SINGLE-CRYSTALLINE KESTERITE PHOTOVOLTAICS

ROUTES TOWARD IMPROVEMENT IN OPEN CIRCUIT VOLTAGE

by

Michael A. Lloyd

A dissertatiorsubmitted to the Faculty of the University of Delaware in partial
fulfillment of the requirements for the degree aidbor of Philosophyn Materials
Science and Enginerg

Spring2020

© 2020 Michael A. Lloyd
All Rights Reserved



SINGLE-CRYSTALLINE KESTERITE PHOTOVOLTAI CS

ROUTES TOWARD IMPROVEMENT IN OPEN CIRCUIT VOLTAGE

Approved:

Approved:

Approved:

by
Michael A. Lloyd

Darrin J. Pochan, Ph.D.
Chair of the Department of Department Materials Science and
Engineering

Levi T. Thompson, Ph.D.
Dean of theCollege of Engineering

Douglas J. Doren, Ph.D.
Interim Vice Provost for Graduate and Professional Edutatid
Dean of the Graduate College



Signed:

Signed:

Signed:

Signed:

| certify that | have read this dissertation and that in my opinion it meets
the academic anprofessional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Robert W .Birkmire, PhD.
Professor in charge of dissertation

| certify that | have read this dissertation and that inopipion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Stephanie LawPhD.
Member of dissertation committee

| certify that | have read this dissertatiamnd that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Robert OpilaPhD.
Member of dissertation committee

| certify that | have read thdissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Jason B. BaxtePhD.
Member of dissertation committee



| certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Signed:

Brian E. McCandless.
Member of dissertatiooommittee



ACKNOWLEDGMENTS

| find it anearly impossibléaskto address everyone whom has contributed to
my life, studies and wellbeing duririige course oy graduate education. | have had
greatfortune in crossing the paths of makigd, interesting sympathetic andll-
aroundfun people to whom | could not begin to show the amount of appreciation that
they deserve. Nevdhe-less, | will try to express my gratitude to these individuals
herein and hope that they realize how much rmdfi#led they have made my life
though being a part of it.

First, | would like to thank my advisors and committee members for the years
of advice and guidance they have provided me during my PhD. Their assistance in
experimental ideas, personal guidaaod overall encouragement is greatly
appreciated. have learned many lessons from them which I can carry forward into my
budding career.

Over the course of my-gear tenure as a graduate student, | have overlapped
with many fellow students who have progdlinsight and entertainment into my day
to-day research. At the Institute of Energy Convergi@owri Sriramagiri Nuha
Ahmed and Sina Soltanmohammad accompanied me with late nights working on
analysis and protected me from the ghosts and other scarg<titat roamed the
darkened halls of the lab building. They furthermore providedvith helppertaining
to all aspects of my life; ranging froralationshipadviceto helping me move

apartments on short notice and even pushing me to experiencéumufgle



attending technical conferences. Having these people around helped to make my
graduate education a more exciting time.

Other students at the IEC whom | became close friends with over the years are
TrishelleCopelandJohnson, Austin Kuba, Isaac Lamr@siWalkons and Nick
Valdes. Trishelle was one of the first friends | made in my graduate lab and helped me
get my feet on the ground. Her abilities at pie baking were also a lifesaver on many
occasions. Austin and Isaac have been faithful lunch budctesmganying me to
Wawa on most days in my faithful car which, on countless occasions, had been
brought back to life with their aid. Try to remember that | am proud to have you as
friends even when | hide myself when you blast your music down main strelet. N
and Curtis have also been great company during my research and are always willing to
lend me a hand when timesrehectic.

Douglas Bishop was the student working on my project when I first came on
board. He has been a crucial part in getting me gpéed with the research and
providing insight into our work that | would not have considered otherwise. | am
grateful for his time and effort, especially when we found ourselves on sleepless trips
to IBM trying to align lasers at 3 am the morning

Within the Materials Science department at the University of Delaware, | have
made friends with so many students with whom | have attended weekly trivia nights,
beach trips, outreach events, wine parties, birthday parties, pumpkin carvings and
many more excitig events. Although it does not do their friendship justice, I will list
many of these students hekdukund Kabra (even though he is actually in Chem E),
Eric Chen, Bo TewAbhishek lyer Nicole Halaszynski, Chase Thomson, Xiangyu
Ma, Lauren McCabe, Jeniarris, Olivia George, BhishekShete Jill Cleveland,

Vi



Roddel Remyand so many others. | will miss seeing you all every (other) Monday for
MRS student talks!

For most of my PhD, Was fortunate to have the support of Julie Moreau, who
helped me through mg tough times, and enabled mamjoyabletimes as well. | am
grateful for the impact that she has made in my life and my career and | honestly
would not be as successful as | have been without her influence.

To the two cats who have provided me with cornand support during my
PhD, | would like to expressy explicit gratitude. Both Moose and Hey Buddy had
been there for all of the good and all of the bad that have come along in life. Their
fluff and their love will never go unappreciated.

While | only met her a year prior to my thesis defense, Caroliaed@nin has
proven to be a great and supportive friend who helped me get though the some of the
most difficult parts of my PhD. Whether it was through bringing me out to Lums
Pond,taking mearound tevn for geocaching, providing me with emotional support, or
finally making me sign up for a Google Scholar account, Caroline has been a major
positiveinfluence on my life.

Since the start of my enrollment in my PhD, there have been four friends who
have been there for me in every aspect of my life and to whom | can say got me
through some afny most difficult challengeandwhoml could never replace with
anyone nearly as gat. If my dissertation can be considered a high rise of all the
results and successes that | achieved in my graduate career, Bryan Sutherland, Tess
Ginley, Jimmy Hack and Sarah Geiger would easily be the bedrock on with that
achievement was builthe countless nights of watching Dr. Who, playing

boardgames, going to play bingo, watching Valerian, and just kind of being ridiculous

Vii



have been some of the most fun | have had in my life! While these friends were there
for the endless fun times, they have gisgpped me up during the worst of times.

When | went apartmentless for a month duringntiest challengingart of my PhD,

these friends made me feel like | always had a home, providing couches to sleep on
and company to keep me moving. Those nights amesity some of the most
memorablerom the past 6 years (in mostly good waysjan fulkheartedly say that

the friendships that | have made with these great people will last a lifetime, even if
they get lost in Jimnmgpace from time to time.

With all duerespect to those whom | mentioned already, | have saved the most
important for last. My family is more important to me than anything else in this world
and they have been nothing but unconditionally supportive and loving throughout my
life. My mother hadeen the greatest influence me and has done everything in her
power to make sure that my sister and | were able to put our best feet forward in
building our livesShe has been directly helping me build myself as a person all the
way back from when sheould play catch with me in our font yard or teaching me
how to play guitar. As the strongestd most resilienpperson that | have eveome in
contact with she has provided a strong example from which | could build my own
character and | could not ask fa better role model. | have also been blessed with the
greatesblder sister, who is always there for me and would beat you up if you were
mean to me (or really just have some strong words for you but would be too polite to
say them). In a similar mannas my mother, my sister has been a great role model for
her emotional strength and resilience. With the conclusion of my PhD, | look forward
to spending more time with her exploring NYC, Boston and other great places. My

grandmother has also been a suppe presence for the entirety of my life, enabling

viii



me to pursue my passions; being learning guitar or obtaining a PhD. Her love and
support have been a continual blessing and | am given all the more strength knowing

that she is there for me and that | always in her prayers.



TABLE OF CONTENTS

LIST OF TABLES . .. ..o rees s enens e e e e e e e e e e e e e ennnees Xiv

LIST OF FIGURES........outttiiiiiiiiiiiii ettt nee s XV

AB ST RA C T i erer st ea et e ra e e e e e e e e e aan— e aaaaaen XXii
Chapter

1 PROGRESS AND STATUS OF KESTERITE PHOTOVOLTAICS.......... 1

1.1 Kesterite CZnSn(S,Se)Material System............cocooiiiiiiiiimemnniinnne 1

1.2 CwZnSn(S,Se)Based Photovoltaic Device Performance................ 5

1.3 Predominant PoiADefect Species and Defect Clusters.................. 10

1.4 Cation Disorder & Fluctuating PotentialS.............cccccceiiiiieeeeeieeeenns 13

1.4.1 Potential Fluctuations in GANSN(S,Se)............ccceiiiivrvrrnnnn. 13

1.4.2 Measurement of Cation Disorder............cccovevvviiieennnneeeeenn. 15

1.4.3 Srcu& Cuzn DISOIAer.....uueeiieiiei e eeeeee e 20

1.5 Inter-grain Behavior and Alkali Doping........ccccooevevviiiiiicceiiiee e 21

1.6 Summary: Kesterite Photovoltaics...............cvvvvviiiccceeveeeiiviinn 21

2 SINGLE-CRYSTALLINE KESTERITE GROWTH METHODS............... 23

2.1 Merits of SingleCrystalline CuZnSn(S,Sg Growth..........ccccceeeeeeenn. 23

2.2 SingleCrystal Growth in the GEZNn-Sn-S-Se System........................ 25

2.3 Solid-State Growth from Elemental Precursors.............ccccevvvvvveeen.. 28

2.4 Solid-State Growth from Compound Precursors...........ccccceeeeeeeeeen. 34

2.4.1 Compound Precursor Reaction............cccuvvvveiiiieeeivnniininnnnns 35

2.4.2 Composition and Crystal Quality..........ccccoeeveeiiiiiimemeeiiinnnnn. 38

2.5 Solid-State Growth from Compound Precursors: Sulfur Alloying..42

2.6 Sdid-State Homogenized Precursors............ccccvvvvviiceeieeeeeeeeennnnn . 45

2.7 SingleCrystal Silver Alloying.........ccvveeiiieiiiiiiiieesieieiiiieeeeeeeeeee . 48

2.8 AQ2ZNSNS@POWAEIS......uuuiiiiiii et 50

2.9 Ag2ZnSnSevia Homogenized Precursor Reaction........................ 52

3 SINGLE-CRYSTAL DEVICE FABRICATION AND OFTIMIZATION ..... 54



3.1 Motivation: SingleCrystal DeVICES............cccevvvrririiiiimnneeeeeeeeeeeeiiinnns 54

3.2 Baseline SingleCrystal CZTSSe DeVICES......uuuiiiiieeeeeeeeiieeeiiieeeennn 55
3.3 ChemicalMechanical Polish Optimization.............ccccccovvvvvieeeeneeee. 62
3.4 Low-Temperature Device ANNEAL...........ccooeviiiiiiiiccce e 66
3.5 Device Performance and Cation Compositian..............cccvvvvieeennnn. 70
3.6 SurfacePassivation with ZnSe Films..........ccccccvvvvvvviiecciivviiveenennn A4
3.6.1 ZnSe Evaporated from Elemental Soutces.............c.oceeveeen 76
3.6.2 ZnSe Evaporated via ZnSe Powder Precursars................. 83
3.7 Sulfur Alloyed DEVICES........cciveiiiee et 85
DISORDER MITIGATIONIN ClZNSNSE.......ccoeeeeiiiiiiiiieeee e 87
4.1 Routes Toward Disorder Mitigation in CZTSe.......cccoeveeeveviviivieeennn. 87
4.1.1 CompositionalBased Disorder Suppressian....................... 87
4.1.2 Low-Temperature GZn Disorder Transition...............c........ 89
4.2 CuPoor SingleCrystalling CZTSe........uuuviiiiiiiiiiiiieeeeiieeeeeeeeee e 89
4.3 Low-Temperature Order ANNEaAL..........coviiiiiiiiiiicceriin e a3
4.4 Admittance Specbscopy: PreAnnealed CZTSe........ccccvevvevveiviiieens 98
4.5 BackContact Characterization............cccoevveeieieeeciiiiiieeeeeeeeeeeee 107
46 Admittance Spectroscopy..an..i@0der edo
47 Phot ol uminescence: fAOr.de.r.a...Anldkal ing
4.8 Annealing Under Highinjection Conditions..............ccccccvvviiiinennnns 132
(Ag,CupZnSnSe SINGLE-CRYSTAL ALLOYS......ccccvriiiiiiieieeeee e 136
5.1 Cation Alloying in Kesterite Photovoltaics...........ccccevvvvvvviccnnneee. 136
5.2 ZN-SUDSHIULIONS. . ..ottt ceeei e 137
5.3 Cu-Substitution: Silver AllOYING.........coooeiiiiiiiiiiieee e 140
5.4 CationDisorder in SingleGrain ARZNSNS@...........ceveeeiiieeeeeeiieen, 144
5.5 Surfa@ Treatment: Silver Alloyed CrystalS.........ccccceeeiiiiiiicceenen. 148
5.6 Molybdenum Oxide BackContact Structure..............cc.evvvvvvviceeen.. 150
5.7 SingleCrystalline (Ag,CwZnSnSe Photovoltaic Devices.............. 154
5.8 Photoluminescence Analysis: (Ag,GnSnSe Crystals.................. 159
5.8.1 Photoluminescence Spectra: Partial Silver Alloys............. 160

5.8.2 Photoluminescence Measurements: 30% Silver Alloy......161
5.8.3 Peak Attributions: HighlyDoped Semiconductor Model......165
5.8.4 Peak Attributions: LightlyDoped Semiconductor Model.....169
5.8.5 Peak Attributions: Photoluminescence Analysis Conclusiad®

Xi



5.9 Lifetime Analysis in SingleCrystalline (Ag,CwZnSnSe.................. 172

5.9.1 Time-Resolved Photoluminescence............cccccvuvvvvvieemnennnn. 173

5.9.2 Time-Domain TeaHertz SpectroSCOPY........ceeeeeeeeereeeereeans 177

5.10 Promise and Future Prospects ofAlipyed Kesterites................... 178

6 Summary and Concluding Remarks..........cccccooiiiiiiieemriiiie e, 180

REFERENGCES..... ...t eeer sttt semr st e e e e e e e e aaaaaeeesammmraeaeeas 184
Appendix

A  Brief Introduction to Photovoltaic Performance.............cccccovvvviieeeneennn. 197

B  Phase Verification via Xay DiffraCtion..........ccccccceeviiiiiiiiccc, 201

B.1 Pure CUKESIEIE ........ccoiiiiiiiiiiiiircceeeeeett e 201

B.2 SulfurrAlloyed KeSterite. ..o e 202

B.3 Silver-Alloyed KeSterite..........ooviiiiiiiiiii e 203

C SingleCrystal Verification via Laue Diffraction...............ccccvvvviiieeninnns 205

D Composition MeasSUre€MENTS.........ccvvuuiiiiieeeiieene et e e e eeaeeneeaeens 206

D.1 X-ray FluOrescence SPECtrOSCOPY. ......uuurrrrrrrrrerreimemrrrrreeeeeeeenaeeens 206

D.2 EnergyDispersiveX-ray SPeCtrOSCOPY......cccvurruiieerrerrrruinriiiaaeaeens 206

E  Mechanical Crystal POliShing...........coiiiiianee 208

F  Composition Variation & Hall Values................ccccoceiiiiieeeeiiiiceee, 209

G Thin-Film DEPOSIIONS .....ceiiiiiiiiiiiiiiiie ettt mene e 211

G.1 Cadmium SUIIde.......ccoviiiiiiiiiii e 211

G.2 ZINC SEIENIAR......cceeeeeiieiiiee e ereer e e e e e e e e 212

G.3 Molybdenum OXid@........uuuiiiiieieieeeeeceeeicie e eree e 213

H  SingleCrystal DeVICE Ar€a...........uuuiiiiiiiiiiiiieeeiiiiiieeeeeeee e 214

| PhotovoltaiCc Device ANAIYSIS..........uuuiiiiiiiiii e aeeee s 216

LD IV ANGIYSIS. ..ttt e e 216

.2 External Quantum Efficiency Measurement..................cccovveeeennn.. 218

1.3 Voc VS TEMPEIALUIE.......ccoiiiiiiiieeiiieeee et 218

.4 Low-Temperature Barrier Characterizatian...................cvvveemeen.. 219

J  Capacitive TECNNIQUES.........cooiiiiiiie e eeee e 221

J.1 CapacitanCe/oltage........ccceeeieeiiiieee e 221

Xii



Photoluminescence IMaging...........cuueviiiiiiiiieemeiieeeeeeee e 224
K.1 IEC Photoluminescence Imaging.........ccccceveuuviiiiieeeiieeeeeiiiiieeeneens 224
K.2 IBM Photoluminescence IMaging..............eueeeeeeriiimemeeeeeeeeeeeeeeeens 225
Photoluminescence ANAlYSIS........covvuiiiiiiiiiiieemeces e eene e 226
L.1 Photoluminescence Spectra (Doty Lab)............cccccvvviiimemniiiinnnnns 226
L.2 Time-Resolved Photoluminescence (Doty Lah).........................c.. 229
L.3 TimeresolvedPhotoluminescence (IBM)............uuuvveiiiieiiiieeninnnnee. 230
L.4 DonorAcceptor Pair Model............coiiiiiiiiiiiieciii e 230

Xiii



LIST OF TABLES

Table 1:  Desired composition ratios for growth runs R1 and R2 paired with the
XRF verified composition ratios of polished crystals from each run
shown with population variations.................eeveeeiiieemiiiiieieeiiceeeeeenn 30

Table 2:  Planned quaternary growth compositionsemnms of cation
FALOS(IETL). el 40

Table 3 Composiion matrix weighed into sulfualloyed ampoules. Precursor
materials were varied in attempts to create homogenized charges and
high-quality CrystalS...........cccoeiiiiiii e, 45

Table 4:  Matrix for desired and achieved compositions ofaligyed CZTSe
SINGIE CrYSTaIS...ceiiiiiiiiiiie e 49

Table 5 Composition and carrier densities of crystals used for CMP
(0] 011101 72= 11 o o 1R 62

Table 6: Behavior of examined devices as a f
(150eC for 4 minutes) and subsequen
l ong ti me..S.Ca.l.e S 67

u |
t

Xiv



Figurel:

Figure2:

Figure3:

Figure4:

Figure5:

Figure6:

Figure7:

Figure8:

Figure9:

FigurelO:

Figurell:

Figurel2:

LIST OF FIGURES
a) Kesterite crystal structure of £ImSn(S,Se).........cccoeeeviiiiiiiiiiiieen. 2

a) Absorption coefficient measured via spectroscopic ellipsometry on
a sngle-crystal specimen of CZTSe....cccooiiiiiiiiiiiiiiiieeeie e 3

a) Compilation of pure selenide tHiihm carrier densities measured
by the Hall effect taken from various literature sources................... 4

Progress of pur€u, thinfilm kesteritebased photovoltaic devices
over the past tWO deCAdES..........ouviiiiiiiiiiiieee e 6

Composition map of filmgrown by Katagiri et. al. through the &in
phase space with efficiency of corresponding photovoltaic devices
SNOWN IN GreYSCaAl........iiiiiiiiiiiieeee et 8

A comparison of the JV curves for the efficiency reeootting thin
film CZTSe"® and CZTSS¥ devices (blue) with their theoretical limit
dictated by the absorber bandgap(gald)..........cccooeeiiiiiiicciiined 9

a) Shallow defect species and the defect levels that they introduce into
the forbidden gap.........coooviiii i 12

a) Representation of bandgap fluctuations in a highly defective
semiconductor, band edges do nadrge in the same directions as
€ACH OtNET ..o e 16

a) Raman spectroscopy (785 nm excitation) on CZTS powders as a
function of annealing and normalized to the main A mode peak..18

Photoluminescence data from a CZTS 4filim with a Cu/(Zn+Sn)
and Zn/Sn ratios of 0.81 and 0.99 respectively..........ccccccviiiirenee. 20

Schematic of a polycrystalline CZTS tHitm labeled with non
idealities commonly induced by thifiim growths.................ccceee. 24

The CuSeZnSeCuwSnSe section of the CZTSe phase diagram
modified from reference’ with specialfocus on the ZnS€wSnSe
010110 o PP 26

XV



Figurel3:

Figurel4:

Figurelh:

Figurel6:

Figurel?:

Figurel8:
Figurel9:

Figure20:

Figure2l:

Figure22:

Figure23:

Figure24:

Figure?25:

Figure?26:

Figure27:

A) Phase space of the CZT-Sa system, indicating various degrees of

SOIUbIlItY IN SN FIUX. cooeiiiieiee e 27
a) Image taken of prgrowth ampoulesfter precursor
NOMOQENIZALION. ...ttt 29
Comparison of the crystal sizes in mg resgjtirom the

stoichiometric ampoules of both R1 and R2............cceevvvvviiiieeeen. 31
A) Image of théboule resulting from growth run R2with

corresponding composition profile obtained by XRF measuremer82

a) Schematic of the timemperature profiles used while testing the

precursor reaction stage of the growth (not shown to scale)......... 36
a) Image of the boule resulting from crystal growth.A................... 37
a) Powdered G$nSe and ZnSe precursor material........................ 39

a) Picture of the boule resulting from growth | with clear sections of
CZTSe crystal formation and secondary phase segregation......... 41

a) Portion of Growth Il ampoule highlighting the areas of crystal
growth in the boule (Size scaleithes)..........ccccevvvviiiiiiiicceeeeiie, 42

Vapor pressure of elemental selenium (blue) and elemental sulfur
(gold) as a function of temperature in the regime used for CZTSSe
Crystal QrOWLEN........cooiiiii e 43

A) Time-temperature profile implemented in precursor fabrication47

a) Hall measurements for carrier density measured from 0 to 30%
silver incorporation for stoichiometric and @I poor, Zn rich
(03 Y25 =1L USRS 50

a) Ampoule containing the elemental precursors for AZTSe powder
0 0111, 1 o R 51

Stoichiometric, pureilver ampoule.............ccccooviiiiiiiicce s 53

a) Typical CZTSSe device structure utilized throughout literature
studies consisting of a molybdenum coatedalime glass (Glass)
back contact, thifilm CZTSSep-type layer, CdS-type layer,
ZnO/ITO window layer and a metallic current collection grid........ 56

XVi



Figure28: a) Photoluminescence images of afwr, Zririch CZTSe single
crystal as a function of surface treatment processes from CMP to
SOIULION BICN....ciititi e 59

Figure29 a) J\tcurves for devices D04 and DO5, the latter having a more
rigorous surface treatment and thus higher voltages..................... 61

Figure30: RoomtemperaturdV curves for devices of varying bromine content
during the CMP step for crystal composition A a) and B.b)........... 63

Figure31: JV curves of crystal composition B with 0.19% Br CMP treatment
under illumination as a fiction of temperature between 40 and
Figure32: JV curves for twalevices of crystal composition B not subjected to

the final devi.c.e..anneal..at..158¢eC.

