 4K. (e,f) The temperature-
dependence of the energy-integrated PL for A = +41 meV showing bottlenecked PL at
intermediate temperatures and emission from k; = 0 at sufficiently low temperatures. (g,h) PL
spectra for two detunings (A = +41 meV and +65 meV) at 295K, corresponding to the
temperature series in (f). Note: asymmetries in PL distribution arise from imperfectly flat
substrate seating due to Ag cryo paste used for thermal contact. Additionally, the thicker
perovskite active layer results in increased uncoupled exciton PL at elevated temperatures as

compared to the thinner active layer yielding AQg.,; = 175 meV.
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Figure 3.10: Temperature-dependent XRD from 295 K to 11 K showing no phase change as
a function of temperature.
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Figure 3.11: (a) PLQE measured at 295 K with integrating sphere and 405 nm laser
excitation in cw-mode (~0.7%), and used to calculate a 100-fold PLQE increase as a function
of temperature. To ensure the PL increase was not from changes in the absorption of the
excitation as a function of temperature, (b) temperature-dependent absorption measurements
were performed from 295 K to 80 K. The excitation wavelength was tuned to a region with
very little change in absorption (c, dashed black trace indicating laser excitation wavelength),
with small fluctuations in absorbance quantified in the (d) Abs Factor extrapolated to 4K.
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Figure 3.12: Lower polariton branch (LPB) photoluminescence (PL) (AQg.p; = 175 meV, A
= +40 meV) as a function of excitation power spanning five orders of magnitude. The top row
shows the k-space dispersion, and the bottom row shows the k-space-integrated PL with high-
ki (high energy) and low- k;, (low energy) spectral regions fit to determine whether the increase
in power results in an increase in emission from the bottom of the LPB due to increased
polariton-polariton scattering. No such trends are observed at 4 K, and only a weak increase
in the low- kj region is seen at 100 K, indicating that polariton-polariton scattering is likely
not the primary factor for the dramatic redistribution of PL to k;; = 0 at low temperature. Row
1,2: 4 K power series (demonstrates a more rapid increase in high k;, PL (blue Gaussian) than
low kj (green Gaussian) indicating greater biexciton emission enhancement with increasing
power); Row 3,4: 100 K power series (ratio between high k; (blue Gaussian) and low k; (green
Gaussian) emission preserved).
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Figure 3.13: Integrated lower polariton branch PL at 4 K for AQg,,; = 260 meV spanning
four orders of magnitude, revealing a slope of m = 0.95, consistent with bright exciton power

dependence 309,314,315,368
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Figure 3.14: Cavity mode shift from 295 K (meV) at k; = 0 due to the thermal contraction
of the microcavity as a function of temperature resulting in ~3 nm blue-shift with decreasing

temperature.
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Figure 3.15: Lower polariton branch (LPB) emission for AQg.,; = 260 meV fixing the
detuning at A = +110 meV by selecting a longer cavity length to keep E.,, - Ecx constant as the
exciton energy redshifts with decreasing temperature. Dispersions (upper panels) shown for (a)
295 K, (b) 100 K, and (c) 4 K, revealing the bottleneck effect at intermediate temperatures and
emission from k; = 0 at low temperatures (upper and lower polariton branches (solid white
traces), exciton energy corresponding to the exciton absorption and bare cavity mode (dashed
white traces).287 Lower panels: LPB photoluminescence (PL) with the energy-integrated PL k-
space distribution (white trace). We note that the bottleneck effect is more pronounced with