Figure33: a) J\-curves for compositions with Guoor compositions ranging

from Cu/(Zn+Sn) = 0.77 10 0.92.....covviiiiiiiiiiiiii i 71
Figure34: Eternal quantum efficiency measurements aamation of wavelength

for the devices presentedfigure 33 ..........ciiiiiiiiiiiieeceeeeee, 73
Figure35: a) Voc as a function for temperature for devicesi(14). ................... 75

Figure36: Area integrated photoluminescence as a function of energy for
Crystals A(a) and B(D)........ccoovrririiiieme e 78

Figure37: a) JV curves for devices made on crystal A with ZnSe thicknesses of
0, 10 @NA 50 MMttt ceeei e e e e e s eeereereeeeeaeeeed 80

Figure38: a) J\tcurves for a device on crystal A with a 10 nm thick ZnSe layer
after 4 minuteanneals at each temperature listed in room air......... 81

Figure39: a) J\tcurves as a function of temperature for the 0 nm ZnSe deviBe.

Figure40: JV-curves and corresponding parameters for devices withQOnm
of ZnSe passivation fromznSe evaporation SOUrCe....................... 84

Figure4l: a) JV curves for a crystal from run S3, showing signs of hysteresis
between curve sweep directions and breakdown in reverse bias in the
HONE CUNVES ...t 86

Figure42: Calculated defect formation energies at given chemical potentials of

XVii



Figure43:

Figure44:

Figure45b:

Figure46:

Figure47:

Figure48:

Figure49:

Figure50:

Figure51:

Figure52:

Figure53:

Figure54:

a) Electroreflectaneemeasured bandgap as a function of annealing

time at 130 eC and 170eC by Kr2mmer

12 hours are required before a plateabdgiohange............................ 90

JV-curves before and after ordering anneals for both a) crystals of CP1
composition and b) CP2 COMPOSItION............oeevvivvveiiimmmrereeeeeeiinnnnd 94

a) EQE curves as a function of wavelength for both CP1 anehygie2

devices before and after ...mpl9% mentat

Capacitance as a functiohapplied AC frequency for a device on
crystal type CP2 after conditioning under (a) 1 sun bias, (c) 1V
forward bias, (d) red light bias and (g) blue light bias.................. 100

Ncv as a function of distance from the CZTSe/CdS junction as
extracted via CV measurements following the methodology of Heath
(< 1= SR 102

Capacitance as a function of applied AC frequency for a device on
crystal type CP1 after conditioning under (a) 1 sun bias, (c) 1V
forward bias, (d) red light bias and (g) blue light bias.................. 104

a) JV(T) measurements for a device on a crystal of type CP2, with a
back contact and device treatments labeled by the A row in the
corresponding table..............oooiiiiiiee 109

a) and b) show the dependence of activation eneXy applied
during the admittance measurement for the higher and lower
capacitance steps respectively........cccoeeveeieiiiiiieeeiiii e, 113

Admittance spectroscopy measurements for devices of type CP2 for a
graphite back contact (a, b and c) and for a Mio&kcontact (d,e

a)JV behavior as a function of temperature betwde8 0 e C t o 40eC

aCPit ype device with a graphite contac

o] 1= T= 1] o O 117

JV curves as a function of temperature for @2 devces with

MoO«/CZTSe back contact junctions for a) a crystal which has not
undergone the O6orderingd treat ment
(o I o N G0 [ = (= S o o PP PPPPPRRR 118

xviii

a |



Figure55:

Figure56:

Figure57:

Figure58:

Figure59:

Figure60:

Figure61:

Figure62:

Figure63:

Figure64:

Figure65:

Figure66:

Figure67:

Capacitance vs frequency curves for the set of CPT&2addevices

both before and after the 130eC d6or d
corresponding to the extracted activation energies from the admittance

curves JV(T) barriers andRseriesOf the devices.............ccooeiiiiiieee 119

Bandgap as a function of temperature betwH2B00 K as extracted
by EQE measurements on monogfaure sulfide solar cells from
DanilSon €t al........ooooiiiiiiiiiiieee 122

a) Comparison of photoluminescence spectra from the untreated

crystals of type CPL and CR2...........ccovviiiiiiiceeei e, 124
a) Family of photoluminescence spectra curves for-&R% a
function normalizedaser fluence over 3 decades..................cce.. 126

Schematic of band diagram proposed for the fitting of
photoluminescence results on all crystals with the highly compensated

semiconductor MOAEL........cccoveeeeiiiiieeeeeee e 129

Proposed band structure based on the DAP fitting of CP2 type devices

both before andfter order annealing............ccccevvveiiiiiieesiiiiiineenee. 131

JVcune f or a device of composition CP2

under approximately-$un illumination prior to junction formation for
L8 NOUIS ..ttt 134

a) Deviceperformance statistics for 32 devices of each composition of
YT T (Yo 74 ) TSSO 140

a) Calculated energy levels within the bandgap for pure sulfide AZTS
INEHANSIC AETECES. .. ettt 142

a) Hall carrier density as a function of Ag incorporation on-timn

KeSterite alloyS........uuuuueiiiiiii e 143

a) SEM micrograph 1 mageobkedéd pewdese,]
grain used in STEM analysiS..........ccceeeviiiiiiiieeee e, 146

a) | mage-cofol e d®dsetcforwoseiated HAABF and
atomicallyresolved EDS measurements.............ccocevvvvvvvieeneeeeeenn. 147

a) SEM image of the surface of a 30% Ag alloy after being etched for

10 minutes in a 0.13% bromine in methanol solutian.................. 149

XiX



Figure68:

Figure69:

Figure70:

Figure71:

Figure72:

Figure73:

Figure74:

Figure75:

Figure76:

Figure77:

Figure78:

Figure79:

Figure80:

Figure81:

JV-Curves for devices fabricated on 20% Ag substituted devices with
stoichiometric bulk composition shown with absorber thicknesses and
a schematic of each device StruCtuLe.............cuevvvvevevieenivvinnneeenn. 153

a) JV curves for Groupil poor absorbers for crystals of 3%, 17#@la
30% silver alloying prior to device annealing.............cccooeeevvvieeee. 155

External quantum efficiency as a function of wavelength for the
device with 30% silver alloying (black curve)...........ccccccoeeeivviieee. 156

a) External quantum efficiencies as a function of wavelength for each
Ag-alloyed device that was studied.............ccooooevviiimecriiiiiieeeeeen, 157

PL spectra as a function of photon energy at 8K with 785 nm laser
(S (o] 1 7= 1 0] o SO RUPPPPPN 161

a) Gaussian curve fitting of for the hiflmence condition of the 30%
ACZTSE AllOY.....ccoieeeiiie e e 162

a) Family of curves showintpe PL spectra as a function of
temperature with the trends of peak 1 and peak 2 emphasized..164

a) Best fit curves (black) to the laser fluence vs. peak 1 and 2 position
curves using the Bl model in Equation.(3)........cccccoeveeiviiiiiicmminnnnn.. 167
Proposed mode of heavijoped ACZTSe that best describes the
observed photoluminescence data............ccccoeeeiiiicceeiniicieee e, 168
Proposed defect energy levels for the DAP model, excluding the
possibility of potential fluctuations in the band structur............... 171
Photoluminescence decay obtained frofRltrmeasurements on

crystals with 3%, 20% and 30% silver incorporation in both
stoichiometric and GPOoOr COMPOSILIONS.........coeveviiiiiiiiiieenn e 175

a) PL spectra as a function of energy for the 30% Ag crystal, with
energies E1 and E2 pointed OUL.............uuuviiiiiiiieeeiiiiiiieieeeeeeeeeeae 177

a) Nor nkavktime mehsuged from THz spectroscopy by
Siming Li as a function of Ag alloying............ccccooiiiiiiimenniins 179

A depiction of each main research area putsheoughout this
(01535 =T ¢ 7= 11 [0 o RSP 181

XX



Figure82: A schematic for the band alignment as a function of depth from the
front contact in a CZTS solar cell...........coooviiiiiiiiiii s 198

Figure83: Current vs voltage curve for the record efficiencyZ1En(S,Se)
fabricated at | BM6s Thomas J200Wat son

Figure84: The righthandside shows precursors used for CZTSe growth. ZnSe
powders were fabricated to be stoichiometric, while two difference
CTSe compasions are shown (Cu/Sn ratios) which were used to

taylor the composition of the final products.............cccceeevvvvieeennnn. 202
Figure85: XRD patterns for CZTSSe crystals described in Table 3............ 203
Figure86: a) XRD patterns for the Grouppbor Agalloyed crystals................ 204
Figure87: a) Image of 3% AgGroup k poor crystal used in Photoluminescence

Studies iN SECHOB.8.........cooiiiiiee e 205
Figure88: a) Observed Zn/Sn ratio as a function ofdBatent for crystals

resulting from neaequilibrium crystal growth............cccccccviiiinne. 209
Figure89: Photograph of custom crystal holder................cviiiieeeeiii e, 212
Figure90: a) Representative singteystalline CZTSe device..............coeeenee 215

Figure9l: Light and darklV curves for a device with a Cu/Zn+Sn ratio of 0.26&7

Figure92 a) Schematic connecting obsenidvalues to limiting recombination
in a device (taken from Heath et al.)............coovvvriiiiiiiccc e 219

Figure93: JVcurves of crystal composition B with 0.19% Br CMP treatment
under illumination as a function of temperature between 40 and
140eC (seé .. Sec.tl..0n. .3 .3 . 220

Figure94: a) 1LC2as a function of DC bias for device with Cu/Zn+Sn = 0.77,
without ordering an anneal (Section 4.4) while under 1Sun bias
conditioning for times betweenr3.hours..............cccccviiiiiisieccennnnns 223

Figure95: Quantum efficiencies as a function of wavelength for the a) main
beam splitter, b) spectrometer grading and the c) InSb detector.227

Figure96: Ph ot ol umi nes cenc eansepledcrystalofaf or an 6or
Cu/(Zn+Sn) ratio 0f 0.86..........coevviiiriiiiis i eeeeans 229

XXi



ABSTRACT

With the advent of increasing solar energy production worldwide, there exists
concern over raw material availability for photovoltaic materibiie CeZnSn(S,Se)
kesterite system (CZTSSe) has achieved the highesieeffy for solar cells among
inorganic Earthrabundant thiffilm materials. This achievement is undercut by a
significant underperformance in open circuit voltagedj caused by band tail states
and high levels of poorly understood defects which haveedaaibottleneck in the
path towards commercializatiofhis dissertation focuses on singig/stalline
materials to explore select performatioaiting phenomena in the absence of the
convoluting secondary effects that exist in tfims.

High-purity, sngle-crystalline materials with millimeter size scales are
obtained via a solidtate ampoukbdased growth method. Precursor selection and
process optimization for large, uniform crystals is discussed. Scwll photovoltaic
devices with statef-the-art voltages are fabricated on these sirgiestalline
absorbers. The device response to interface processingpatjtirection is
investigated by means of chemical treatment including a chemigethanical
polishing step unique to singteystal absorbematerials. Thermalhgvaporated ZnSe
passivation layers are explored as well, leading to improvements in overall device
performance for crystals with particularly high copper content.

Device performance as a function of crystal cation composition isrexplo
verifying the commonly observed negative correlation between copper content and

opencircuit voltage Voc). Low copper densities are achieved via the quasi
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equilibrium growth process, enabling stafetheartVocd s near 450 mV. Vol
further improved via thermal treatments leading to a record 506 m\/cment
voltage. These improvements are investigated further via photoluminescence and
admittancespectroscopy.

Finally, cation alloying of copper with silver in CZTSe is explored as a means
of improving the defect landscape, and thus overall device performance. Ag/Group |
ratios ranging between 0% and 30% are investigated. Fluence and temperature
dependent photoluminescence spectra taken for a range of Ag alloying exhibit a more
complex luminescence response than the pure copper counterparts. Finally, single
crystalline silver alloyed CZTSe devices are analyzed, demonstrating unoptimized

Vocd s n36m@mVv. 4
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Chapter 1

PROGRESS AND STATUS OF KESTERITE PHOTOVOLTAICS
1.1 Kesterite CuZnSn(S,Se) Material System

Interest into th&€wZnSn(S,Se)(commonly referred to as CZTSSe) crystal
system arose in the context of solar energy conveesa natural extension of
CulnSe semiconductorsia the replacement of indium with grodipand IV
elements CZTSSe has been shown to take on the kest@iterystal structure at
terrestrial photovoltaic operating conditions, having a lower formation energy than the
competing stannit€@cd ) structure by nearly 0.05 éVThe degree of anion alloying
determines the lattice parameters; for pure sulfur (selenium) compositiemsd3A
(5.68 A) andc = 10.84A (11.34A) . The crystal unit cell may be broken down into
atomic cation layers along tlzeaxis consisting of specific elemental species. Zhe
0 andz = %2 plane consist of C8n atoms, each 180 degrees out of phase with the
other. Similarly, the = %2 and % planes are populated byZuatoms Figure 13

The CZTSSe band structure is optimal for photovoltaics as it is a direct
bandgap semiconductortlia tunable magnitude between 0.95 eV and 1.45 eV with
increasing sulfur incorporatiénThe absorption coefficient (3A0° cm?) is relatively
high compared to silicon (3A0*cm?), making it a desirable material for thiiim
photovoltaicd. Figure2a shows the absorption coefficient measured on botkfilhiis
and pureselenide, singlerystallineCZTSe. Little variation was observed between

specimerwith Cu(Zn+Sn) ratios ranging from 82 to 1.22 for thainglecrystalline



Figurel: a) Kesterite crystal structure of £mSn(S,Se) b) Phase stability
diagram for CZTS showing competitive binary and ternary phases
comprised of its constituent elemental species.shhall circular region
in the center illustrates the relatively small phase stability region for the
quaternary species

materiaf. Density functional theory has separated the contributions to both the
conduction band minimum (CBM) and valence barakimum (VBM). Thdatter

arises from the antibonding state of Cu 3d and Se 3p arhitale the former is from
the antibonding state of the Sn 5s and Se 3p orlfg#eésFigur€b)>®. This fact
becomes important when considering various compositions of the material which
deviate from stoichiometry. It has been demaistt that the relative Qih+Sr) and
Zn/Sn ratios prove to be important metrics in determining photovoltaic device
performance. Specifically, there is a general consensus that low values for the first

fraction, paired with high values of the latter leadre highest solar cell efficiencies
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Figure2:  a) Absorption coefficient measured via spectroscopic ellipsometry on a
singlecrystal specimen of CZTSe. b) Calculabsthd structuref CZTS
via density functional theory (DFT) indicating the elemental
contributions to each primary bétaken from Chen et &.

Pure quaterary phase CZTSSe growth is complicated by the formation of
undesired secondary phases based on binary and ternary compounds of the constituent
elements. This is further complicated by the desire e$tiichiometric compounds.

The competition between thdeal phase and these secondary phases has proven to be

a challenge for film depositiofrigurelb illustrates the predominant secondary phases

in the pure sulfide system. CZTS (and CZTSe) formation is seen to be stable only

within a narrow compositional windofvElemental puttering and evaporation of

pure CZTS or elemental metal stacks for subsequent sulfurization have been employed
for film growth. Zinc, tin and chalcogen loss due to evaporation have proven to be an
additional challenge for these vacuum deposition appesaaspecially at
temperatures gr eat e?mbarh BlectroBepdsigoCandipkur e Se
based approaches have been studied as well. Despite their departure from vacuum,

these methods also suffer from secondary phassatan.
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CwZnSn(S,Se)materid has only ever been observed to demonspaype

conductivity. Thinfilms have been reported to have Hall carrier densities ranging
between 2 10'" to > 5x 10 cm3. Furthermore, the carrier mobilities measured for
films lay in the range of 0.1.50 cn¥/Vs, which is comparable to other high

performing thirfilm solarcells’. Figure3 compilesthe carrier densities and mobilities

of thin-film CZTSe materials measured via the Hall eff@t!? No clear trend exists

with copper content, although a slight negative correlation exists for carrier densities,
whereas a slight improvement in mobility is observed with increasing copper. The
nonrequilibrium nature of thifiilm growth, paied with the narrow phase space of
CZTSSe, leads to secondary phase impurities in kesterite films. As one example, Patil

et al. grew CZTSe films using electron beam evaporated compound precursors,



followed by the a higitemperature selenization stépA prevalence of Ci$e at high
temperature was observed, whereas let@siperature selenization produced ZnSe
incorporation. Inpure CZTSSe phases thus have convoluting factors in the

determination of trends electrical properties.
1.2 Cu2ZnSn(S,Se) Based Photovoltaic Device Performance

This section will focus on summarizing the innovations and limiting factors of
these kesteritbasel solar cell devices. As discussed in Setlid, Phase control has
proven to be a challenging aspect in growing fgghlity material and is thus a
hindrance for dece fabrication. As a result, many innovatioasultingin device
improvements involve a change in CZTSSe deposition techniques. The first CZTS
based device of appreciable efficiency (0.6%) was fabricated in 1996 caufide
CZTS grown by evaporatioof Cu/Sn/Zn precursor layéfs A metal precursor film
was sul furi zedSwihan ¥ clysdggas. @Ghemic bath deposition
was used to deposit a cadmium sul fide (CdS:¢
Subsequent deposition of a Zinc Oxide (ZnO) window layer was carried out via RF
sputtering. An aluminum grid was utilized as a top contact. All the record efficiency
cells todate have been adapted from this general detioeture (se€igure4). For a
brief introduction to general solar cell functionality and performance parameters, refer
to Appendix A.

Early improvements in CZTSSe devicasolved materials grown by vacuum
evaporation and sputtering with subsequent sulfurization/selenization of metal

precursor film& Notable improvements iochave been achieved thrgh precursor
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Figure4:  Progress of pur€u, thinfilm kesteritebased photovoltaic devices over
the past two decades. A steady increase occurred between 1996 and 2014
which has stagnated in the years followtfg®

selection and thicknesgptimization of both the absorber and buffer layers. Sodium
has been shown to effekic dramatically with improvements as high as 50% upon the
introduction of a N5 layer addition between the back contact and absorber.
Furthermore, théterature reveals that devices require@or, Znrich absorbers to
obtain efficiencies in excess 5%.

Because of the volatility of elemental asetondary phasgthe field began to
favor nonvacuum based techniques. The highest efficiency deviedgeaare
fabricated with a hydrazine ifased solution deposition of the absorber layer. The
technique was introduced by Todorov etvaio achieved a stat#f-the-art device of
9.77% in 2010 by utilizing a mixed Seanion materiat. The alloying of the sulfide
with sdenium allows for bandgap variation between 0.98 and 1.5 eV. This group
continued to make advances in device efficiency through the variation of bandgap and

secondary phase suppressitdh As a result, they achieved the highest efficiency



CZTSSe device with a bandgap of 1.13e¥ an efficiency of 12.6%. Device
efficiency has not surpassed this limit since it was reported in 2014.

Further insight into the progress and limiting factors of CZTSSe is gained by
the observed device improvement brought byp@ar, Zrrich absorber mate.
Katagiri et al. preformed a systematic analysis ontilimpure-sulfide CZTS to
pinpoint a compositional regime for optimal photovoltaic efficierigiire5)*2.
These results obtained are consistent with the-&ifitiency devices summarized
above. The drive to obtain material within this rangeonlyposes problems from
phase purity duringnaterial growthout also from thetandpoint of other nen
idealities Graingrowth has been shown to decrease with the depletion of Cu, creating
a tradeoff between graisize and device performaricédditionally, ron-
stoichiometric effects further complicate the defect strucithie.nature and
characteristics of the defect species in the kesterite system will be further disnussed
Sectionl.3

Device performance has reached a roadhlpieiteauingn 2014at a
maximum achieved efficiency of 12.6% (Fig4é>. A hybrid ink-based approach
was used to spinoat the absorber CZTSSe film, whereby aSPuchalcogenide
solution in hydrazine (PH4) with dispersible Zn based chalcogenide particles
constituted the precursor. Subsequenttigh mper at ur e anneael i ng
precursors and resulted in large grained fifimResulting films consisted of a S/S+Se
ratioresulting in a bandgap of 1.13 eV, near the ideal gap forrmamifor solar cell
performanceof 1.3 e\ The films were also grown in the Qwor, Zrrich regime
with desired rations of Cu/Zn+Sn = 0.8 an Zn/Sn = BiQure6 compares the state

of-the-art device to the theoretical maximum performance (Scho@lesisser Limit)

(5
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Composition map of films grown by Katagiri et. al. through theZdu
phase spaceith efficiency of corresponding photovoltaic devices shown
in greyscalé? This study highlights the importance of a-Baor, Zrrich
absorber in the performance of solar cells, optimized aroun@&tsn)

a 1.25 and Zn/S@& 0.85.

for a solar cell with a bandgap of 1.13 eV. A clear discrepancy in the voltage axis is

observed, indicating the opeircuit voltage Voc) as the main limiting factor in

overall performance.

The group at IBM who fabricated thi2.6%device put foth several factors

which appear to limit the performance of this cBised on capacitance data, paired

with Voc(T) extrapolations, thEBM group concluded that interface defects remain a
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performance.

voltage limiting factor in their devices. The group places a strong emphasis on
increasedinderstanding of bulk and surface defects to achieve higher efficiencies.
Height et. al have shown that the CZTSSe/CdS interface facoaduction band
spike, which is favorable for reducing interface recombin&tidrney report however
that the spike is relatively high, which is a current dersitjting feature. There does
not exist aconsensus on this matter however as other gnajgust an ufavorable
conduction band cliff. This scenario leads tm effective bandgap narrowing due to

interface recombinatiorrurthermore, lattice mismatch between hexagonal CdS and



tetragonal CZTSe (2.4%) and CZTS (7%) promote the formation of diawiiteg
interface defectd?2 It follows that surface passivation and junction formation
improvements are needed to overcome efficiency limitations. Wangfetthér
predict that an efficiency increase of 0.7% may be achieved with an improvement in
diffusion] e n g t h '° s brihgsattention to improvement of bulk defects. The
large variety of elements that coexist within the CZTSSe crystal lattice enables the
possibility of many point defect species and defect compl@eeSectionl.3).

The current record holder for puselenide CZTSe was also fabricated at IBM
by Lee et al. with an 11.6% efficienéyThese films were growin a vacuum co
evaporation method from el ement al Knudsen
were then recrystallizedats 90e C in a sel eni(@mSHandmos pher e
Zn/Sn ratios of the resulting material were 0.85 and 1.04 respectivelgriRanice
improvements in these devices were primarily attributed to the high minority carrier
diffusion lengths of 2.£m, resulting from high minority carrienobilities. Figures
displays theJV-Curves for this device compared to BleockleyQueisser limit for a
0.98 eV bandgap semiconductor. Bulk defects again were concluded to be a major
limiting factor in these devices through the inductiobafd fluctuations on the order

of 70 meV.
1.3 Predominant Point-Defect Species and Defect Clusters

The numerous atomic species within the CZTSSe system provide routes to the
formation of many intrinsic defects. These include vacancies of each sgecies
antiste defectsAs and interstitial atom#i, whereA andB represent an atomic

element. Defect formation and subsequent ionization lead to charged impurities, that

10



act ascarriersources (donor or acceptor) as well as recombination channels. The
concentratiorof a particular defect follows the relationship given in Equatign
wherec is the concentratiorjandq are the species and charge state of a dédees
represents the number of available formation sijes degeneracy factorgk the

thermal eergy andgH is the enthalpy of formation.

i ™ I y h
G M 6 Q0 (1)

The enthalpy of formation is determined by the environment and state of the
crystal. Specifically, the chemical potentialofh® mpoundds constituent
and the Fermi level for charge carriers in the bandgap. The former being governed by
the availability of a particular element and the latter governed by the defects already
present in the semiconductor as well as extermabifa (such as temperature) that can
liberate charge carriers from donors or acceptors. Numerous theoretical studies into
possible defect species have been performed on the CZTSSe crystat§$5Enese
studies use density functional theory (DFd alculate formation energies as a
function of Fermilevel for given chemical potentials, allowing for a predication of the
defect state for given experimental conditidfigure 7a displays shallow energy
levels induced by ionized point defects as calculated by Cheri €halenergies
displayed in the plot are calculated for a cogpeor, zinerich chemical potential,
relevant to higkperforming solar cells. Conductivity in ¢hased kesterites is
predicted to be dictated by the shall®uzn andVcuacceptors, whose lovafmation
energies explain the dominancepetiype conductivity in the system. As the chemical
potential of copper decreases from stoichiometric tgpQar, the dominant donor
shifts from the antisite defect to the vacancy. This behavior is predicteds® @au

local minimum in hole concentration as Cu density decreases.
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Figure7:  a) Shallow defect species and the defect levels that they introduce into
the forbidden gap. b) Predicted bandgap shifts introduceidhgr
acceptor defect pairs with the (+) charged defect in the pair displayed
above its corresponding) charged partner. Defects in both figures are
displayed with increasing formation energy from left to right. All defect
energies shown were calculateg Chen et al.via density functional
theory.

Additional deepgevel defects are predicted which contribute heavily to
decreasing freearrier lifetimes in semiconductors which in turn limits the epen
circuit voltages of devices. Deep levels predicted for CZTSSe con€iskedndVsn
acceptors as well &uandVs sedonors. Anion vacancies are predicted to be more
readily formed in pure sulfide material, which is consistent with trends of higher
efficiencies in pure selenide or anion alloyed compotnds

The large assortment of potential peilgfects in CZTSSe enable the
formation of defetclusters, a combination of two or more peilefectsexhibiting
more complex behavior. Compensated defect pairs are predicted to be the most

commondefect cluster in kesterites. These species consist of a donor and an acceptor

12



which transfeccharges to each other, causing a large Coulomb attraction between the
ionized pair. This causes their overall formation energy to be smaller than that of the
combination of constituent elements aloRgure7b displaysthe five lowestenergy
compensated pairs for CZTSe and CZTS. These energy levels manifest as band shifts
as opposed to discreet energy lewssn Figurera asthey are caused by high

populations of defect clusters. Band edge shifts of this type differ in energy from the

individual defects due to hybridization of energy states.

1.4 Cation Disorder & Fluctuating Potentials

1.4.1 Potential Fluctuations in CuZnSn(S,Se)

An abundance of defect states close to a semiconductor bandgap can form an
extension to the conduction and valence band density of states (DOS) which
penetrates the forbidden gap. Commonly referred to astadrsthtes, or band tails,
these nofidealities are observed in a variety of defective materials such as amorphous
silicor?* and organic photovoltaic materi&sind have been shown to limit the open
circuit voltages of devices. As a complex, quaternary semiconductor with plenty of
opportunities for defect formation, CZTSSe has also been shown to exhibit these sub
gap state’$'30. Miller etal. were among the first groups to explore the presence of
bandtail states in CZTSSe alloys in solutignrown'® and ceevaporated film$
similar to those presented in their corresponding references. Using transient
photocapacitivespectroscopy, a tracking of Urbach energies anebanllgap tail
distributions as a function of S/(Se+S). Urbach energleswere observed on the
order of 1331 meV showing a positive correlation with sulfur incorporation.

Furthermore, a broataussiarshaped defect band roughly 0.8 aobve the valence

13



bandwas observedlrheMiller group thus concluded that the sodndgap behavior
was indicative of misconfigured lattice sites and/or strained bonds which are related to
lattice disorder. Furtharore, the observation of increasidgvalues with bandgap is
consistent with the relative underperformanceutiur-rich CZTSSe alloys.

The same collaboration at IBihich achieved the 12.6% devilzger
connected banthil states in CZTSSe with the pesge of spatiallyarying potential
fluctuations throughout the absorber matetiling nternal quantum efficiency
measurements (IQE) paired with photoluminescence, Gokmen et al. compared models
of bandgap fluctuations and potential fluctuations on hgrdeedeposited CZTSSd=
= 1.13 eV¥". The first model describes the absorption coefficiehof a direct

bandgap semiconductor withspatially varyingoandgap. A Gaussian distribution of

bandgaps parameterized by the standard devigtigraid mean of the spatially
varying gap Q) is assumedEquation(2) wasused to fit absorption data (extracted
from IQE curves) to this modekd h e ry és the inciegknt photon energy arigl the

bandgap of the semiconductor.

CIE— (0'0) )

Similarly, the absorption coefficient data was fit to the model describing
potential fluctuations proposed Byklovskii and Efros* In the previous model, both
bands of the semiconductor vary in an uncorrelated manner throughout the bulk of the
material. Potential fluctuations are characterized instead by bands which vary in
unison(Figure8). This model utilizes a potential fluctuation amplitude that is relevant
to optical transitionsdbpy) which can be related to the total charged defect demsijty (

and the fundamental material parameters of dielectric consfaand the reduced
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electron/hole mags G a Ya a ). The relationships governing the
behavior of the absorption coefficient are shown in Equat@®nand (4)

o)

)

| ® Qwn - = (4)
Although both models fit the IQE data reasonably well, the temperature
dependence of carrier lifetimes as measured by-teéselved phailuminescence
spectroscopy provided eviden@bringthe potential fluctuation model. Namely, a
dramatic increase in carrier lifetime (3 orders or magnitude) at 4 K from 298 K
indicates the need for tunneling between potential bandgap extrema, antadifact
would not exist in the bandgap fluctuatiorodel (Figue 8). Resultingfits provided a
value ofxpt= 56.4 meV. The predominance of thed @ ¢& antisite defect was

suspected to be the cause of these nonuniformities.
1.4.2 Measurement of CationDisorder

X-ray diffraction is a common method of measuring the lattice occupancies in
compound materials. Direct observation of theZbuantisite defect pair has proven
difficult due to the similarity irx-ray crosssections of the two atomic species owed
the isoelectronic nature @u* andZr?* (both withatomic radii of 1.35A%2 As a
result,x-ray diffraction is not as straigifibrward of a technique in this system because
Cu and Zn sites become indistinguishable. To overcome this issue, several direct and

indirect measurement methods have been attempted.
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Figure8: a) Representation of bandgap fluctuations in a highly defective
semiconductor, band edges do not change in the same directions as each
other. b) Depiction of the effect of potential fluctuations on the band
edges of a semiconductehowing the bands shift in step with each
other. Image modified from referenceé.Z

Resonank-ray diffraction exploits the energy dependence of a diffraction
pattern near the absorption edge of a particular element. At the absorption edge, the
diffraction peaks from planes containing that specific atom reduces due to atomic
absorption in a manner allowing for elemental contrast that is not possible from
traditionalx-ray scattering. Utilizing this method, Stone et al. were able to observe the
occupancies dhttice sites by each element directly, observingZ@udisorder on the
2¢ and 2d Wyckoff positionsf CZTSSe films of photovoltaic qualif The study
looked at 1.5 microtthick co-evaporated films of pure Selenide and 35% Sulfur

alloying with Cupoor, Znrich compositions. Similarly, neutron diffraction benefits
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over traditional xray diffraction as the scattering cressctions differ more
dramatically between the Cu and Zn atoms, both meigipectiveneutron scattering
lengths of 7.71& and 5.6803%°. Schorr et al. were able to observe-Budisorder on
these l#tice positions using neutron diffraction on ns&ichiometric CZTSe and
CZTS powders. An added insight gained from this study was the effect of cooling
rates during the growth process. A decrease from 50%nCaccupancy on the 2md
2d Wyckoff positims to 30% antisite occupancy occurred whenstowo | i ng ( 1e C /
hour) samples rather than quenching from t
Indirectly, CuZn disorder has been observed using S8tate Nuclear
Magnetic Resonance Spectroscopy (NMR). @1 and®’Zn atoms are subject to a
guadrupolainteraction which in turn cause their NMR line shapes to depend strongly
on site distortions and local atomic environmefatdsing a larger variety of cation
compositions, Choubrac et al. were able to determine th&iGheNMR was not very
sensitive to composition, whereas th%n NMR can be used to gaugeu in the
materiaf’. Furthermore, in conjunction with Raman spectroscopy, they were able to
determine these two NMR signatures are highly dependent on the levelof Cu
disorder in the system. A downside to this technique is the necessity of guidance from
DFT calculations for interpretation.
Ramanspectroscopyias proven to be a crucial tool in approaching the&Zgu
disorder problem in CZTSSe materials. Raman spectrosuepgures the scattering

of light from a lattice which induces naquilibrium vibrations (phonons) within the
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Figure9: a) Raman spectroscopy (785 nm excitation) on CZTS powders as a
function of annealing and normalized to the maiméde peak. Ratios of
the labeled peaks are used to determine the order par&néder
TrackingQ and the FWH of the main A peak as a function of
annealing temperature and annealing time. The highlighted region
indicates the ordedisorder transitionTc). Figures reproduced from
Scragg et af®

system. Phonons are naturally sensitive the atomic arrangement within a lattice, and
subsequently should be sensitive to theZbienvironment. Scragg et al. utilized near
resonant Raman spectroscopy to determine an empirical order parameter frora which
critical temperatureTg) of Cu-Zn ordering was determin&d The order paramet€)y

was defined by the peak intensity ratio of peakstmmnsa (see Figure 9) which
correspond to Anodes of vibration, modes related to the relative motion of the
chalcogenide sublatti&ée Based on the behavior Qf the critical temperature of

ordering was determined to be 26Q@ 0 e C f oersulfidencemppund. Scragg et

al. suggest the reason for the chang® wmith the degree of cation ordering involves

the sensitivity of these peaks to small bandgap changes like the type expected from
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06 ¢ antisite defects. The neeesonane behavior of the Raman technique
(2excitationd 785 nm) allows for these peaks to become more easily resolved than by
excitationfrom shorter wavelengths.

A commonly used tool to gauge defects and disorder in the CZTSSe crystal
system is photoluminescemspectroscopy (PL). PL measures the radiative emission
of a semiconductor from neequilibrium photocarriers that have been excited by an
above bandgap laser source. Emission from defective semiconductors is typically
dominated by doneacceptor pair recobination or recombination between tail states
of each electronic band. Due to the high densities of defect complexes in the system,
the latter case is typically observed for PL on CZT&%€5. Two of the metrics by
which potential fluctuations are determined to be present are the shifts in peak position
and intensity exhibited by PL bands as a function of leseitation power. Large
values of peak position shiftb-6hifts) greater than 10 meV/decade are typically
consistent with recombination channels involving potential fluctuations. The
dependence of intensity on laser fluence gives the character of dingbieation
mechanism according t&®® © 0 wheremvalues lesser than or equal to 1
indicate defect driven recombinati8nResults of low temperature (7 K) PL on pure
aulfide films obtained byleixeira et al. are displayed in Figur®, indicating the

presence of potential fluctuations in the film
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FigurelO: Photoluminescence data from a CZTS 4filim with a Cu(Zn+Sn) and
Zn/Sn ratios of 0.81 and 0.99 respectively. a) Normallethtensity ¢
axis) as a function of emission enenggkis) and laser excitation power
(x-axis). Tends in peak energy and peak intensity with laser power are
shown in figures b) and c) respectiveBbserved-values on the order
of the 11 meV/decade point toward th presence of potential flucutaions in
the material. Figures repoduced frdmixeira et af!

1.4.3 Sncu & Cuzn Disorder

Although disorder on the G&n sublattice by way ad 6 @€ antisite
defect pairs is shown to exist in CZTSSe, there is evidence that they are not the only
defectaffectingbandtailing andthe subsequern¥oc-defect. A study performed by
Rey et al. investigated the photoluminescence behavior of several compositions of
CZTSSe under different orTtdortimesgalet r eat ment s
between 3 28 day$®. Using the dependency B§ on the degree of G#n ordering
(shown byTobbenset al.¥’ they usedsg as an effective order parameter. Despite a
bandgap change of 150 meV after thermal treatments, there was no accompanying
decrease in either the Urbacleegy or the fluctuation depth as measured by
photoluminescence spectroscopy. Based on the work of Chef #ial.observed
that the degree of potential fluctuations observed in the films are consistent with even

a modest concentration of thé 6  "Y& antisite defect pair. Althagh this defect
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pair is predicted to have a relatively high formation energy, the presence of-#re Cu
antisite pair reduces this energy considerably. It is therstmgected that pest

growth thermal treatments to reduce theZbudisorder would not bsufficient to
reduce the density of the already fornggdd Y& pair and eliminate band tail

states.
1.5 Inter-grain Behavior and Alkali Doping

Inter-grain behavior in thiffilm solar cell absorbers are often considered a
hindranceo solar cell prformance due to the introduction of recombination
pathway. Grainboundariesioweverhave been showasrelatively benign in
CZTSSe materials due to passivation from both intrinsic defect complexesa@hO
Na, a dopant typically used in these filtnsmprove current collectiaff*°
Furthermore, Li et al. used measurements of surface potential to show that the regions
adjacent to grain boundaries can provide a beneficial conduction path for electrons,
thus enhancing carrier transport in a manner similtrabseen in CIGS and CdTe
films.5° While the presence of grain boundaries may be beneficial to device
performance, they introdaanore complexity to navigate in an already complicated

system.
1.6 Summary: Kesterite Photovoltaics

CZTSSebased photovoltaics have overcome a variety of challenges in terms
of singlephase thirfilm deposition, leading to efficiencies in the lower teens. The
defect landscape in the kesterite system is replete with competing defect species and

their compexes, two of considerable interest to kivedrancen device performance
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beingtheob 6 ®wé& andgd 6 Y& antisite pairs. Defects like these are
suspected to introduce spatially varying potential fluctuations which are known to
limit the opencircuit voltages of devices. Furthermore, the behavior of devices has
been shown to depend heavily on the cation composition of the CZTSSe absorber,
likely due to the suppression of deleterious defects like the two mentioned above.
Finally, although graifboundaries are not shown to hinder devices dramatically, their
existence requires additional doping or secondary phases to become passivated and

therefore introduce complexity into the optimization of CZTSSe material.