increasing coupling strength (e.g., greater for AQg.p; = 260 meV than AQg,,; = 175 meV).
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Figure 3.16: Bare 2D perovskite thin film energetics as a function of film temperature. (a)
The center PL peak (in eV) for the bright exciton (blue), dark exciton (green), and biexciton
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(red). (b) The difference in PL emission energy between the bright exciton and dark exciton
(X-DX, blue) and bright exciton and biexciton (X-XX, green). The full-width half-maximum
(FWHM, in nm) for the bright exciton (blue) and dark exciton (green, below 100 K) as a
function of temperature, showing a reduction of >4x in the bright exciton FWHM.
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Figure 3.17: (a) 4 K lower polariton branch photoluminescence (PL) (AQg.,; = 175 meV, A
= +45 meV) with primary emission from k; = 0. (b) Spin-flip process from X to DX with spin-
flip rate k,. The spin-flip back to the bright state, k.., calculated via the Arrhenius relationship
as a function of temperature (modified from Kim et al.).187 (c) At low-temperature in the
microcavity system when k,. is very slow, the strong coupling of the bright exciton to the cavity
mode and resulting LPB to G polariton emission outcompetes the spin-flip process. The DX
population generated immediately following photoexcitation is influenced by from the
isoenergetic lower polariton branch mode (dashed arrow from DX to LPB), and can directly
and rapidly emit through this resonant mode, taking on the kinetics of the strongly-coupled
LPB state (k’.px) which outcompetes emission from DX directly to G (k.px).
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Bright/Dark Exciton Dynamics with Photon Recycling in 2D Perovskite Films: To
determine the spin flip rate from the bright to dark state, a set of coupled ODEs was solved to
include microscopic reversibility in Egs. 3.6-3.8 and photon recycling. Photon recycling is the
ability for a photon emitted following radiative recombination to be waveguided within the film
and re-absorbed. The probability of photon escape (P,.) is calculated via Egs. 3.9-3.10, in which
the indices of refraction for the thin film, substrate, and air interface are taken into account, as
well as the optical density (OD) at the wavelengths of emission.!2070 For this system of a ~25
nm tick perovskite film, at 4 K, the PLQE increases 100-fold to ~77%, and the OD increases by

nearly a factor of two (Figure 3.11, extrapolated).

dstX = —kpxny — ksny + eEx~EoO/MBT e oppy + niTZ/l 2Va 3.6
dr:;X = —kepxnipx + ksnpy — eEx~EDO/BT - ey 3.7
d [4

% == n_TZA ¥ + krxng (1 — Pese) + krpxnpx (1 — Pesc) 3.8

where k,x, k,px, and kg are the radiative recombination constant for the high energy species,
low energy species, and spin-flip rate allowing for interconversion between both species,
respectively, ny and npy are the high energy and low energy carrier concentrations, respectively,
E. and Epx are the energies of the bright and dark excitons, respectively, kp is Boltzmann’s
constant, ¢ is the speed of light, ; is the absorption coefficient at a given wavelength, y; is the
photon concentration within the film for a given wavelength due to radiative recombination and
photon recycling, n, is the index of refraction, and P,;. the probability of a radiatively

recombined photon leaving the film within the escape cone.

N = Qesc T ~ ngz 3.9

t 4m Npy (Mg +142)? )
_ODPL oD

Poge =10 2 - (nt,ZD—fs + Nt 2D-pmma +10 PL - (nt,ZD—fs - nt,ZD—pmma)) 3.10

where 7); is the transmission efficiency, {14, is the solid angle of photon escape, and n,., is

the index of refraction of the given material (2D perovskite/fused silica interface and 2D
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perovskite/PMMA interface). The transmission efficiency for both the 2D perovskite/fused silica
interface and the 2D perovskite/PMMA interface is ~17%. The OD of the sister film to the
microcavity active layer possessed an OD of ~0.45 at the PL emission wavelength at 4 K. Eq.
3.10 takes into account the various transmission efficiencies depending on the interface through
which a photon escapes the film (in this instance, the interfaces have nearly the same index of

refraction contrast). We estimate the probability of photon escape for these highly absorbing 2D

thin films to be P,;. = 20%.

The impact of photon recycling serves to increase the steady-state carrier density, effectively
increasing the average radiative lifetime within the film as compared to a film with no photon
recycling.3?? In this system at low temperature, photon recycling effectively feeds the bright state
reserve, increasing the pool and allowing a portion of bright excitons to spin-flip into the dark
state despite fairly slow spin-flip rates. Based on the spectral overlap between absorption and
emission, it is also primarily the radiatively recombined bright excitons whose emission will be
re-absorbed and recycled, creating more opportunities to engage in transfer to the energetically
lowest-lying dark state at low temperature. We can quantify the number of photon recycling
events in the film following the method defined by Pazos-Outén et al. to determine the impact
of increasing PLQE with decreasing temperature on photon recycling events in the 2D

perovskite film.!