22



Chapter 2

SINGLE-CRYSTALLINE KESTERITE GROWTH METHODS

2.1 Merits of Single-Crystalline Cu2ZnSn(S,Se; Growth

Chapter lemphasizethe variety of non d e a | the kedlesite drystal
system ranging from poktefects and disorder to interface problems@tpinction.
These pose a thretdie promise of higlefficiency CZTS-based solar cells, proving to
be inherent problems to tineaterial system. Thifilms do nd provide the optimal
environment to study these issues due to convoluting factors, but are nevertheless the
subject of the majority of CZTSSe investigatioRgure 11 details the many
interacting phenomena present in thim materials. The nomquilibium nature and
high-temperatures of common thiitm growth methods enables the formatian
secondary phases (B), the loss of volatile secondary ptissbméry chalcogenides,
S and Se) and the incorporation of oxygen at the film surface (F and @erruore,
polycrystalline materiaby definition possesses grain boundaries which foster
charged defects which can hinder device performance as well as a collection of grains
oriented in random directionshe latter of which may be a problem in if thaterial
has anisotropic behavior. Finally, CZTSSe is commonly deposited onto molybdenum
coated soddime glass substrates. This introduces sodium doping (EMaSsd
secondary phase formation on the back contact. Although sodium doping has been
shown to contribute to graimoundary passivation and thus current collection, its

presence complicates studies on CZTSSe propétfieSodium has
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Figurell: Schematic of a polycryalline CZTS thinfilm labeled with noridealities
commonly induced by thifilm growths. These include (A) composition
gradients, (B) secondary phase formation, (C) defect centers formed on
grain boundaries, (D) grain orientation distributions, (E) sodioping,

(F) volatile species loss, (G) oxygen incorporation and (H) Nmfr
formation at the back contact. Singleystalline material grown via near
equilibrium conditions acts as an enlarged grain (I) and dramatically
reduces the complexity of the raal. Figure modified from referenéé

also been theoretically shown to foster the formatiovicofat high temperatures.
The MoS phase has been showmform norOhmiccontacts anthus complicates
device characterization techniques used to probe material propér8iesle-
crystalline materialare tlereforedesirable tgrovide a moradealizedenvironment
than multicrystalline thidilms in the study of CZTSSe bulk behavior.

This chapter details the growth of singleystalline CuZnSnSe,
CwZnSn(S,Se) and (Ag,CulZnSnSe via a primarily solidstate ampoukbdased
method. Precursor selection between elemental pellets, powdered multinary
compounds and a uniform elemental solid are explored to access a range of bulk
compositions with large singlerystalline formfactes. Properties of the bulk single
crystalline material resulting from these methods are investigated in subsequent

chapters via material characterization and photovoltaic device measurements.
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2.2 Single-Crystal Growth in the Cu-Zn-Sn-S-Se System

Singlecrystaline bulk semiconductors are typically grown by variations of
meltbased growth such asiBgmarn StockbargertheCzochralski procesand the
float-zone method Growth mehodsfor largegrained CZTSSasingmelt-based
methods haveroven a challenge however dipethe peritectic decomposition point
present in the GEZn-Sn-S(Se phase diagraffi. Figure12 focuseson the ZnSe
CwSnSesection of the Cibe SnSe-ZnSequasiternary systemwvhere heregionsof
interest for singleerystalline CZTSSe growth are those labeled (A) and{Region
A laysabove the peritectic decomposition temperattiegicic), whereCZTSe
decomposes from CZTSe(s) toSnSe(l) + ZnSe(s). Region (B)es above the
liquidous line, where a homogeneous liquid ofZuSn-Se materials is stablMelt-
based growth will therefore be hindered by the precipitation of zinc selenide upon
cooling through region (Aandwill subsequatially form a phaseegregated boule of
material. Thus crystals of millimeter size scales hawdly been achieved either
through predominantly soligtate growth methods or through the assistance of a
metallic fluxingagent.

A majority of the researchwolving growth of monocrystalline CZTSS®sed
materials has been performed at theversity of Miyazakion tin-based flux growth
and by the Institute of Energy Conversimmsolidstate growtf?>8 TheUniversity of
Miyazakihas carried out detailed studies of the CZT(SSephase space, enabling

the mapping of a suitable flegrowth regio® 2, The phase space was mapped across
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compositionX (Figure13a), defining the mol% of CZTSe (CZTS) dissolved in a tin

solution. The solution was maintained at a temperature which enabled solution

formation for 3hours and subsequentially quenched to freeze in th&%state

travelling heatemethod (THM) method wathenused at the optimal solution

compositions to slowlyover the course of a weelecipitate CZTSSe material out of

the solution to form a singlerystallineingot. Figurel3 shows the phase space

mapped out for the pure selengtdution along with a resulting boule of material.

Althoughthis process has been able to produce sioiyistalline materialsvith
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Figurel3:. A) Phase space of the CZTS@ system, indicating various degrees of
solubility in Sn flux. B) Resulting boule consisting of singlgstalline
CZTSe (bottom, solid piece) and segregated Sn (top, matte piece) which
precipitated its solute to form the singlgstalline boule. Images taken
from the results of Nagaoka et°al.

10 mm diameters, the compositions appear limited t¢Z0uSn ratios in excess of
0.9. Furthermore, growing in &k of Sn should pin the Sn composition of the
absorber, removing that degree of freedom from future studies.

Molten salts are often used as a fluxing agent due to their ability to dissolve
refractory materiafS. An ideal solvent would have a low solubility in the resulting
crystals as weff* It is for this reason that alkaiased salts are ndesirable in

CZTSSe materials, as alkalements are known active doping species and would
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complicate investigations into CZTSSe material behaVidhis chapter explores a
predominantly sotl-state ampouldased growth method to obtain millimetarale
singlecrystalline CZTSSe. Although thenescalegor this type of growttareon the

order of months, it has the benefit of ensuring a lower degree of external impurities
and a better approximtion to equilibrium growth than its flugrowth counterpart.
Different precursors were used to improve reproducibility, uniformity, grain size and
composition control of the resulting polycrystalline boules. Elemental shot, compound

powders and uniform miures of elements were explored as starting materials.

2.3 Solid-State Growth from Elemental Precursors

Elemental precursors of 6N purity were purchased from Alfa Aesar in the form
of shot pellets ranging in size fror3Imm in size scale. Due to the high propensity of
copper oxidation, Cu shot was etched.@n(vol)% nitric acid in water for 30 seconds
prior to weighing. The focus of this section is on pseéenide compounds, as the
pressures generated by elemental sulfur had proven too high for the ampoule walls in
preliminary studies. Material was measured out to 1 mg precision according to the
desired caonic composition of the resulting crystals. Quartz ampoules cleaned in an
aqua regiaolution of 75 vol% HCL and25 vol% HNOs3) for 30 minutes Precursor
shot is subsequently loaded into the cleaaagoules 15 mm innediameter) and
evacuated to pressas below 10 torr. Ampoule sealing was performed with a
hydrogen torch in a manner that does not significdrgbtthe precursor materials.
Mechanical mixing of precursors was then performed to maximize homogeneity

within the ampoule.
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Figurel4: a) Image taken of prgrowth ampoules after precursor homogenization.
Ampoules were stacked with three on bottom and 2 orbjdppatial
profile of the temperature in the furnace along the distance of the
ampoulesc) Time-temperature profd utilized in both studies presented
on elemental precursgnadicating the temperature seen by the bottom of
the ampoules

Ampoules were lai horizontally @ngle ~30¢) in a threezone furnace and
subjected to a heating profile shown in Figlib. Thetemperature applied to the
ampoule is aimed to have a slight temperature gradightthe warmer end at the
empty portion of the ampoule in an effort to suppress evaporation and condensation of
secondary phases. There are four main regions of thadimmaerature curve of the
growth process shown in Figutdc. Region | is characterized by a quick temperature
ramp from room temperature to minimize reguilibrium reaction of the precursors.
Region Il is designed to enable the reaction of precurs@segion that should
enable CZTSe formation at conditions near thermal equilibrium. The ampoules are
then subject to increase | Aripgnmg{Begionat ur e

[Il) at temperatures close to, but not exceedingtectic An optimization of
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Tablel: Desired composition ratios for growth runs R1 and R2 paired with the
XRF verified composition ratios of polished crystals from each run
shownwith population variations. Corresponding Hall measurements for
representae crystals are given in the rightmost columiasipty Hall
columns are left to be filled in future wolR2-1 and R22 did not result
in the formation of crystals of appreciable size scales.

5SaANBR / 2 aSl adaNBR / 2Y | | f f
wyy L dzoowy | S / dz Yoy {S LJ >
K%Yyb k{ kaSil k¥%yb{ k{y kaSil| cm cmns

1 0.70 1.00 1.10 0.86+0.01 1.2+0.02 1.19+0.018.7x106% 89
2 0.80 1.00 1.10 0.87 1.22 1.19 - -
3 0.90 1.00 1.10 0.86£0.1 1.26+0.031.19 £0.00 -- --
4 1.00 1.00 1.00 1.00+0.01 1.04+0.021.18+0.01 -- --
5 1.00 1.00 1.10 0.88+0.2 1.24+0.081.19 +0.02 - -
R2: -- --
1 0.50 1.20 1.00 XX XX XX XX XX
2 0.70 1.00 1.00 XX XX XX XX XX
3 0.70 1.20 1.00 0.89 +0.02 1.20+0.041.18 £0.00] 5 x 10° 48
4 1.00 1.00 1.00 1.01+£0.04 1.00+0.071.18 £0.0Z - -
5 1.00 1.20 1.00 0.98£0.01 1.06+£0.021.18 £0.01 -- --

crystal size vs time was carried out in previous work, showing continuous size

increase for durations of Region Il rangifigm 20 to 30 day lorj. The current

study utilized a duration @ 21 days as an optimization between crystal growth and

overall growth duration. Cooldown rates have been shown as an important factor for

the defect state of CZTSSe. Therefore, a controlleddowh was implemented for

Regi on

6slcooo!l i ngo

Vv

at

rat e

a intemnediate cafe bebvgdad thé quenching and

(3eC/ hour) i mplemented

treatment®. Desired and achieved crystal compositions for two separate runs of this

type are catalogued in TakleBetween these runs (R1dR?2), the ampoules with

stoichiometric compositions act as a control4Rk4nd R24). Furthermore, the

composition with a C{Zn+Sn) ratio of 0.7 and Zn/Sn of 1.0 wastempted in
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Figurel5: Comparison of the crystal sizes in mg rasglfrom the stoichiometric
ampoules of both R1 and R@2nly crystal sizes above 5 mg are
accounted for.

both runs(R1l and R22), however the excess selenium introduced ifl Rdas
reduced to stoichiometric levels in R2Dased on the results of earlierdies?.
Propertief crystals resulting from runs R1 and R2 are catalogué&dlite 1.
Despite the range of compositions in theor, Znrich regime planned for R1, all
resulting crystalérom R1-1:5 converged onto a Gdh+Sn ratio of approximately
0.87 and a Zn/Sn ratio near 1.24 with the exception e4 Rilhe latter growth run
(R1-4) resulted in crystals close to the desired, stoichiometric, composition.
Distribution of crystal sizes was presented in previous work, shawatghe largest

crystal sizesesulted from growths R1 and R12.52 Despite significant grain growth
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Figurel6: A) Image of the boule resulting from growth run-B2vith
corresponding composition profile obtained bREXmeasurement.
Uniform composition is demonstrated across the boule of near
stoichiometric composition. B) Image and accompanying XRF profile for
the boule from R2. Although the profile indicates uniform CZTSe of
Cu-poor,Zn-poor compositionthis was aly true of the top layer of
material, as the rest consisted ob&uSe secondary phase.

of purephaseCZTSe, a large amount of secondary phase was present in all the R1
ampoules, mostly consisting of thezSuSe phase.
Although run R2 consisted of conrphle precursor compositions and
formfactors subjected to the same spatial and temporal growth profiles, each ampoule
provided significantly smaller grain growtith the exception of R2. The
stoichiometric control ampoule (RB showed the most signifiat grain growth of the
R2 run. Figurel5 compares the crystal sizes from stoichant growthsRunR2-4 is
shown to haveesulted in a larger quantity and larger sized crystals than its sister

growth RX4. Although there is a large difference in grain size, the compositions of
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R1-4 and R24 remained in close agreemé¢nablel). Images of boules R2 and R2
4 (Controls for R11 and R34 respectively) are shown igure16 above their
respective XRF coposition profiles. Both boules show a uniform CZTSe profile
across the boulélowever, R23 consists of Ci5nSe with a thin submm thick
coating of crystalline CZTSe. As a result, no crystals of appreciable size could be
extracted by R3. In contrast, th sister run of R3 (R1-1) presented with 40 crystals
in excess 06 mg >?

The inability to reproduce the results in R1 withRand R24 and the small
crystal sizes of R2 with respect to R1 indicate that the growth method outlined here
suffers from unknown or uncontrollable factors. This is further supported by the
discrepancy between desired and achieved crystal compositions in both runs, with the
exception of those planned for stoichiometric ratios. Elemental precursors likely
hinder he achievement of solistate growth throughout the entire titeenperature
profile, particularly during stage | of growth (Figutdc) . Me |l t i ng points b
(ther eacti on temperature in region I1) are ¢c
and s el en Valatiify af h@seaBndary phases including Se, SnSe and-SnSe
canalsoeasily introduce chaotic behavior into the early steps of gréiimally, the
large size of the precursor shot3Inm) in comparison to the bouleZ-5cmin
length) and their neaniform shapes lead to unique initial conditions for each
fabricated ampoule. Correspondingly, the mammalized nature dRegion | with
elemental preagors provide a plausible explanation for the irreproducibility of crystal

size and composition.
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2.4 Solid-State Growth from Compound Precursors

In Section2.3, the use belemental precursorgas showrto hinder crystal
growth and boule uniformity due to tkbaotic nature of the initial growth regime
Furthermore, due to the unreacted elemental speciesssatedconditions cannot be
expected prior CZTSe formatiohhis section focuses on the improvementto$
growthmethod by substituting binary Zn§En a1 5 2 F%ar@l ternary CisnSe (Tm
& & J0powdersn place ofelemental precursorBue to the relatively high
melting points of these materials, a temperature region can be selected to enable the
formation of solidphase CZTSe and suppress liquid and gaseous phases from forming
and complicating kesterite growth. Furthermore, the brittle nature of the compounds
allows for the powdering of precursors, allowing for a homogenous mixture thus a
consistent starting condition for reproducibility.

Zinc powder (5N, ESPI Metals) mixed Wwiselenium shot at a 88D molar
ratio were usetb form ZnSe, due to the high melting point and difficulty of
pulverization of the compound. Precursors
following a temperature ramp over 60 hours to avoid volatile @mactResulting
ZnSe maintained a powdered formfactehich was further pulverized to reduce grain
sizes.CweSnSewas grown from 6N elemental precursors in evacuated quartz
ampoules similarly to the method described in Se@i8nThe ternary was formed
above its melting point at 770eC for 48 hc
approximately 3 hours. Cu, Sn and Se material was measured out in accordhece to

desiredcation ratio of the final CZTSe product rather than the stoichiometric ratio.
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2.4.1 Compound Precursor Reaction

To test the assertion in Sectidr8that preursor reaction is promoted in an
initial anneal roughly 100eC bel ow the gre
anneal was tested on ampoules of compound precursors. With the simplified system of
CwSnSe (CTSe)+ ZnSe a conclusive result as to #icacy of the Region lanneal
should be possiblé&igurel?illustratesthe three timgemperature profiles used to test
the pregrain ripening anneal. Process A removes this step and progresses from Region
| to Region lll, the hightemperature grainrgwth step abovéd . Process B
removes region lll, maintaining the temperature of thegmreeal throughout the
entirety of the growth process. Finally, process C combines the two prbéiesg
both the preanneal and grainpening step that as employed in Sectidh3for
elemental precursor$hese profiles enable independent testing of each region with
regard to precurseneaction and grain ripeningrecursors were weighted out with the
aim of Cu(Zn+Sn) ratios of 0.8 and Zn/Sn of 1.2.

The resulting composition profiles for growth processes A and B are shown in
Figure 18, thecompositionprofile bfor process C is omitted due to its similarity to that
of B. Boule A Figurel8a) demonstrates a uniform composition with(@oASn and
Zn/Sn ratio of approximately 0.94 and 1.12, which becomes more zinc and tin rich
toward the tip of the charge. The remaining charges behaveslatively uniform
mannewith average ratios of 0.89 and 1.08 for boule B and 0.89 and 1.14 for boule C
respectively. A thin hollow shell of ZnSe0.5 mmthick formed at the top of boules

B and Cindicated by the lighter grey phase at the top of the boule
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Figurel7. a) Schematic of the tiremperature profiles used while testing the
precursor reaction stage of the growth (not shown to scale). The table
shows the desired atomic percentage for all growths. b) The temperature
profile experienced by the ampoules and charge with colors
corresponding to the temperature profiles in a). Asptaf shift in
position corresponds to the temperature transition in the purple profile.

Boule A behaves as a compacted powder, producing no crystals of appreciable size.
The remaining boules are polycrystallinenature Figure18c, displays the

distributions of crystal sizes measured from Boules B gwthih weregreater than

5mg in size. Also shown is the XRF measured compositions for planarized crystals
from bothgrowth processes. Apparent from the XRF compositions from both the
boule profiles as well as the individual crystasyiation fromthe desired

composition, shown ifrigure17, of Cu{Zn+Sr = 0.8 and Zn/Sn = 1®as observed
Both ampoules resulted in crystals of similar composiforse segregation observed

at the top of both crystalline boulisghelikely cause of this discrepaneg the

resulting compositions are more-poor and Ctrich than expected
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a) Image of the boule resulting from crystal growth A. Apparent in the
image is the granular nature of the resulting product. Below, the image is
acompanied by an XRF composition profile of the outside of the boule
indicating a roughly uniform composiiton with a gradient toward the tip

of the boule. b) Similar picture and accompanying compaosition map for
crystal growth C. The comosition profile shoasoughly uniform
composition with a C{Zn+Sr) and Zn/Sn ratio of 0.82 and 1.14
respectively.The top of the boule is characterized by a thin shell of ZnSe
material. ¢) Representative polished crystal from growth c. Clear from
the image is the presenckvoidsup to375em in size Thebottom

image shows the crystal size vs number of crystals for crystals larger than
10 mg from the two crystalline boules.

The high temperature step in region Ill of the profile is therefore shown to be

critical for the gravth of mmssized crystals. Furthermore, the faneneal step in region

Il is shown to further benefit grain growth as evidenced in Figj8ceAlso shown in

Figurel8cis a polished crystal obtained from boule C. Althoughdtystalsize is on

the order of

4 mmthe quality of the crystal is degraded by thespnce ofoids

approaching 0.5 mm in siz€hese defects can greatly hinder further electrical

characterization as well as deviedrication involving these crystal®ne reason for
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the pervasiveness of these voids could be the fact that precursorpovede not

compacted prior to growth, allowing fphysicalgaps between grains.

2.4.2 Composition and Crystal Quality

In this section, improvement of the crystal size and quality fsection2.4.1
is demonstrated. Furthermore, control over the crystal composition in the range of
Cu/Zn+Sn of 0.86 0.92 is achievedl'o improve upon the size and quality of the
crystals, two new methods were implemented. The binary andygrecursors were
supplemented with selenium powdénE 220e C) to provide a
powdered compounds in the beginning stages of the growth processes. Additionally,
after the powders were homogenized and loaded into the quartz ampeuteterial
was compacted with a quartz rod to minimize air pockets and voids prior to vacuum
sealing(see Figurd 8for details) Both changes were designed to reduce the amount
and size of voids demonstrated in FigliBe by the previous processhese materials
weresubjected to the timmperture profile represented as Process Eigurel?
Crystal composition control wasgaindriven via selection of cation ratios in the
CwSnSe precursor prior to its fakration. Powder XRD Patterns of these precursor
materials are providedh Appendix B below Ratiosof the selected compositions of
ternary, stoichiometriZznSe and elemental selenium were weighed out to promote the

desired CZTSe compositions displayed able?.
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Figurel9: a) Powdered CG$nSe and ZrSe precursor material. b) Both powders are
homogenized and combined with selenium powder at step (1). Step (2)
signifies the addition of materials into the ampoule and subsequent
physical compaction. c) The final loadedmpacte@mpoule

Unlike the growtls in Section2.4.10f the crystal growth optimization, the
boules in this section displayed considerable phase segregation of CTSe and ZnSe
from the CZTSe charge. Bause all ampoules exhibited similar segregatoyure
20displays the XRF composition profiles from Growth | only. The outer shéieof
boule wascoated ima layer of selenium; therefore a profile of a cleaved boule was
used to get an assessment of phase and composition gradients within thelttearge.
observed materiaegregation is likely the limiting factor in the deviation of the
measured catiocomposition from the intended on@sble2). The cause of the

segregation is not yet cledout two possibilities are put fortfihe first explanation is
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Table2: Planned quaternary growth compositiomserms ofcation ratios(left).
Measured XRF composition on planar polished crystals resulting from

Growths HV.
Desired Measured
Growth Cu/Zn+Sn Zn/Sn Cu/Zn+Sn Zn/Sn
I 0.903 1.174 0.91 1.14
Il 0.880 1.160 0.86 1.21
[l 0.862 1.214 0.92 1.12
v 0.770 1.250 0.87 1.19

thatthe growthtemperature is close enough to gegitectic point at the top of the
bouleto where the growtls sensitive to slight deviations in temperature which lead to
subsequent peritectic decomposition at the top of the boule. Convéhnsely,
compositions ratios selectethynot lead to the most thermodynamically stable
compounddriving material segregaticto optimize the most stable compositions

To the first point, the calibration of the furnace should have led to temperatures
sufficiently below the peritectic poinFgure17b) and further studies must be carried
out to address the issudowever, the observation of a ZnSe layer followed by a CTSe
layer is strong evidence to this scenafio.address the latter point, the compositions
selected for this study were cleosbased on compositions previously achieved via
elemental precursors in methods similar to those descrildgekction2.3and reported
in previousmanuscript®°8%¢ Theemulated compositionsere verified via XRF, of
which the extreme compositions may have been outside of the accurate range of the

XRF calibrationstandards (se&ppendix D, leadingfalsely to norstable cation

40



- 10 T T T | e IR - LJNLINAE A S S B S B B S B
3 9 )
g5
H
o
=
g
S
o
. Lo .ol
) 20 40 60 80 100 0 20 40 60 80 100120 140 160 180 200 220 240 260
70 Crystal Size (mg) Crystal Size (mg)
z 22 / ............. 1
S -
8 55 .,._.—I \.,I\._. _ d . f)
a 50 Rl 1 g0
L35 o ©
E 30 [ - E:
S g N
2% £ 5°
15 -
10 =R-l=-m-n-m=0=0 cH-N-p-m- ’h
g Eu-i=m-s ey N TR U m .. an
0 * * = 0 20 40 60 80 100 120 140 160 180 200 220 240 260 0 20 4 60 80 100
0 5 10 15 18 Crystal Size (mg) Crystal Size (mg)

Position (mm)

Figure20: a) Picture of the boule resulting from growth | with clear sections of
CZTSe crystal formation and secondary phase segregation. b) XRF
composition profile of boule shown in a). The presence of ZnSe and
CTSe become apparent at tight-handside (top) of the boule. The
histograms displaying crystal sizes greater tharg which resulted from
growths HV are displayed in c) through f) resgtively.

ratios. Therefore, we conclude that the issue is likely due to the profile being too close
to Tperitecticmakingit sensitive to slight deviationa temperature

Despite the segregation of secondary phases within the entire boule, these
growths have led to relatively successful crystal growth in terms of crystal yield and
size.Figure20 shows the distribution of crystal sizes achieved from all four growths
in this setGrowths Il and Il resulted in the largest crystals although these crystals
were outliers on the higand of the distribution. Growths | and IV on the other hand
lead to the most crystals although at intermediate .dzgsre21 shows a
representative horizontal cross section of boule I, demonstrating high crystallinity.
Also shown is a representative crystal of mm size. No voide b@en observed in the

resulting crystals of each growth by visual inspectionatdek magnification.
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Figure21l: a) Portion of Growth Il ampoule highlighting the areas of ctygt@awth
in the boule (Size scale in inches). b) An unpolished, representative
crystal from Growth ll with mm size scales. c) Polished crystal from the
same growth run with XRF composition. d) Laue diffraction image from
crystal shown in b).

Although a sfficient metric has not been put forward to quantify the improvement, it
is clear from a comparison of the results in Sec@idnland this section that a
significant reduction in voids has ococedr(Figure21c). The selenium bonding agent
and compaction are thus successful routes for improveleatrical properties
extracted from Hall measurements and device results are left for future work on this

material.
2.5 Solid-State Growth from Compound Precursors: Sulfur Alloying

The optimal solacell bandgap dictated by the detailealance (Shockley
Quadsser) limit for a singlgunction cell has a value of 1.1 eV and semipirical
limits place this ideal gap between 1.4.6 eV.%%7°As discusseih Chapter 1the
kesterite system is commonly studied as an alloy of CZTSe and CZTS, whereby the

bandgap is tunable between 1.0 and 1.5 eV. Therefore, to achieve an ideal solar cell
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bandgap, a degree of sulfur alloying is necessary (in the absence of other alloyed
speces).

Elemental sulfur is difficult to incorporate into growth processes like the one
outlined in Sectior2.3due to the high vapor pressures thaixhibits Figure22).
Several attempts at single crystal growth via these methods lead to ampoule cracking
due to the 3 atm pressure limit of the ampoules, or very small granular gidweth.
methods documented in Sectid@introduce a means to grow sulfur alloys while

avoiding sulfur volatility through the use of compound zinc sulfide, which is available
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Figure22: Vapor pressure of elemental selenium (blue) and exéah sulfur (gold)
as a function of temperature in the regime used for CZTSSe crystal
growth.! 1 atmosphere and 3 atmosphere demarcations are shown as
reference due to the 3 atm limit of the quartz ampoules. Temperatures of
CwZnSn(S,Se)peritectic pant and the Cebn(S,Sedmelt point are
shown for a 25%ulfur alloyed compound
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commercially in powdered form and in mm sized chunks. For the same reason that
obtaining CZTS is difficult via elemental precursors;&ns growth is also a
hindrance. Therefre, the methods described here are limitedt@amumS/(S+Se)
ratio of approximately 0.3&nd thus a bandgap range between 0.98 aidV.1

Four ampoules of sulfur alloys were grown via the sstate compound
precursor growth described in the preceding section. Badenmarizes the planned
material compsitions as weighed out alongside with the precursors used in each
ampoule. Fine ZnS powder was used in growth S1 to promote a uniform distribution
of ZnS in the ampoule. ZnS chunks were used however in S2, S3 and S4 to promote
the growth of large grainedZTSSe as oxidation is a common concern in fine
powdered compounds, which in turn may hinder grain ripening. Ampoules S3 and S4
also contained elemental Zn and Se to act as a cohesion agent in the prevention of
voids in crystals (see Secti@m.2. Growth conditions similar to those used in
Section2.4were used on these ampaile

As anticipated due to the firgarticular nature of the Znfér S1, no
appreciable crystal growth was achieved. Ampoules S2, S3 and S4 resulted in few
crystals on mnsize scales. These crystals all possessed a large degree of voids, more
so than the cistals of Sectio2.4.1 The sulfide containing ampoules are subject to
the same issues presented there, however the high vapor pressures of sulfur may be a
reason tht the problem is more ubiquitous in these crysfdis. compaction and Se
adhesion methods of Secti@rt.2were not employed.

EDS composition measurements show thaach case, the sulfur content is

slightly lower than planned for (Tab8. As has been observed for pure Se crystals,
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Table3 Composition matrix weighed into sulfatloyed ampoules. Precursor
materials were varied in attempts to create homogenized charges and
high-quality crystals. EDS results are an average of 4 spots on a single
crystal from each boule and the error bars glwethe variation via the
standard deviation.

Desired Composition EDS
Cu/Zn+Sn  Zn/Sn  Sulfur Precursors Cu/Zn+Sn  Zn/Sn Sulfur (%)
s1 0.8 1.2 25% zCnTsS(Eo fvrféf) No Crystals
@ on 12 oam  CSgIme | o oo mo
%o 2w CmEsemss| ome ime a
w 0n 12w CmEsemsa| ose 1o ao

the Cu (Zn) content were all higher (lower) than planned. Hall characterization was
carried out on representative crystals from each growth resulting in mm sized single
crystal samples. All crystals demonstrated a mobilitgpgfroximately 50 cAiVs
regardess of growth conditions. S2 demonstrated a carrier density 0¥ cm®

while S3 was characterized by an order of magnitude lower density b8 cm3.

Finally, the specimen from S4 demonstrated the highest Hall density b8'8 cn.
2.6 Solid-State Homogenized Precursors

The implementation of compound precursors described in the previous section
holds promise for improvement in crystal growth and reproducibility. However, larger
crystal sizes (1& 10 mm) or greater are desirable for fanmental crystal studies, and
studies on singlerystal photovoltaic devices. Furthermore, in the growth of

Ag2ZnSnSe, (to be discussed fBection2.7-2.9) thesubstantially loweperitectic
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point ('Y v Tt @).hinders the reaction of precursors into a solid bulk material,
preventing substantial grain growthThis section discusses the use of-pre
homogenized solidtate precursorsvhich were explored to address these issues.

Because CZTSe does not solidify congruently, but ingteaitectically
decomposes, it is nefasyto melt precursors in a way that solid#it a uniform
composition, the boule instead segregates into a binary and ternary phase. However, if
material within the CZTSe chemical potential regime is brought above the liquidus
line ('Y p p Ta, dhen a uniform composition of €n-SnSe liquid is
obtained. To utilize this regime of the phase diagram, precursors were fabricated
above the liquidus line and rapidly quenched into a water batlah@ld#Figure23a
shows the tim@emperature profile for precursor fabrication. Initial rarafes were
selected to minimize the reaction of elemental precursors without causing enough
volatility in the ampouw# to cause it to rupture. The resulting, dense precursor boule
was then subjected to the same profile as process C in Bigure

Figure23b shows the crossection of the charge pegtowth. There exist
three distinct regions in the boule. The lower region (left) consists ahsub
crystallites that are predominantly ZnSe phase asateti by the accompanying XRF
composition profile. The middle region consists of large, mm scale, polycrystals of
CZTSe. Finally, the top of the boule is another region of small crystallites, but of
CZTSe phase. Crystals resulting from this growth dematesan XRF verified

composition of Cu/Zn+Sn = 0.77 and Zn/Sn = 1.25, devidtom the desired
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Figure23. A) Time-temperature profile implemented in precursor fabrication. The
elemental precursors were quickly brought to a temperakaeeding
the liquidus line to achieve a melt. B) Cresstion of final boule post
crystal ripening stages along with an XRF composition profile.
Composition is mostly uniform throughout the boule with the exception
of ZnSe which formed at the bottom tpthe boule.

0.70, 1.2 ratio weighed out for the precursors. ZnSe is suspected to have precipitated
to the bottom of the ampoule during the quench step, as the overall quenching process
took placeover 5 seconddue to nonidealitiesThis would explaintie altered phase

seen at the bottom of the XRF profile. Although the Cu content (Zn content) is higher
(lower) than the goal composition, it is the lowest (highest) Cu (Zn) concentration
achieved by all of the growth processes explored, even by thostheigsame starting
compositions in SectioR.3. Furthermore, it is of comparable composition to the

lowest achieved Cu content in literature, although those films has a significantly lower
Zn content’® For comparison, a control ampoule was grown alongside the
homogenized precursor boulekifure23b starting form elemental precursors. The

control ampoule resulted in significantly fewer and smaller crystals than the main
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growth, having a composition of Cu/Zn+Sn = 080.01 and Zn/Sn = 1.22 0.02,

which is considerably closer to stoichiometry than the primary growth, although still
lower than any other crystals growths presented in preceding sections. Furthermore,
the selenium ratios of both growths (Se/metals) is hitfteer those of all other

growths with a value of 1.21 rather than 1.18. Overall, the method displayed promise

for use in growing Cypoor CZTSe and the lower temperature silver alloys.

2.7 Single-Crystal Silver Alloying

Cation alloying has been a major resedhehst in the kesterite field as a
means of mitigating disorder in the Zn sublattice during the growth process as
discussed ilChapter 1Singlecrystalline(Ag,Cu)2ZnSrSe; alloys were growth via
elemental precursors in a variation of the method described in S2@&iasing 5N
purity Ag shot. To account for the difference in peritectic point, a linear approximation
was assumed for the relationship between Ag contentYand . The composition
matrix of desired and measured cation ratiatigplayedn Table4. Three silver
contents below 50% alloying were attempted, due to the difficulty of growing large
crystals at low temperatures. With the exceptiartte stoichiometric growth at 50%
silver incorporation, all alloy growths obtained rsmed, singlgophase single crystals.
Obtaining an accurate XR¥tandard via inductively coupled plasma mass
spectroscopy (ICRS) is difficult in compounds containingeghental silvedue to its
reactivity. Therefore, a proper standard for XRF was not obtained as it was for pure
selenide CZTSe. Rather, elemental standards were used for EDS measurements, which

leads to less accurate composition determingiesAppendix D.
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Table4: Matrix for desired and achieved composition@gfalloyed CZTSe
single crystals. Composition was measwiecenergydispersive
spectoscopy. The final column indicates the temperature of region Il in
the growth profile demonstrated in Figuréc.

Nomi nal EDS Composi ' Gr owl

Ag (Gl1/Zn Zn/ §SAg ( G1/ Zn  Znl § T(eC
0 ‘

TP N A TSI
o) |

30% o5 1.2 17% o0.92 1.0 699

>0 % 01.8 11.2 BXOX% OX.X90 1X.X0, 630

Select crystals were chosen from each growth to verify single crystallinity via
Laue diffraction and phase purity was verified via powder XRD from several smaller
crystals (Seéppendix BandAppendix Q. Hall characterization on single crystals all
exhibitedp-type conductivity. Figur@4 shows these results as a function of silver
composition for stoichiometric and Group | poor, Zn rich crystals. Compared to pure
Cu crystals with similar cation compositions, Hall carrier d@sincreased by
approximately 1 order of magnitude upon 3% Ag incorporation. However, as Ag
alloying increases, carrier densities drop dramatically, approximately 6 orders of
magnitude by 30% incorporation. This trend is consistent with that observed by
Gershon et al. on thifilm materials’* Hall mobility for pureCu crystals measured
near 100 crfiVs for both cation compositions. Mobilitiesagr by a factor of 5 for
both cation compositions upon the introductidrsilver into the lattice. These values
plateau with increasing silver near 30%¥s for group | poor materials whereas they
plateau near 5 cffVs for the stoichiometric analogs. Attigh these values dropped
with silver incorporation, they are over an order of magnitude higher than those

measured in their thifilm counterparts’# It is likely this decrease in value with
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Figure24: a) Hall measurements for carrier density measured from O to 30% silver
incorporation forstoichiometricand Group | poor, Zn rich crystals. After
an initial increase at low Ag incorporation, the carrier density falls off to
near intrinsic levels at high Ago) Hall mobility for single crystals
across alloyed compositions. A distinct drop in mobility is observed in all
cases upon the inclusion of silver.

alloying is due to the introduction of strain on the lattice due to the difference in
atomic size of C{135 pm)and Ag (160 pm). If this is the case, the issue would be
mitigated upon full substitution of Cu. The higher mobility than-filims is typical

due to the lack of carrier scattering on grain boundaries. Furthermore, the Hall
technique on thifilm semiconductors often underestimate the materials mobility due

to the dominance on-grain behavior in the measuremént.
2.8 AQg2ZnSnSe Powders

As discussed in the previous section, replacement of Cu with Ag in kesterite
semiconductors holds prase of reducing cation disorder that is ubiquitous in
CZTSSe. An attempt to grow single crystallihg2ZnSnSe (AZTSe) was made using

the elemental precursor method similar to those described in SezBami2.7. A

cooling rate of 9e¢eC/ hour was i mplemented.
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Figure25: a) Ampoule containing the elemental precursors for AZTSe powder
growth. b) Powdered precursors for the compaction of the initial growth.
c) Image of the material resulting from the two implemented growth
consisting of primarilyarge grains of agglomerated crystalline material.
d) SEM image of stoichiometric material after quench cooling with
grainsizes in the fnicron regime. €) SEM image of stoichiometric
material after theg/hour cooling with similar grain sizes as thase).

shot and 5N Zn powdémesh size 40)as used as precursors. Two compositions
were attempted; one with a stoichiometric composition and one wil@zigebr) and
Zn/Sn ratios of 0.85 and 1.00 respectively. The temperature of the crystal ripening step
(Stage lll ofFigureldc ) was set to 465eC, 35 degrees
material. Because the growth resulted in a npliase granular powder, a sedary
compaction growth was carried out.
Growth products were removed from the ampoule and ground in an agate
crucible for homogenization and size reduction. Each growth composition was divided

into two separate ampoules, to subject each to differenngo@ties. One quenched
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into a water bath held at 0eC, the other c
rates was implemented to test the effects on ordering of thénAsmiblattice for

comparison to the pure copper kesterite. To better promatergpaning, a higher

Stage 111 temperature of nearly 500eC was
results via TEM and atomically resolved EDS willdiscussed itChapter 5AIll four

growths resulting from the compaction run resulted in predominantly kesterite phase,

with the presencef SnSeand ZnSeas determined by XRD and El}&ppendix D.

Millimeter-sized crystals were not obtained however, resulting in a couaseed

powder with grain sizes on the oradrl0 microngshown n Figure25).

2.9 Ag2ZnSnSe via Homogenized Precursor Reaction

One of the motivations put forward in Sect@6 for pursuing homogenized
precursors was the promise of fostering large grain ripening in the growths of low
temperature silver alloys. Attempts to grow Ag alloys of 70% and 100% silver sia thi
method proved unsuccessful duentaterial creep up the ampoule walls during the
liquidus quenching process (See Figég To troubleshoot the process, the-pre
growth precursor melt was attempted several times using stoichiometric CZTSe,
which also all behaved similarly. The table in Figiésshows the composition matrix
for ampoues grown via this method. Based on these results, and the results in Section

2.6, it appears that the molten kesterite material either favors a high surface area
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Ag/Cu+Ag GIl/Zn+Sn Zn/Sn

0.7 1.0 1.0
0.7 0.8 1.2
1.0 1.0 1.0
1.0 0.8 1.2
0 1.0 1.0

Figure26. Stoichiometric, pureilver ampoule. a) Top view of the bottom of the
boule b) Side profile of boule bottom, the densest part of the growth. c)
The material coating the ampoule walls above the ampoule, becoming
thinner at highepoints.Figures are accompanied matrix of silver alloy
precursors used in the pgeowth meltbased homogenization step. All
ampoules exhibited similar wetting the ampoule walls, leaving a hollow
1-2 mm thickshell in place of a dense ampoule.

during theliquidous stager climbs up the walls during the rapid temperature
guenching process in all cases but for thaetle pure Cu andery low group |
composition. Further work should be carried out to assess the potential of this method

in a larger composibn range.
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Chapter 3

SINGLE-CRYSTAL DEVIC E FABRICATION AND OP TIMIZATION
3.1 Motivation: Single-Crystal Devices

Chapter Ioriefly outlined the progress and innovations in the CZTSSe field
leading to the current record efficiency of 12.6%. The vast majority of improvements
on kesterite devices have been implemeiote thirfilm materials. Thiafilm
materials have the promise of scalability, offering device areas suitable focslblar
modules. Singlerystalline materials of CZTSSe have been limited to area®
cm? maximum achieved via flugrowth technique® Areas achieved by the work
presented ilChapter 2areeven further limited to less than 0.16%At the current
state of CZTSSe singlerystal growth, areas applicable to large scale deployment of
kesterite solar cells are not obtainablewdwger, these small crystals can provide
insight into bulk material properties and device behavior.

Techniques including CurreMoltage(V) behavior, quantum efficiency (QE),
capacitive profiling (CV), drivdevel capacitance profiling (DLCP) and admittan
spectroscopy (AS) can probe the effects of bulk composition and defects on the bulk
material of an absorber in a solar cell, such as CZ¥#8%¢8°. Furthermore, the
improved bulk characteristics of crystals over thiims enableshe study of device
behaviors in the absence of many convoluting factors on aphase material (see
Figurell). These include interface behaviors at the backaconthepn-junction and

passivation layers.
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This chapter will describe methods to fabricate and optichexgces on mm
scale singlecrystalline(Cu)2ZnSnS,Se4 materialsvhose growth was demonstrated in
the preceding chapter. Treatments unique to siogistal devices are developed and
applied to all alloys. Explorations of devitsvel treatments are presented with
innovations such as chemical treatments and an intepissvation layer at the np
junction. Furthermore, trends in device behavior with varying cation compositions are
observed. Knowledge gained for device fabrication will be applied in subsequent

chapters for more idepthdevice studies.
3.2 Baseline SingleCrystal CZTSSe Devices

While singlecrystalline solar cells may provide many benefits for research
purposes, the fabrication of millimetsized solar cells introduces unigue challenges
not faced during typical, largescaled thidfilm device fabrication. Taseprimarily
include surface treatments due to the-aoalogous naturef crystalsurfacestaken
from a material matrixo the surfaces of thiflims, details of which will be described
when applicable to device fabricatidrurthermore, handling and messing becomes
a larger issue due to the lack of a substrate for the entirety of the fabrication process.