. 1
Recycling events = 17 PLOE 3.11

fi=1-—— 3.12

4n,2

where f, is the confinement factor dictated by the index of refraction, where n,. = 1.8. The
dependence of the number of recycling events on PLQE is shown in Figure 3.18, where, for a
PLQE of ~77% (corresponding to 4 K thin film properties), the average number of recycling
events is 3.5. In the radiative limit, for PLQE = 100%, the film can sustain 13 recycling events

per photon.
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Figure 3.18: Number of photon recycling events in 2D perovskite thin film as a function
of film PLQE, indicating that, for PLQE > ~50%, photon recycling events exceed 2 per photon
and can contribute significantly to carrier dynamics.329

Bright/Dark Exciton Dynamics without Photon Recycling in 2D Perovskite Films:
The dynamics can alternatively be simulated excluding the effects of photon recycling (Eq. 3.13-
3.14). In this way, the bright exciton lifetime is required to exceed 200 ps for agreement with

the raw data (Figure 3.19).

dstX = —k,yny — ksny + e Ex~Epx)/keT . | p 3.13
an -
dl;X = —k,pxNpx + ksnpy — e Ex~EDX/KBT . | p o 3.14
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Figure 3.19: Lifetimes of the bright exciton (X) emission (blue) and dark exciton (DX)
emission (red) in 2D perovskite films simulated with Eqgs. 3.13-3.14, excluding photon recycling,

at (a) 60 K and (b) 80 K.
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Figure 3.20: Instrument response function of the Toptica wavelength-tunable 80 MHz sub-
ps laser and MPD detector. Fits for each trace above (7; = short decay component, 7, = long

decay component, 7, = weighted pulse duration [ns]).
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Figure 3.21: (a) 60 K photoluminescence (PL) spectrum of the 2D film with multi-peak
fitting and spectrally filtered regions highlighted in dark blue/dark red. (b) Time-resolved
photoluminescence (TRPL) trace with spectral filter (short-pass) showing the short lifetime, fit
with an exponential, attributed to the bright exciton (40 ps) and (c) (long-pass) showing only
the long tail of the dark exciton (truncating the energy transfer delayed emission portion) to
quantify the long component lifetime (15 ns). (d-f) PL spectrum at 80 K and extracted high
energy short lifetime, fit with an exponential, of 38 ps. The long tail of the dark exciton
decreases in lifetime at elevated temperature, with an exponential fit of 14 ns.
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Figure 3.22: The lower polariton branch (LPB) emission from the microcavity (AQg.,; = 175
meV, A = 28 meV, right panel bare 2D film PL spectrum showing bright exciton (X), dark
exciton (DX), and biexciton (XX) emission) with time-resolved photoluminescence (TRPL)
decay traces for the corresponding LPB cavity emission and bare 2D film at (a,b,c) 295 K,
(d,e,f) 100 K, (g,h,i) 60 K, and (j,k,1) 4 K (white dashed circle indicating biexciton-assisted
relaxation signature of high k; PL257). As temperature decreases, the X emission lifetime
decreases and the DX emission emerges with an increasingly long lifetime, visible as a short-
timescale fast component with delayed emission into a longer tail ((e,f) green trace, 100 K). In
the cavity (e), the extent of delayed emission is reduced as compared to the bare 2D film (f),
and the fast component contribution increased due to the additional pathway of coupling the
X and cavity mode to form the strongly coupled short-lifetime polariton emissive state
competing with the spin-flip from X to DX. For the bare 2D film, further reductions in
temperature show (i,1) the X emission contribution increasing at early timescales as its emissive
lifetime decreases and the spin-flip rate (ky(T)) slows, with the DX demonstrating an
increasingly long emissive lifetime and k,(T) additionally slowed via the Arrhenius factor
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(Figure 3.18b). Conversely, in the cavity, the IRF-limited strong coupling emission of X and
the cavity mode competes with the spin-flip and begins to dominate the TRPL decay dynamics
at 60 K (h), with weak emission contribution to the decay from the DX state resulting in a
long lifetime tail. (k) At 4 K in the cavity, the delayed emission due to the slow k(4K) and
long tail from the DX is not observed, showing nearly exclusively IRF-limited strongly-coupled
emission between the X and cavity mode.
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Figure 3.23: (a) The bare 2D perovskite film time-resolved photoluminescence decay (TRPL)