Figure27a shows the typical thifilm device implemented byhe CZTSSe
community. Thirfilm CZTSSe devices have been reported on absorber layers
between 0.5 and 2r8icron thick?81 CdS layer thicknesses have been reported in the
range of 25 and 80 nf*>®Tr anspar ent conducting oxides
implemented as a blayer in thinfilm chalcogenide and kesterite solar cells
consistingof a highly conducting layerndiumtin oxide (ITO) oraluminumzinc

oxide (AZO), deposited on top of a thinner
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a) Typical Thin-Film Device Structure b) IEC Single-Crystal Device Structure

1 mm

R s Graphite
Metal ZnO/ITO CdS CZTSSe

Figure27: a) Typical CZTSSe device structure utilized throughout literature studies
consisting of a molybdenum coated sdidae glass (Glass) back caut,
thin-film CZTSSep-type layer, Cd3-type layer, ZnO/ITO window
layer and a metallic current collection grid. b) CZTSSe singjetal
device structure implemented in this work. Main differences from a)
consist of a thicker absorber layer (~ 2 ora#gmnagnitude), smaller
device area, lack of contacting grids and a catiesed conducting paste
for a backcontact layer.

intrinsic ZnO. The latter reduces leakage current thodtype layer noridealities
and enables thinnextype layers to be used,lsmequentially reducing parasitic
absorptiorf® Common layer thicknesses range betwe@and80 nm for FZnO and
507 500for the toplTO layer!®>"38485Finally, the back contact mommonlyformed
by a molybdenum coated salilme glass substrate, which often leads to phase
interaction with the absorb&yer (See Figurg?).

The baseline device structure on sirghgstalline CZTSSe used in this work
employs the same general device structure as thin filees-{gure27b). Mechanical
polishing of a singlerystalline specimen is outlinéa Appendix E wherebya
planarized crystal ipreparedfor device fabricationNext,a chemicaimechanical

planarization step (CMP) using a solution of bromine in methanol (0.125 vol% Br)
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implemented to mitigate damage induced by the mechanical polishing steps, which
should leave surface damage on thaeo of 0.05 microns idepth(based on the
alumina particle size of the last polishing step). This process consists of a mechanical
abrasion of a polished crystal on the surface of a piece of lens paper saturated in the
0.125 vol% B¥Methanol solution. Atasion entails 30 sets of figuegght motions,
dripping the solution onto the paper between each set using a Pasteur pipette. This
process is the first major difference between-thin and crystalline device
processing, and is sensitive to small patéites, including those which may detach
from the crystal itself. This process is followed byc-abrasivechemical etch in the
same 0.125 vol% BKMethanol solution for 10 minutes, stirring every 30 seconds. This
etch time was selected basmuthepreliminary work by D. Bisho@? The additional
chemical etch is implemented to further reduce damage by chemically removing
surface material. These processes result in an absorber layer of thidketessen 0.2
and 1 mm in thickness, typicgltlose to 0.5 mm, roughly 2 orders of magnitude
thicker than those used in tHithm devices.

The effect of the CMP and solution etch was tested using photoluminescence
(PL) imaging as a rough metric for surface quality. Photoluminescence intensisy arise
from radiative recombination in a semiconductor, an increase in this signal is likely
due to theeduction innonradiative recombination pathways which are typically
detrimental to solar cell performance. At the interface of semiconductors, the likely
mechanism is ShockleigeadHall recombination through dedevel defects near the
mid-gap of the semiconduct®t®’ A description of the photoluminescence imaging

system can bund inAppendixK.1.
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PL imaging characterization was carrmat on crystals of two different
compositions with C{Zn+Sn) ratios of 0.86 and 0.7 Figure28a shows the effect of
the CMP followed by the chemical etch on the lower cogpeatent crystal. Part b of
the figure quantifies the PL intensity over a constant area ofys&gat Two distinct
jumpsin PL intensity are observed; one between theadished crystal surface
(which does not have a quantifiable Bield) and the onset of the CMP treatment and
another between the CMP and Etch treatments. From a PL standpbmygctois
gained from a continued CMP and Etch treatment past the first time point on the plot,
however based on visual inspection of damage, and consistency with initial device
results, the full CMP and W@inute etch treatmemtere implemented on device&n
accurate comparison of the etch treatment without the CMP was not possible, as the
solo-etch created a nemomogeneous surface both visually and in PL imaging.
subsequer-minute anneal in ambient air is performreed 3 Ha®bgdd shown to
improvedevice performance in thifilms and in singlecrystallinedevicesduring
preliminary studies

Thedeviceheterojunction was formed with approximately 60 nm of cadmium
sulfide (CdS) deposited by chemical bath depositiaio the etched and annealed
crystal surfaceCdS was deposited in solution of cadmium sulfate, ammonium
hydroxide and thiourea in water at a tempe
describedy Lloyd et al”® CdS thickness was estimated by optical analysis of films

deposited on Skp/glass substrates previous work at the Institute of Energy
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Figure28. a) Photoluminescence imagesadg@u-poor, Znrich CZTSe single crystal
as a function of surface treatment processes from CMP to solution etch.
b) Quantitative B intensity as a function of treatment. Distinct increases
in PL intensity are observed at the onset of each new treatment, which
plateaus for the duration of ea€@MP numbering represents the number
of sets performed

Conversionn-type CdS carrier den@swere estimated to be roughly #@m.

Intrinsic ZnO (50 nm) and ITO (150 nm) were sputter deposited onto the CdS at room
temperature. The device area was defined by the dimensions of the circular shadow
mask (1 mm diameter, 0.008 &nused during tis depositionBecause the small

areas, current densities are not as reliable as those in larger devices, due to errors in

area and shading, theref&fec6 s and fi |l |l factors are the
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resulting cells. Further quantification of de@iareas via electroluminescence
measurements adescribed imAppendix H

Finally, device fabricatiowas completedia the adhesion of the device onto a
Mo-coated SLG substrate with a higlork function carbon pastd( 5. 0 e V) .
Abrasion with a fine griSiC paperprecedespplication of paste to ensure a Clo&e
back surface. This is the final major difference betweenfiinndevices and devices
of this type. This method avoids the formation of Mo(S.bases at the back
interface because the Mo and CZTSSesaparated and do not see higlmperature
steps (> 20€C) while in conta®. Devices are treated to a final;fabricated anneal
at 15@&C for 4 minutes as it has been observed to improve overall device performance
in preliminary studiesThis anneal will be discussed furthierSecton 3.4.

Singlecrystalline device fabrication was optimized, with progress shown in
Figure29taken from a study presented at the 2016 IEEE Photovoltaic Specialists
Conferencé® Both devices are fabricated on crystals of the same growtiRash (
from Tablel), which demonstrated C@n+Sr) and Zn/Sn ratios of 0.87 and 1.22
respectively. The improvements implemented going from device D4 to D5 mainly
consist ofan increase in Br contentihe methanol solution as well as overall
processing improvement from increased experience in the delicate device fabrication.
Device performance improvements are observed through a comparisod¢f the
curves of both devicg§igure29a). TheVoc showed a distinct increase of 20 mV, and

more notably, an approximate 13% absolute increaB€ inas observed.
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Figure29 a) J\:curves for devices D04 and DO5, the latter having a more rigorous
surface treatment and thus higher voltages. b) Accompanying EQE
curves showing similar collection behavior for both devices as well as
bandgap extrapolations. ¥yc(T) plot for bothdevices, showing the
activation energies for each. Figures modified from Lloyd &t al.

While a minor improvement iWoc is observedthe main difference between
the twodevicess the magnitude of the EQE cur{fdgure29b), which is
representative of thésc differences. Bandgaps for both absorber layers are extracted
from the baneedge EQE usingquation(5). The relationship is a manifestation of the
absorber coef f i c cokeationviathe dternaliQuaatsnd cur r ent
Efficiency & See Appendix.2 for more details on the EQE measuremesiisce
small areagprecluded opticaleflection measurements eompleteddevices EQE
was used as an approximation for IQEEgalculations.

Figure 29c shows theVoc as a function of temperature for both devices. The
merits of this measurement are outlinedppendix | Forthe purposes here, an
activation energy for recombinatioB4() is extracted which is equal t&/6c(0).
ComparingEa to the EQE extractefly indicates that the device D04 has

recombinatiodimited by theprrinterface. Conversely, théoc(T) behavior of D05 is
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indicative of bulklimited recombination. These results are evidence that much of the
improvements are achieved via improvement of the CZTSe surface and thus the

CZTSe/CdS junction ietface.

Oagp OO0 0O © 5

3.3 ChemicalMechanical Polish Optimization

To furtherevaluatehe efficacy of the CMP treatment of crystal surfaces, a
systematic study of bromine concentration in methanol was cautezhdwo
compositions of crystals which are summarized in T&blhree compositions of
bromine were used: 0.06, 0.13 and 0.19 vol% in methanol. Post CMP treatments
remained the same in all casAs).125 vol% Br in Methanol solution etch for 10
minutes, followed by ani nut e | ong anneal i ecibedimbi ent
the previous section. All other device fabrication steps remained the same as described
in Section3.2

Results of device performance as a function of GMBtment are presented in
Figure30, includingthe results of a comprehensive dewacalysis (sedppendix ).
The effect of the lmmineconcentration in this step shows no correlation with device

performance a¥ocO s r e ma i wW00imV rahge an8 B @ éhe 60% range.

Table5 Composition and carrietensities of crystals used for CMP optimization

Precursors Prar(cm®)  Cu (%) Zn (%) Sn (%) Se (%) Cu/Zn+Sn Zn/Sn
A Elemental 7.8 x 166 21.1 135 11.1 54.2 0.86 1.21
B Homogenized 2.2 x 16° 19.8 14.2 11.4 54.6 0.77 1.25
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it Voc(mV) FF (%) Jy(mA/cm?) (% n J (A0 mA/ar)  f(um)
0.06 387 508 2627 6.08 24 0028 183 .43 022
A 0.13 389 651 2514 6.36 31 0011 1.64 0.17 0.72
0.13 402 67.3 30.16 8.16 39 0.083 149 0.50 0.36
0.19 385 66.3 25.88 6.61 1.8 0.008 1.77 9.47 0.24
0.06 422 60.3 33.04 841 23 1.688 128 0.16 052
B 0.13 430 64.4 31.11 8.61 31 0.885 1.56 0.95 0.75
0.13 428 62.9 30.05 §.09 30 0.906 1.60 0.76 059
0.19 439 60.1 30.93 §.16 2.0 1.663 1.73 7.27 0.27
Figure30: RoomtemperaturdV curves for devices of varying bromine content

during the CMP step for crystal composition A a) and B b). The effect of
this treatment variation ovioc and ideality factorr{) are shown for both
absorber types in figures c) and d) respectively. These ptgesrare not
correlated for composition A, whereas they are positively correlated for
composition B. The table displays the lightbehavior for all devices in
the study with the highestoé devices highlighted in bold.

Other parameters extracted fronodie analysis do not show any trend with CMP
variation as wellFigure30c & d). For crystals of composition B however, a definite
ned fr

trend inVoc with CMP concentration isbservedVocO s o bt ai

om
range from 421 mV to 43@V with increasing bromine content in the CMP solution.
This is accompanied by both an increase in ideality factor as well as dark saturation
current while under 1 sun illumination, it in the dark. There does not appear to be
a correlation with bromine content and any other parameter in devices with

composition B.
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It is apparent that, along with the improvemenYeoé, adrop inFF
accompanies the reduction in Cu content. An order of magnitude increase in series
resistance is observed as well, irrespective of the absorber layer thickness3Bjgure
Based on Hall carrier density measurements (Tablne series resistance tracks well
according to the inverse proportionality of the Drude model. As a resulbyvérall
efficiencies of devices with these compositions remain roughly the same given the
samelsc. TemperaturedependendV measurements were again taken to gauge the
effect on interface recombination Wac(T) activation energies. However, the low
temperature behavior of devices of composition B did not resemble that of a single
diode. Thebehavior instead indicates the formation of a minecéyrier current
barrier as the temperature decreases. This leads tol@alta values which cannot
be usedo fit the previously discussed model. Because of this, the relative effect of the
CMP concentrations on the interface recombination caacwmirately evaluateidom
these measurements.

Figure31shows thelV behavior as a function of temperature for a device with
composition B and a 0.19% Br CMP. Aislsapecturve indicative of an electron
current blocking barrier beginstoformatitp er at ur es as hi gh as
also displays the evolution of the blocking resistdRewith decreasing temperature.
Using the methodology of Ali el %°, an attempt was made to extract an activation

energy ofRs. As is apparent frorRigure31c, this parameter does not follow a simple,
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Figure31: JV curves of crystal composition B with 0.19% Br CMP treatment under
illumination as a function of temperature between 40-andl 0 e C. Whi | e
thecurve behaves ideally at room temperature and above, a etbaps
becomes apparent at temperatures bel
JV characteristics of this device. b) Characterization of the resistance
(Re) induced by the minoritgarrier blockng barrier. c) Temperature
dependence and activation energy extractiofgoiO following the
formalism followed by Ali et af®d) Theactivation energfa =
gVoc(OK) for the open circuit voltage and compares this value to the
bandgap of the respective devices as extracted from EQE

singly-activatedArrhenius behaviorThe lowtemperature barriers of these devices
will be explored further ilChapter 4Figure31d compares thEa with theEqg
extracted from EQE measurements for all devices showigure30. The aat/ation
energy does not correlate with the CMP treatment for devices of composition A. The
Ea value remains approximately 50 meV below the bandgap, indicating that
recombination in the device is limited by the interface quality rather than bulk
recombinatn®®. Thus, the increase in Br concentration does not improve the interface
quality significantly. This is consistent with tNec results in Figur&0.

The efficacy of the CMR®vas foundo depend strongly on the composition of

the bulk singlecrystals. Specificallya higher bromine percentage is needed to
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improve the surfaces of the more-@oor, Zrrich specimens. This is observed in both
the trends inVoc and in ideality factor. As théocincreases for composition B
devices, the ideality factor also increases from 1.3 toFigu e30). This behavior

can be explained by a decreasing surface recombination contribution (n = 1) and
increasing contribution of ShockldyeadHall recombination in the depletion region
(n = 2 to the overall dominartevice recombinatioft-°? Previous works on the

elastic properties of Culngbave shown an increase in microhardness with increasing
deviations from stoichiomet8?.1f CZTSe crystaldehave in a similar fashion, then a
more rigorous chemical treatment would be needed during the chenachhnical
polish step to mitigate mechanical surface damage for mepoQucrystals. This
would explain the observed discrepancy between the bekaficomposition A and

B with CMP treatment.
3.4 Low-Temperature Device Anneal

A device anneal has been shown to improve overall performance of cells with
copper concentrations of type A and below (not showrg.ahimeal consists of a four
minute treatmentdt 50e C i n an ambient | aboratory
not appear to be the case for crystdls/pe B.Table6 summarizeshe behavior of
the devices treated aach extreme of the CMP process as a function of device anneal
and aging. A distinct increase Mfoc andFF can be observed for type A crystals, with
the anneal providing more of a benefit to those treated with the more dilute CMP. In

direct contrast wit higher Cu containing devices, both #feandVoc are negatively
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Table6: Behavior of examined devices as a
for 4 minutes) and su
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impacted in type B crystals, the latter taking losses on the order of 10 mV. It should be
further noted that all devices studied shogeaeral increase in germance over time
scale on the order of a week after fabrication. Devices of type B however consistently
sufferFF losses as high as 6%. These results are summariZedble6.

Two devices of this type were fabricated and are presantédure32. These
devices exhibit very sir@r Voc values of 447 and 450 mV. The variationJ#a is
difficult to quantify due to the small areastbésedevices $ection3.2above
whereas th&F variationmay be attributed to variations during device fabrication.
Unlike the annealed device characterized in Figdrelevice 1 fromFigure32 (no
device anneal) demonstrated an ideal Arrhenius behavior, indicating the existence of a
single thermallyactivated barrier resistandérf). Measurements on thigdce were
taken one day po$abrication followed by another measurement after one month.

Both measurements indicated this Arrhenius behavior ERhgalues measured in
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Figure32 JV curves for two devices of cryst@mposition B not subjected to the
final device anneal at 150eC. This ¢
devices with the highest observedd@ s, wi t h val.ues near

both instances were 148 + 7 and 147 £ 6 meV respectively, indicating no significa
change over this timescale

The barrier resistance behaviorHigure31is consistent with the existence of
two independent barriers with activation energies of 146 and 339 meV. While the
origin of the barrierss not known, several key aspects of their behavior do provide
insight. The introduction of the highBrn upon devte annealing would point to a
diffusion-based mechanism where an elemental species from either the CZTSe or CdS

slowly alloys with the complimentary material. Evidence of buried homojunctions
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have previously been observed for CZTS/CdS interfaces dueddf@slon into the
absorbef?®*The lowCu density in composition B would likely promote Cd
diffusion, allowing Cd to occupy sites which would otherwise be populated by Cu.
Without annealing, the device behavior remains limited by a single barrier energy with
aging, at least on the timescalelahonth, indicating a slow elemental diffusion at
room temperature.

It is also possible that the backntact alignment deviates from Ohmic
behavior with the decrease in carrier density, and thus change inlEeetin
crystals of composition B. THers of 146 meV would be a likely candidate for this
type of barrier, as it remains constant in devices with and without a device anneal.
These behaviors indicate that bpthand back contact junctions likely play a role in
the photocurrenblocking behaviorTaskesen et al. observed similar cursieloicking
behavior in their devices of similar composition as well, attributing it to the formation
of ZnSe at the back contact and subsequent detrimental valence band alfgfnisnt.
is an unlikely cause in the material presented here due to their-siggtalline nature
(SeeAppendix Q.

The top of the valence band in CZTS is primarily dominated by hybridized Cu
3d and S3p states, whereas the conduction band minimum is dominated %y &3t
S-3p state$® Maeda et al. calilated that a decrease in copper content would
subsequently decrease the interaction energy between the Cu and anion orbitals,
causing a lowering of the both the conduction band minimum (CBM) and the valence
band maximum (VBM) in Cdn-Se compound® The VBM would decrease more
dramatically than the CBM, leading to a bandgap increase. This phenomenon would

be consistent with the formation of a Schottky junction at the C/CZTSe back contact
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interface. Coupled with the mitigation of potential fluctuationis, ¥BM lowering

would explain the observed increase in bandgap for the most edgfogent devices
(Figure31d). Alternatively, it is possible that the behavior oé t6/CZTSe junction is

not Ohmic in either case investigated, and the high hole density of composition A may
facilitate tunneling through the barri€rCrystals of composition B however would

not benefit from this behavior since their hole concentrations are an order of
magnitude lower. Additional characterization of these devices will be presented in
Chapter 4n thecontext of admittance spectroscopy, providing more insight into the

photocurrent blocking behavior.
3.5 Device Performance and Cation Composition

As discussed ihapter 1cation composition plays a vital role in the
performance of CZT®ased solar cells. To further explore this dependence in a more
idealized environment than thfitms, singlecrystdline devices were fabricated on
CZTSecrystals with a range of cation compositioRgure33 highlights device
results for compositions (4%), which were obtained aidifferent methods as
described irChapter 2Composition (4) was obtained via setithte precursors
(Section2.6) whereas composition (1) was grown via compound precursors in the

method describenh Section2.4. Finally, compositions (2) and (3) were fabricated
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Figure33. a) J\-curves for compositions with Gaoor compositions ranging from
Cul(Zn+Sn = 0.77 to 0.92b) Timeresolved photoconductivity
measured by Siming Lee via terahapectrosopy®’ Curvesare
numbered in order of decreasing-Gantent c) Matrix of compositions
explored paired with device parameters measured on corresponding solar
cells and lifetime parameters extracted from Bgectroscopy. All
devices and measurements were made on crystals with the same surface
and device preparations.

with elemental precursors as described in Se@i8An increase in carrier density is
observed with increasing @wontent whereby Hall mobility remains uncorrelated, in
contrast to the trends Figure3 (SeeAppendix F.

The propensity for CZTS thifilms to perform better in Gpoor environments

carries through to singlerystal devices as well. No functional solar cells were
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obtained from absorbers with Q@h+Sr) ratios greater than 0.92. Efficienci®&gc0 s
specifically were observed to increase with Zm+Sr) ratios decreasing from 0.92 to
0.77.Figure33a and c show the device curves and parameters of devices measured on
crystals fabricated on CZTSe in this range of compositions. All devices and
measurements were made on crystals treated with a CMP concentration of 0.125 vol%
bromine for direct comparisoevices were all treated with a leemperature
(150eC) device anneal forVod® smiwreutee D bitrmilnah
devices with the lowest Cu content with higherddncentrations in the CMP process
and removal of the low temperaturevice anneal (see SecticBi8 & 3.4).