traces as a function of temperature show a 295 K lifetime of To95x = 350 ps, increasing with
decreasing temperature. With the emergence of the dark exciton (DX) emission in the PL
spectrum, the film lifetime trace develops an initial fast decay component attributed to the
bright exciton (X) with a longer lifetime component attributed to the DX. (b) The strongly-

coupled microcavity (AQgap; = 175 meV, A = +28 meV) lower polariton branch (LPB) emission
demonstrates similar trends to the thin film at high temperatures, but deviates sharply at low
temperatures, exhibiting only the fast, IRF-limited (40 ps) lifetime of the bare 2D film initial
fast decay component. (¢) Temperature-dependent 2D thin film TRPL traces with finer
temperature steps, showing that, with decreasing temperature, the film lifetime increases to

Togsk = 740 ps, consistent with a reduction in non-radiative pathways which quench the lifetime.
For temperatures between 180 K and 100 K, we observe reduced emission at early timescales.
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Below 100 K, with the prominent emergence of the DX, and subsequently XX, emission in the
PL spectrum, the film lifetime trace develops an early fast decay component before the flat,
delayed emission leading into a long tail. This multi-component lifetime behavior becomes
quite pronounced as the system approaches 4 K (light blue trace), and has been observed by
Fang et al.313 (d) The cavity LPB emission with finer temperature steps demonstrates similar
trends to the thin film at high temperatures, but deviates sharply at low temperatures,
exhibiting only the fast, IRF-limited (40 ps) lifetime of the bare film initial fast decay

component attributed to X.
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Figure 3.24: Photoluminescence (normalized) k-space temperature series (AQgap; = 175 meV)
from 4 K (upper left) to 295 K (lower right) for A = +45 meV.
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Figure 3.25: Photoluminescence (normalized) k-space temperature series (AQgap; =

from 4 K (upper left) to 295 K (lower right) for A = +28 meV.
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Figure 3.26: Photoluminescence (normalized) k-space temperature series (AQgap; =
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from 40 K (upper left) to 4 K (lower right) for A = +28 meV with temperature increments of 5
K to resolve the suppression of the bottleneck and emergence of uncoupled exciton PL and

high kj polariton PL from biexciton-assisted relaxation mechanisms.
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Figure 3.27: 4 K lower polariton branch photoluminescence (PL, normalized) (AQg.,; = 175
meV, A = +35 meV) with 501 nm excitation and 488 nm excitation showing no change to the
distribution of PL in k-space as a function of excitation wavelength (e.g., via mechanisms such
as resonant upper polariton branch excitation). Differences in k-space contrast stem from the
decreased absorption cross section at 501 nm as compared to 488 nm.
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4. CONCLUSIONS AND FUTURE DIRECTIONS

4.1.1. High-Efficiency Photovoltaics

In this work, we quantify the impact of photon recycling on perovskite solar cell performance,
demonstrating power conversion efficiency enhancements of 2% in the radiative limit due to
harnessing photon recycling and maximizing corresponding open-circuit voltage gains. For
practical target non-radiative recombination rates in perovskite thin films of ki < 1x10* s, power
conversion efficiency (PCE) gains due to photon recycling of up to 1.79% are possible. To achieve
these non-radiative rates from an active layer material quality perspective, further passivation
strategies to effectively reduce surface defects are needed. From a device perspective, optimizing
charge transport layers to minimize interfacial recombination and parasitic absorption, enhance
carrier extraction, and optimize band alignment will be important in realizing photon recycling
performance improvements. Additional device optimization via the incorporation of highly
reflective back-contacts, as was done for high-efficiency GaAs photovoltaics, will further

capitalize on photon recycling-based open-circuit voltage and PCE increases.