In collaboration with the Baxter gup at Drexel university, timeesolved
terahertz spectroscopy (TRTS) was performed on each crystigiure33a. Figure
33b shows the photoconductivity decay as a function of time on the picosecond scale.
Dynamics data was fitted with a transpgtombination model to extract the bulk
lifetime (t ) and surface recombinatiavelocity (SRV) for each crystal. Methods
are outlined byLi et al®”%These results are highlightedRigure33c, showing an
overall increase in bulk recombination with decreasingQutent.

The crystal witha Cu/(Zn+Sn ratio of 0.86 shows a deviation in the trend
however, despite the device following the tren¥d@. Further investigation is
required to determine the reason for this deviation. SRV does not show resolvable
sensitivity to the cation composition of the crysRgcombination in the highest
copper composition crystal however was shown to be dominated by short bulk
lifetimes (~ 20 ps), preventing the measurement of SRV in this crystal. The effect of
CdS termination on SRV was examined as well to obtain a befiemxamation to a

CZTSe/CdS device. Only the lowest Cu composition was examined. No difference
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was observed between the SRV of thgassivated surface, and the interface
recombination velocity (IRV) of CdS coated surface.

Figure34 shows the current coltion as a function of device bulk
composition via external quantum efficiency curves. The long wavelength region
(700-1300 nm)contains informatiomegarding carrier collection from the bulk, with
longer wavelengths corresponding to deeper bulk colledtiomger carrier lifetimes
enable current to be collected from deeper within the bulk, leading to an increase in
EQE at longer wavelengthghe collection exhibited by the devices in Fig8de

exhibit trends consistent with the corresponding THz bulkirifes.
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Figure34: Eternal quantum efficiency measurements as a function of wavelength
for the devices presentedfigure33. The trends in current collection at
long wavelengths are consistent with the measured bulk lifetime trends as
measured by THz spectroscopy.
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Finally, based on the low temperature behaviaNoturves, there is evidence
of a cation dependence in the interface quality, despite the results of THz spectroscopy
in measuring SRMInterface recombination velocity (IRV) however may play a role,
as itis a measure of recombination at the interface of the CZTSe crystal and the CdS
coating.Because IRV measurements were nogitedn CdS coated samples from all
compositions, it is not possible to exclude the possibility of an IRV dependence on
cationcompasition. Figure 35 showgoc vs temperature plots for the devices shown
in Figure33. These results show a clear trend in the activation energy measured for
devices (sedppendix ) and cation content. Specifically, the increase in Cu (decrease
in Zn) content correlates to a decrease in activation energy, and thus a decrease in
relaive effect of bulk to surface recombination. It is therefore likely thatiCu
CZTSe creates a less ideal interface with CdS. Greersni level (QFL) splitting was
measured on bare crystals via quantitative photoluminescence at HZB in Germany.
This methal is outlined by Let al®® Crystals were all subject to the same surface
treatments used in their respective devices. The measured QFL splitting is expected to
provide an upper limit iWocfor devices based on the bulk crystal propertégure
35b). Theefore,evidence suggestlat passivation of the crystal surface should

enable furtheincreases in opeaircuit voltage.
3.6 Surface Passivation with ZnSe Films

High recombination rates at the CZTSSe/CdS intettiave been shown to be
a limiting factor in device performanc€liapter 1. Furthermore, two separate studies

regarding interface properties within the CZTSSe/CdS system concluded a device
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Figure35. a)Vocas a tinction for temperature for devices {1{4). The extracted
activation energy is observéal correlate with cation ratio, increasing
with decreasing Cu (increasing Zn). b) Table highlighting the deficit in
activation energy from the EQE measured band@fagsire 34. The
final column shows the measured gulasrmi level splitting fobare
crystals of each composition, indicating the upper limit on-boiked
VocO s .
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limiting band alignment. The first of these studies measured a conductioshkad

the later measuring a chffpe alignment®°°These conflicting results paired with the
observed device limitations call for a better understanding of the CZTSSe surface and
CdS interface.

Several studieesmphasize the importance of a-dch surface termination on
device performance. A study conducted by Repins ebaielated the level of Zn
termination with improved/oc of pure selenide eevaporated film$® It was
furthermore correlated with an increase in activation energy for recombination
extracted fromVoc vs T plots, a feature indicative of reduced interface recoatlan.
Buffiére et al. determined that KCN treatments, a common treatment in kesterite cell
fabrication, preferentially etches Cu and Sn related secondary pPaBeis.
treatment is paired with improved device performance, when used in modefagon.
effect of Zntermination through the controlled deposition of a ZnSe passivation layer
at the CZTSe/CdS interface of devivess eylored based on these resuks many
convoluting effects exist in polycrystalline thithm materials, pureselenide, single
crystalline CZTSavere again used he work presented in this section was published
by Lloyd et al. as a conference proceedingli@ IEEE Photovoltaics Specialists

Conferencé®?
3.6.1 ZnSe Evaporated from Elemental Sources

The device otomposition (1presented in Figurd3 and a sister sample of the
same composition and growth run were used for this study. Because of the thickness
of single crystal specimens, it is possible to reprodessrystal surface and

refabricate devices on the exact same bulk material. After the CMP was carried out on
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the crystalsZnSe was deposited via thermal evaporation of Zn and Se precursor
material at pressures below&@rr through a 6 mAdiametemmask. The temperature
of the single crystalline specimens was he
deposition. Passivation layer thicknesses were controlled by the deposition time.
Appendix Goutlinesthe deposition system and conditio@systal specimensed in
this studyand their surface conditions are showihia table oFigure36.

As mentioned above, the thickness of singlgstal devices (11.5 mm)
enables the reprocessing of the same crystal with different ZnSe layer thicknesses. The
Mo-coated glass substrate is removed from the device by dissolving the-padten
in acetone. CdS and window layers are removed in a dilute bath of hydrochloric acid
(10 vol%). Approximately 5 microns of surface are then removed by polishing with a
0.05>m alumina slurry. The surface is then reinstated with the process described
above.

Phot oluminescence (PL) spectra was obte
capable of large area PL mappeighe IBM Thomas J. Watson Research Cetar
808 nm laser was used as the excitation source. PL spectra were obtained in 100 nm
steps on amGaAs detector with a set of bapdss filters ranging from 10a600
nm. PL yield, and subsequently radiative recombination, is utilized as a rough metric
for relative surfacguality (see AppendiX.2).

The PL imageshown in Figure36 highlight the PL improvements from the
approximatelyl00 nm thick, circular ZnSe passivatiayer. The intensity of the peak
for crystal A is ~ 5.5 x largdor the passivated surface compared to theassivated

surface (Figur&6a). The pela of the photolminescence curves for each crystal in
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Crystal A ZnSe 0.94 1.09 1.18
Crystal B ZnSe 0.90 1.18 1.18
Crystal C Bare 0.95 1.08 1.18
Crystal D Bare 0.87 1.22 1.19

Figure36. Area integrated photoluminescence as a function of energy for Crystals
A(a) and B(b). The energy dependence of the signal indicates the
improvement in PL intensity arrives from t@&ZTSe rather than the
ZnSe material. Inserts show PL maps of crystals with a circular area of
ZnSe deposited on the surface. It is evident that the PL of each crystal is
improved in that area.

Figure36lies near 0.95 eV for both bare and ZnSe terminaigdce regions. More

finely resolved measurements on crystals of sinaempositions have shown this

be the position of the Pheak®. The similarity in peak position between surface
terminations allows us to conclude that PL improvements are, at least in part, due to
the improvemat of the CZTSe surface, rather than absorption in the Z8Se 4.7

eV). Crystal B showed a smaller PL improvement of 125% with a ZnSe layer,
although the bare surface PL intensity was higher than that of crystal A. Both crystals

exhibited similar absate peak intensities upon ZnSe deposition.
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The presencef theZnSesecondary phasa the CZTS/CdS interface is
typically observed to be detrimental to device performafitEhis observation would
seem to be inconsistewith the photoluminescence results from a recombination
standpoint. To further evaluate the effect of ZnSe, full devices were fabricated on
single crystals with a ZnSe passivatlayers of varied thicknesseBigure37 shows
the 3V curves for two different crystals. On crystal A, devices were prepared with two
different ZnSe thicknesses of 50 rfrad), 10 nm (blue)and without any passivation
layer (black) Figure37ashows thelJV results for each devicas discussed above.
Reprocessing devices on the same cryséal possible due to the msoale
thicknessesSince compadsion differences may lead to convoluting factors, Crystals
A & C were chosen from theame growth process and were shown via XRF to have
similar compositions. Figurg7b shows thelV curves for the same two ZnSe
thicknesses on Crystal C. A npassivated crystal was not achievedhascrystal size
became too thin fadlevice fabrication during the-fabrication process. Therefore, the
un-passivated device on crystalig\plotted for comparison. Devices made on both
crystals using 50 nanometers of ZnSe indicate that there is an upper limit on ZnSe
thicknessThe degraded behavior is consistent with a large resistance introduced by
the thickinsulatingZnSelayer.

The stadard treatment for singlerystal devices includes a device anneal at
150eC for 4 minutes i34). Thisshoweveadbes noyprosider ( S e €
an optinal treatment for devices with a ZnBger. Figure38 shows the behavior of

deviceg(on Crystal A)passivated by 10 nm ZnSe as a function of heat treatment

79



a__ — b) 2
T —— ——rT—T T — T
L . I a ; I ]
20 ,;E- ZnSeﬁ:knon i 20 ’g‘ ZnSe Théckna“ . 900 - N ~ " ZnSe Thickness -
§ nm 5 nm
< —10nm .ll < — 10 nm .' 800 L ~ = 0nm
10_% 50nm | 10 g 50 M ’ 4 \\ m 10nm
E | E ’I 700 £ & »
= = D
T — o2 Al Yy
b1 ; | 7 500 - RS
aai il / la00f
.- .~ E
20 =T ool .~"T {3003 g
1 I L |crvs‘t|aI A 1 L AchStlaI B 200 & A L L 1 L L L. E|
03 -02 -01 00 01 02 03 04 0503 02 01 00 01 02 03 04 05 0 50 100 150 200 250 300 350
Voltage (V) Voltage (V) Temperature (K)
Crystal A Crystal C
Thickness  Voc(mV)  Jc(mA/em?)  FF(%)  n (%) Voc(mV)  Jse(mA/em?)  FF(%) 0 (%)
0nm 220 16.2 48.5 1.7
10 nm 372 20.7 55.8 4.3 360 16.7 48.1 29
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Figure37. a) JV curves for devices made on crystal A with ZnSe thicknesses of 0,

10 and 50 nm. b) JV curves for the same ZnSe thicknesses on Crystal C,
the ZnSe free curve was taken from crystal A/ge3as a function of
temperature foa device with no ZnSe layéirom crystal A) and 10 nm

of ZnSe (from crystal C). The activation energy increases from 718 meV
to 979 meV with the introduction of ZnSe. 10 nm ZnSe measurements on
crystal A were not obtainable due to device damage during measurement.
d) JV Parameterssaa function of ZnSe thickness for crystals A and C for
devices treated with the optimal device anneal for each thickness.

temperature.

The

150eC

anneal

i mpl ement ed

provide the optimal treatment for maximac, which incrases with increasing

anneal temperature. However, a tradiein FF is observedasd e cr eas e s

Of the temperaturesvaluated

optimization was performed on devices with 50 nm of ZnSe.

past

1 7 5 ed&l anpoptimal efficiencyNo temperature

Section 3.2discussed the use of temperatdependent JV measurements to

extract an activation energy for recombination from the extrapolativaoab O
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Figure38:. a) J\tcurves for a device on crystal A with a 10 nm thick ZnSe layer
after 4 minute anneals at each temperature listed in room air. b), ¢) and d)
track the fill factor, short circuit current and open circuit voltage for this
device as well as a comparable device on crystal ¢ as a function of the
anneal temperature.

kelvin. Figure37c shows th&/oc(T) plots for a device without ZnSe passivatiand a
comparable crystal with a 10 nm ZnSe layer. Theassivated device exhibited an
activation energy of 719 3 meV. When compared to the 980 meV measured for

the passivated device, it is thus evident that the interface quality improved.
Furthernore, the latter energy is equal to the bandgap extracted from EQE @80es (

+ 4 meV), indicating a transition from interfatienited recombination to bulkmited

upon introduction of 10 nm ZnSe. Despite the improvement in device performance at
10 nm, tle low-temperature behavior of the JV curve indicates a culiecking

barrier not present in the ypassivatedievice (Figure89). Thereforeit is possible

that the ptimal thickness for ZnSe passivation is less than 10 nm. Furthermore, this
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Figure39: . a) J\Vcurves as a function of temperature for the 0 nm ZnSe device. The
norrideal device behavior does not change with temperatuceirigs
for the device passivated with 10 nm of ZnSe. At low temperatures, the
device behavior deviates from ideal to ashaped curve, indicative of a
thermally-activated blocking barrier. This behavior is absent from dark
curves, indicating a majority a®nt blocking barrier.

barrier introduces doubt on to the accuracy of the extracted activation energy. The
extracted energy however was obtained from the hitgreperature curves (before
the barrier onset), lending credibility to its value.

These resultare consistent witthe conclusions of Repins et al. for-doh
terminations and further suggest an interplay between surface passivating properties
and the current blocking nature of the insulating ZnSe. Furthermore, the initial
investigations appear tndicate that the bulk composition has significant effects on
interface properties. This is highlightedRigure36, which shows the PL
improvements for crystal B wth is more Cypoor and Zrrich than crystal A.

Although the norpassivated PL intensity is higher for this sample, the passivation
layer increases the intensity to nearly the same absolute level as crystal A. Further

investigation into the effects of butlomposition on surface termination is thus
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required.Optimization of ZnSe thickness is also required based on the observed low

temperature current blocking behavior.

3.6.2 ZnSe Evaporated via ZnSe Powder Precursors

Equipment failure of the thermal evaporatorhnelemental sources forced the
investigation onto an evaporator with a Zredeisionsource.The sublimation
thermodynamics of ZnSe and different sticking coefficients for Zn anddbédd
produce a Seoor film compared to films deposited from elementailrses As in the
previous section, a thickness variation study was performed on a-sigglalline
specimen, utilizing the same reprocessing procedure. A similar composition was used,
which contained more Zn and less Cu, demonstrating a higher batmlioe
performance. Crystals with a composition of @u4#Sn = 0.90 and Zn/Sn = 1.17
were used and were taken from the same run as crystal (2) from SE8tion

JV-curves obtained from four devices made on this crystal are simofrgure
40 with ZnSe thicknesses ranging from 0 to 10 nm. A distinct deviation in behsvior
observed, as the introduction of a ZnSe passivation layer hinders device performance
at every thickness empled. Based on the JV behavior, the ZnSe appears to introduce
a currendblocking barrier without providing any benefit to performance.

We identify two possibilities for the contradicting results from those achieved
in the previous section. The first readming the nominally Spoor nature of the
ZnSe produced with the differing source material. To address this point, a secondary

selenium source has been added to the evaporator to provide a selenium overpressure
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Figure40: JV-curves and corresponding parameters for devices WithQOnm of
ZnSe passivation from a ZnSe evaporation source. The upper limit on
device performance is shown to be thepaissivated case. All devices
were fabricated on treame crystal following the reprocessing technique
described in the previous section.

during deposition. Continuing work is underway in this investigation. The second
possibility is the difference in crystal and device properties from crystals of this type
(2) and the type studied in the previous section (1) which are highlighted in the table
of Figure33. A more detailed study on the effect of crystal composition on the

efficacy of ZnSe surface passivation will be studied in future works.
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3.7 Sulfur Alloyed Devices

Sulfur alloyed crystals wememonstrated in Sectidh5. The highdensty of
voids in the crystals act as a hindrance to device fabrication, mislarigbrication of
functioning devices a difficult task. Nevertheless, functional solar cells were
fabricated on the two sets of material growth which resulted irsinad crystks.
Furthermore, the high CGeontent of these crystals are not ideal for high performance
solar cells. Crystal preparation and device fabrication were the same as those
implemented for typical CZTSe devices and no modifications of the processes were
made n sulfuralloyed specimerfigure41 shows the resultingV curves for an
alloyed device alongside EQE curves from a crystal from grow{i &de3).

Functional devices were only fabricated on devices from growths S3 and S4.
Both demonstrated curves with hysteresis, a difference in curve behavior dependent on
the direction of the voltage sweep. Both devices also Mad ancrease with the
impl ementation of an air anneal of 150eC
in series resistance and thus degradation of device performance was also observed for
S4 upon annealing. EQE measurements for the crystal from S3 show poor current
collectionin the long wavelength regime, indicating small diffusion lengths in
conjunction with short depletion widths. The bandgap of the S3 crystal was extracted
from EQE curve, demonstrating the increase in bandgap with the incorporation of
sulfur (1086+ 5 meV)and is consistent with an alloyimg 27%sulfur, assuming a
linear bandgap relation between S and Se banddzased on the sulfur percentage

measured via ED@-igure41), the bandgap is expected to b&3.@neV. The
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Figure4l: a) JV curves for a crystal from run S3, showing signs of hysteresis
between curve sweep directions and breakdown in reverse bias in the
light curves. The devic¥oc benefited dramatically from a device anneal
at 150e C fbyExterdal quanturo éffiersy. curve for this
device alongside bandgap fitting. Compositions in the table were
measured via EDS.

discrepancy may be caused by imperfections in the lBB&surements (ségpendix

D) caused by the elemental reference standards {&esulfur) rather than a single

crystal standard. The implementation of higher performing devices is subject to the
improvement of crystal growth for sulfur alloyed crystals whiculd allow for a

wider range of cation compositions as well as a decrease in voids in resulting crystals.

A path forward towards this end was outlinedection2.4.
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Chapter 4

DISORDER MITIGATION IN Cu2ZnSnSe

4.1 Routes Toward Disorder Mitigation in CZTSe

Kesterite materials are well known for their complicated defect landscape.
Sectionl.3outlinedthe defect species with the lowest predicted formation energies.
Furthermore, Sectioh.4 discussedhe deleterious potential fluctuations induced by
the pervasiv® 6 @& andgcd 6 “Y¢ defect complexes. This chapter will
focus on implementing disordermitigation techniques on sing®ystalline CZTSe.

The capability of faricating singlecrystalline devices will be utilized, using solar cell
characterization techniques to gauge levels of disod¥feanalysis, quantum

efficiency measurements and capacitance spectroscopy will provide details of different
treatments on theedlect structures in singlerystalline CZTSe. This will be

supplemented photoluminescence spectroscopy on bare crystal surfaces to provide a

fully detailed description of the materials explored.

4.1.1 CompositionatBased Disorder Suppression

In preceding chapter the dependence of solar cell performance has been
linked to the cation composition of the bulk kesterite material. Specifically;@oGuy
Zn-rich environment is frequently shown as a requirement forledibved devices.
Of the two defect complexessizibed above, only thgd 6  "Y& pair should be

affected by composition, astbe6 @& defect preserves stoichiometry. Under
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Cu-poor, Znrich conditions, the former defect complex is predicted to be suppressed.
Furthermoreg & w defect clusters become the dominant defect. All of these
factors are predicted to contribute to wedhavedsolar cells® Figure42 shows the
formation energy of these defect complexes (highlighted in gold) with respect to
elemental chemical potentials. The mostgdwr, Zrrich region in the phasdiagram

is labeled as point P. The formation energy of the relevant defects proviea i

for the above claims over dominant species. Despite the preferential suppression of
¢O 6 Y& defects in a Cueficient (Znrich) environment, the high density of

06 & defect pairs is predicted to lower the formation epeighe former

defect® It is therefore likely that the GAn-Sn defect cluster will still be prevalent in

these compositions.

a) u,, (eV) b)
0 325 2 <15 -l -0.5 0
Cu,SnSe, — \"“'/n( "
2 V., +Sn
205 - Cu_#7n,
Zn ~ Cu
P~ Zng,*Sny,
-1 :3’ an‘ IZn‘ .
E _ i:" ('um-('uI
Uf 1.5 8 — 2V, *Sny,
0 = 2Cu +
= £ — 2Cu,, +Sn,
E
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u. =-0.20 eV
Feu

Figure42. Calculated defect formation energies at given chemical potentials of
CZTSe.a) Phase diagram as a function of tin and zinc chemical
potentials. b) Calculated formation energies of dominant point defects
and defect pairs as at sy points of the phase diagram labeled
alphabetically. Point P represents the mosP0ar, Znrich point on the
calculated phase diagrafigure modified from Chen et &l.
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4.1.2 Low-Temperature Cu-Zn Disorder Transition
Chapter lintroducedhe lowtemperature ordeattisorder transition for CZTS

material as measured via Raman spectroscopy by Scragl§ Ebathe puresulfide

compound, the critical temperatuieeY was reported to be appro

Assuming a proportionality ofc to the peritectic points of the pure sulfide and pure

selenide kesteritdci s expected to be near 210eC.

bandgap as measured by electroreflectance as a measure of disorder within the system

as a function of annealing temperature and annealing time for 8% sulfur alloyed cells.