Additionally, large-scale studies with statistical significance correlating active layer material
optical properties to ultimate device performance would allow for the rapid screening of novel
perovskite formulations and evaluation of their potential in a device setting. By comparing the
theoretical performance of a bare film to the experimental device performance, it is possible to
deconvolute the various non-radiative processes introduced by device stack layers and processing

conditions to push perovskite solar cell performance closer to the theoretical limit.
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4.1.2. Cd-Free Light-Emitting Devices

In the search for Cd-free, environmentally benign light-emitting technologies, InP-based
quantum dots (QDs) have risen to the fore as a promising alternative to heavy metal-containing
QD formulations. Here, we explore the energy and charge transport properties of InP/ZnSe/ZnS
QD thin films and light-emitting diodes (QD-LEDs) to better understand the impact of
increasing electric field on Forster resonance energy transfer processes and spectral diffusion.
We quantify two populations of QDs within the inhomogeneous thin film distribution
characterized by mobile and immobile carriers - two subsets in which one responds to an electric
field and the other is less perturbed by the field. The differing subsets of QDs and effect of field
screening from field-ionized, photogenerated or injected charges results in lower
photoluminescence (PL) quenching efficiencies in reverse-biased QD-LEDs than has been
demonstrated for Cd-based QDs. Even so, we report, to the best of our knowledge, the highest
PL quenching efficiency for InP-based QDs of 87% at 15 V in reverse bias (2.3 MV/cm). To
achieve a greater extent of PL quenching and PL recovery post-bias, we propose the optimization
of the QD thin film to shift the population distribution to form mobile/immobile QDs to largely
mobile QDs that respond quickly to applied fields. Reducing field-enhanced charge build-up and
Auger trion recombination by bandgap engineering and passivation strategies will further

enhance the PL quenching efficiency of InP-based QDs.

Towards low-threshold QD ASE and electrically injected lasers, further work is required to
create deterministic arrays of identical QD mesas incorporated into an LED structure to ensure
lateral cavity dimensions promoting primary emission from the fundamental mode are resonant
with the QD gain region. Such devices require a high degree of control of spectral and spatial
alignment. Higher Q cavities can further reduce ASE thresholds and result in greater Purcell
enhancement, but such architectures face challenges with LED integration. By utilizing semi-
transparent metallic mirrors, the mechanism for mode modification and control towards ASE
can be used in microcavity light emitting devices with limited parasitic absorption benefiting

from high color purity and directional emission.
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4.1.3. Microcavity Exciton-Polaritons

Combining and expanding upon the principles from the perovskite photon recycling and
microcavity quantum dot (QD) studies, we investigate two-dimensional perovskites in metallic
microcavities in the strong coupling regime to generate room-temperature exciton-polaritons
(polaritons). We show, to the best of our knowledge, record exciton-photon coupling strengths
in planar (C¢Hs(CH2)2NH3)2Pbls (PEA2Pbls) perovskite microcavities with a Rabi splitting of
hQpapi = 260 £ 5meV. We demonstrate novel solution-processed perovskite wedged
microcavities in which the cavity detuning and resulting polariton exciton/photon fraction can
be dynamically changed. For the first time, we reveal temperature-dependent 2D perovskite
polariton photophysics, highlighting material-specific LO-phonon-mediated polariton scattering
pathways, biexciton-assisted relaxation pathways, and dark state intracavity pumping schemes.
These insights can be used to inform materials and microcavity design targeting efficient

polariton scattering and relaxation for low-threshold Bose-Einstein condensation.

Towards condensation, we propose the use of high-quality factor microcavities to extend the
polariton lifetime and enable low-threshold condensation by capitalizing on these intrinsic
material relaxation pathways. Additionally, improving 2D perovskite multi-excitonic PL
quantum efficiencies and reducing higher order non-radiative processes like exciton-exciton
annihilation at high fluence would further enable the generation of sufficient polariton densities
for condensation at room temperature. Additionally, towards electrically-injected polaritons, the
metallic microcavity architecture presented in this work affords ready incorporation into
microcavity LED structures employing 2D perovskites as the emissive layer, optically-inert

organic transport layers, and reflective metallic top and semi-transparent bottom electrodes.
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