Assuming theéeg values inChapter 1this puts the bandgap only 6 meV highentha

Kr 2

pure selenide crystal. By this methdd,was determined to be 19% e C, in cl ose

agreement with that predicted by the Raman study. The transition was marked by a
bandgap change from 0.96 eV to 1.03 eV
hours. Thes results arshown in Figurel3. Bandgapchanges predicted for €4n

antisite disorder are on the order of 20 meV, which is on the same order of that
observed (70 meV). The alternative likely option for bandgap changdseare t

¢O 6 Y& defect clusters which are predicted to reduce the bandgap by
approximately 200 meV28In conjunction with earlier works, the authors thus

conclude that th&c observed via bandgap changes are primarily induced 8nCu

disorder mitigation.

4.2 Cu-Poor SingleCrystalline CZTSe

Using singlecrystalline, pureselenide CZTSehe effect of Ctpoor, Znrich
composition on disorder was explored. The two lowest copper content crystal devices
from Section & were chosen for furth@xaminationln comparing the data between

these two samples, it is important to note that the err@yciis high due to the small
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Figure43. a)Electroreflectanceneasured bandgap as a function of annealing time
at 130 e bayn&KrP7mmer et al . Ti mescal
are required before a plateauBgnchanget® b) Bandgap as a function of
4 hour annealing performed above and beledemonstrating the
reversibility of the anneal. Figures modified from Krammer éal.

device areas and thus is not a suitable parameter for accurate compasisaside,

the two devices perform similarlifigure44alabels each crystal composition as CP1
and CP2 in order of decreasing-Gantent. Furthermore, the figure shows titaeleoff
betweerVoc andFF going from the higher Gaontent to the lower one. Further
insight into the differences these cells can be extracted fréigure44.The carrier
density of CrystaCP1should be similar to that of the sample presebtetlioyd et
al.>® , which exhibitedo-type conductivity obpproximately3.5x10° cm3.

Hall measurements taken on a comparable crystal to CP2 yelged
conductivity with carrier densities an order of magnitude lower than CR13xdt0™
cm3. The poor collection in the long wavelength portion of the spectonf@P1can
be attributed to thhigh carrier density and thus thin depletion wiethe improved

collection in this region fo€CP2paired with the decrease k- are consistent with a
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Figure44: a) JV curves for devices made on compositions CP1 and CP2. b) EQE
curves for both devices, showing larger lamgvelength collection for
the lower Cu device. The dashed curve represents the hypothetical EQE
curve of crystal CPZ it had the same depletion width as CP1 as
measured by CV, assuming the same absorption coefficient. c) Logarithm
of the EQE curve as a function of energy in the near bandgap region. Fits
for Urbach energies are displayed. Relevant material and device
parameters are given by the tables at the bottom of the figure

larger depletion width resulting from the smaller carrier density in comparison to

Crystal CP1. Depletion widths are verified by capacitaraitage measurements

(CV), yielding values of 0.12 mions and 0.25 microns for the CP1 and CP2 devices

respectively. Furthermorélcv values correspond closely to the Hall density

measurements yielding respective values ok B0¥ cn® and 5.610" cm®, The fact

that these values are slightly higher thavsthmeasured by Hall is expected as CV

densities are influenced by defects atghénterface'® SeeAppendix Jon CV

measurement details.
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As highlighted inFigure44aand b CrystalCP2shows a steeper slope in the
low-energy tail of the EQE spectrum than Cry&RI1 The difference in QE curves
can be due to three main factors assuming the same bullp@disaualities;
difference in depletion width, increase in carrier lifetime in CP2, and changes in sub
bandgap absorption behavior. Depletion width changes (factor of 2) are shown to play
a part in the long wavelength collection differendagyre44b). Assuming poor bulk
lifetimes, all carriers generated outside of the depletion width are neglected from
collection. The dashed curve in the EQE figure is a scaled regrodwf the CP2
curve based on this assumption, the measured depletion width differences and the
singlecrystal absorption coefficient shovin Figure2a.

000 | Qwhi- (6)

The region near 600 nm and the decrease in absorption at longer wavelengths
is well reproduced by this scaling factor, indicating that a large portion of the EQE
differences originates from depletion widthelahus bulk carrier densities. However,
the steep drop off at the bardge is not reproducethis observation provides
evidence oflecreased subandgap absorption and thersaller Urbach energies in
CrystalCP2 A decrease in bariil states would sfitiently explain an increase in
Vocas well An exact calculation of Urbach energies is not provided as the small
device areas hinder the quantification of a reflectance spedtnusthe EQE was
used for the extraction rather than the Internal Quantum Efficiency (IQE) using
Equation6. However as shown ifrigure44, the Urbach energies foaeh device is
similar, indicating similar amounts of standgap absorption. This leads to
conclusion that most of the absorption characteristics below 1.05 eV are dictated by

the differences in bandgap for each absorber.
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4.3 Low-Temperature Order Anneal

Following the methodology of Krammer et al., singhystalline specimen of
type CP1 and CP2 were subjected to alemiperature anneal for the purpose of
cation ordering. Crystals were polished through the final CMP step, as is the baseline
preparation for sigle crystalline specimerChapter 3. Crystals of type CP1 were
treated to a CMP with a Broncentration of 0.13%, whereas the lower Cu crystals of
CP2 were treatedittr a CMP of 0.19% Br in methanol in accordance to the results of
Section3.3 A Br-MeOH solution etch of 0.13% was then used in each Cagstals
were thensubjeetd t o a temperature of 130eC for a
past the 1zhour plateau in bandgap changes observed by Krammer (Bigure
Anneals were maintainad a Ne-rich environment with a constant flow 600 cc/min
of nitrogen into the closed box furnace. After 18 hours, crystals were allowed to cool
naturally in laboratory air. Crystals were then treated to an anneal in ambient air for 6
mi nutes at 350eC to provide a sidovicesar sur f
With an anneal time significantly smaller than 4 hours (see Fafime it is not
expected that this treatment will greatly affect the bulk crystal propadiesved by
the 18 hour anneal. Device fabrication continued with the subsequent chatital

deposition of CdS, continuing through the process describ@dapter 3
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CP1 Vo (mV) Joc(mA/em2) FF (%) 5 (%) B-Contact JCP2 Voo (mV) Jsc(mA/em2) FF (%) 5 (%) B-Contact
1 412 24.6 66.1 6.71  Graphite 1 450 32.0 62.8 9.06  Graphite
2 402 30.2 67.3 8.10  Graphite 2 447 27.7 64.5 7.99  Graphite
3 389 25.14 65.1 6.36 Graphite 3 433 29.7 64.0 8.22 MoO,

CP1 Vo (mV) Jsc (mA/cm2) FF (%) 7 (%) B-Contact JCP2 Voc(mV) Jsc(mA/cm2) FF(%) 1y (%) B-Contact
1A 301 28.8 66.9 9.64 MoO, 1A 497 309 593 9.12  Graphite
2A 469 245 69.8 8.02 Graphtite 2A 497 247 62.5 7.66 Graphite
3A 487 279 55.1 7.49 MoO, 3A 494 28.6 68.4 9.64 MoO,

Figure45: JV-curves before and after ordering anneals for both a) crystals of CP1
composition and b) CP2 composition. Upon annealWagd s i ncr eased
from 402 to 476600 mV for CP1 and 447 to 479 mV for CP2. Fill
factors do not appear significantly affected by thecais) Tables
correspond to the colors of each curve in a) and b) and includié- all
parameters and the material used as the back contact of the completed
device.

Figure45displays the results in triplicate for each set of devices: CP1 and CP2
crystal compositions both wBefordanmealidg wi t hout
treatment, the baseline voltages for devices of CP1 are approximately 400 mV,

whereas those of CP2 are somewhat higher, b s near 450 mV. Thi s
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increase with decreasing €ontent is consistent with the typically observedavatr
of thin-film CZTSSe devices as well as results previously reported in previous-single
crystal studied®8°’Due to the extensive labor required to fabricate each device,
large statistics were not feasible for these devices. However, at least three sets of each
device type were fabricatedemonstrating reproducibility to within 3% of the average
value for theVoc parameter (see table correspondingitpure45). Jsc andFF values
demonstate more variation and are more sensitive to the deposition of other layers in
the device structure. Furthermore, because of the limitation in active device areas, the
Jsc parameter will not be used as a metric for evaluating the efficacy of treatments.

Devices fabricated on ord@nnealed crystals demonstrate a jumyanfrom
their untreated counterparts. Devices of type-BRIemonstrate a 21% increase in
averageVoc value, while CP2A devices onlydemonstrate a 12% improvemeihis
result indicates @it the annealing treatment brings the performance of each crystal
type up to similar levels near 500 mV. These devices also demonstrate reproducibility
of theVoc parameteto within 3% of the average value, with the moreg@or
devices demonstrating a alter spread. Neithdill -factor orJsc appear to be strongly
affected by the crystal annealing treatment, further indicating that their values are
limited by subsequent device layer depositions and désned phenomena.

EQE for all four devices are gted as a function of wavelengtihFigure46.
The curves for devices of both types do not show appreciable change in the long
wavelength regime of the curve (7Q@00 nm). This is consistent with a carrier

density and thus depletion widtvhich is not expected twe changed by the annealing
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Figure46. a) EQE curves as a function of wavelength for both CP1 anetypie2
devices before
Improvement in subandgap absorption abserved in both cases
following the anneal, with the least shbndgap absorption occurring for
the lowestcopper device subjected to the anneal. b) EQE as a function of
energy for all 4 types of crystal. A drop in Urbach energy of
approximately 4 meV isbserved for both types of device after
annealing. The lowest observEd of 22.4 meV was obtained for the
lowestCu, annealed device

and

after 1 mplementat.

treatmentWhile Hall measurements have not been carried out on annealed crystals,

Ncv values at OV bias approximate tberrier density differenceg\ppendix J. CP1

crystals demonstrate values of 3.7 and 41D%cm for Ncv before and after

annealingCP2 crystals showNcv values3.8 and 3.5 4.0™cm® respectivelyThe pre

annealed values lay close to themtemperaturédall values measured for sister

samples of 8.7 £0°cm and 1.8 »0cm® for CP1 and CP2 crystal&CV taken at
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40eC in both casesBoththed 6 @& andgcd 6 "Y& defect complexes are
selfcompensating, no change in carrier density is expected froantieal, thus
behavior matches what is expected for the behavior of these deséketisvalues
remain relatively unchanged with annealfng

The baneedge region of each device differs substantially as a function of the
anneal. Annealing reduces the absorption below 1 eV of the CP1 device to a level
comparable to the neannealed CP2 device. Absorption within this region reduces
significantly more for the annealed CP2 device. Furthermore, the extracted Urbach
energies from EQE curves also lowers by approximately 15% for each device type
after annealing. Consistent with the bandgap change obserkadioyner et al., the
CPZtype ckvice the annealing treatment increaBgtb 1.04 e\:% The CP2type
device however had a bandgap increase to 1.08 eV, higher than those observed by
Krammer. The bandgag devices in that study is expected to be only 5 meV higher
than the ones presented here because of the 8% sulfur alloying in that study. This
emphasizes the efficacy of the treatment on the devices presented herein. Furthermore,
the cation composition ithat study was demonstrated as(@o#Sr) = 0.85 and
Zn/Sn = 1.24, which is the same composition used in the CP1 crfstEie overall
change in bandgap from CP1 to GRZs observed to be 0.98 eV to 1.08 eV, a total of
100 meV, in between the expected chandgyiof 20meV and 200 meV expected
from mitigation of6 6 @& andgcd 6 Y& respectively. These results are
consistent with the expected decrease in both defects from the anneal and the
decreased Guomposition respectively. The decrease in concentration of thisgsde

are also consistent with the significant increase in obserwstin
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4.4 Admittance Spectroscopy: PreAnnealed CZTSe
Using the method put forward by Walter et al., the defect states are
investigated through the temperature dependence afithétance spectrd.
Admittance spectroscopy investigates the behafiapn-junction by taking
advantage of its capacitive properties. Specifically, a small AC voltage perturbation
(on theorder of 0.01 meV) is applied to a device as a function of AC frequency.
Walter et al’’ devised the formalism describing the relationship between device
capacitance and the capture/emission of defects. Defect occupation can be described in
terms of capture coefficients through Equafti@hand modified to account for AC

current perturbatins viaEquation(8).
— 180 & TR 1T 0&Q 7
o 0 &€ Q 7 (7)

¢ & EQ M N nQ R g tQ (8)
Here,0 denotes the density of a particular defect at an erieedppove the valence
band with¢ signifying the density of those defects occupied by an ele¢trgn.
signifies the capture coefficients of holes and ebest respectivelyi  indicates the
effective density of states of the valence and conduction band a&guition(8)
describes the respective densities of electrons holes and filled traps<a Bad(an
AC (®) component with an angular frequegraf ¥. In short, from these relations, a
distribution of defect densities can be extracted by applying Equé&liand
integrating over the available energies within the bandgap to finally arrive at Equation
(10). In these relationsY denotes the blitin voltageandw represents the depletion
width. The energy of the defect st&e is given by the relationship shown in
Equation(11).
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Different energies of defect states are probed via the relationsBguation
(11) via a sweep in applied AC voltage frequencycharacteristic of this technique.
Upon the activation of a defect, a distinct step is observed in the capacitance curves as
a function of frequency. Supplemented by a temperature sweep, this technique can
provide the density of states (DoS) in the bandgap. It is possible to obtain the
activation energy of a defect speckg®© ) by substituting in the frequency of the
inflection point of an observed capacitance stgp (nto Equation (1)las a functia
of temperature. Substitutionfof 0 with + "Y, wheret denotes the attemjpd-
escape velocity of a captured electron, is required to fully account for the temperature
dependence. One condition imposed by this method is that only energiedievhich
deeper into the bandgap than the Fdewel can be probed. For typical CIGS
material, this condition limits the range of energies fror680 meV for practical
measurements (80350 K).”” Furthermore, it is difficult to differentiate donor vs
acceptoitype defects.

As is not uncommon for thifilm chalcogenide materials, the capacitive
properties of these devices exhibit metastable beh@A®To account for this, the
devices are subjected to an external bias to condition the sample to a desired electronic
state.Biases were held for 3 hoursdalD ¢&3ed on observed CV transieriise
temperaturavas subsequentlyecreasetb -140sC with the bias still applietb set the

state of the device as performayl Eisenbarth et aind the bias is removég Four
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type CP2 after conditioning under (a) 1 sun bias, (c) 1V forward bias, (d)
red light bias and (g) blue light bias. Corresponding plots of Y vs

pTQ"Yare plotted in (b), (d) and (f) respectiveligd s

these plots are shown in the table. Two activation energies were observed
in each case except for case (g), which did not demonstrate a capacitance

extracted

step in the explored temperature regiifiee final row in the table shows
the activation energy for the minority current barrigpgendixl.4) and

the series resistance in the dark.
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metastable states areidiedand displayedn Figure47; one induced by light soaking

in 1 sun conditions provided by a halogen lamp (8) other lightinduced
conditioning with blue and celight (BL) and (RL) by using filters on the 1 sun
halogen source arahother via the application of 1V forward bias (FBgtails of this
procedure are outlined iAppendixJ.2 No significant changes in CV signals were
observed after reverdmas conditioning (RB) and thus this scenario was not pursued
in studies.

Admittance spectroscopy observed for a device ¢ P2 are shown in
Figure47for a temperature range betwedn4 0 e C1 @end and AC frequen
between 5 107 and 16 Hz. Left-hand figures (a,c,e,g) show the cadfawe as a
function of frequency while rigktand figures (b,d,f) show the extraction of activation
energies via an exponential fittof Y vs'Q “Y for ¥pvalues obtained on each
capacitive step. Each pair of plots are labeled for the regpaxinditioning
treatment. A table summarizing all extracédvalues is also shown. Compared to the
activation energies measured fesun bias conditioning, the forwakdas
conditioning case provided higher energies for each capacitive step. Furéneionor
within error, theEa values measured for the RL case are equal to those for the FB
case.

Depletion widths and doping profiles were extracted at the conditioning
temperat ur e ( 40 e Gupltage profites df daeh devieepising thé a n c e
methoddescribed irby Heath et al® Figure48 showsthese results falevices on
both types; CP1 and CPRoth exhibit similar elative behavior between metastable

stateswith CP1 devices demonstratindnigher doping density and shorter depletion
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Figure48: Ncv as a function of distance from the CZTSe/CdS junction as extracted
via CV measurements followingeghmethodology of Heath et &f a)
CP2type device corresponding to the A®asurements iRigure47.
Trends in depletion width as a function of conditioning bias are shown by
vertical dashed lines. b) Similar density curves for a device of type CP1.
Similar trends are observed for both degic

width overall The observed depletion width aNdv values are shown to be

dependent on the conditionipgocedure. Depletion widths in both cases are shown to
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increase from FB conditioning to RB, FB,-#sand BL conditioning in that order.
Depletionedges were extracted from the OV DC bias point in the CV profiles and are
denoted by verticadashed lines ifrigure48. Ncv values decrease accordingly,
assuming a constant CdS doping density. Admittance spectrosicigtly probes the
defect signaturei at the depletion eddéThus, AS measurements at different
conditioning are measuring the defect signatures at different positions in the bulk
CZTSe material with the FB case probing closest to the CZTSe/CdS junction, and the
BL case probing farthest from it.

Cettain defectsn CdSand CZTSe are suspected of causing this metastable
behavior Eisenbarth et al. observed several key changes in the capacitive behavior of
CIGS devices after several biasing conditions: Forward and reverse voltage biasing as
well asred, blue and white illuminatioff. The underpinnings of these metastable
states are a subject of continued debate. Three common theories are 1) A metastable
amphoteric defecMseVceu), 2) A DX recombination center, 3) CdS pbdoping, 4)

Cu-ion migration, 5) a p+ layer at themerface and 6) electron trapping at a back
contact barrier. The existence of such metastabilities in sangétalline CZTSe
devices has already been demonstrated in previous stffies.

Figure49 showsthe results of admittance spectroscopy measurements on
devices of type CP2. In contrast to admittance on-$p4a devices, these devices
exhibit one predominant capacitance step. Because tbet @giergy is significantly
smaller in magnitude, these capacitance steps are only fully accessible at frequencies
above 1Hz and temperatures below 140eC, condi
measurement equipment employed. Subsequently, the infleciitruged in defect

calculations are only measurable for the lowest one to two temperatures. To
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Figure49: Capacitance as a function of applied AC frequency for a device on crystal
type CP1 after conditioning under (a) 1 sun bias, \{cjatward bias, (d)
red light bias and (g) blue light bias. Corresponding plats of Y vs
p¥Q "Yare plotted in (b), (d) and (f) respectiveigo s extr act ed
these plots are shown in the table. Activation extracted from trends in
with dC/dVvalues. Evidence of a high&nergy defect is observed for
the LS case (b) whereas all other cases exhibit a singleTsefinal
row in the table shes the activation energy for the minority current
barrier (AppendiX.4) and the series resistance in the dark.
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circumvent this issue, effective activation energ@9 (vere extracted for lines of
constand C/ vahies §¢), increasing in value toward the peak of the derivative
(inflection point).Figure4% shows the Y vspXQ “Yplots for this family of
frequencies, furthermoigigure49c highlights this trend in activation energies. For

the Rs conditioning, the extractéd trends to higher values with increasing

frequencies. A plateau is observedraspproachesp, leading to the designation of
Eabound between 60 medhd 80 meV. The LB case however shows signs of a

second, lessdlistinct inflectiorpoint in the capacitamccurves at the lowest

temperatures. As a result, tBevalues are observed to decrease with increasing
beginning to plateau near 70 meV. As the curve does not plateau toward the lower end
of ¥¢,an upper bound was not obtained and the seEamalue is determined to be
greater than 180 meV. Similar to the CP2 device, this device exhibited a much smaller
capacitive change with frequency and an activation energy was not obtainable.

To gain further insight into the activation energies measuredlnttance
spectroscopy, théV curves for each device were analyzed as a function of
temperaturéAppendixl.4). First, the dark curves were analyzed for the measeme
of thermally activated series resistandgs) (Device type CP1 exhibited &r value
of 69 = 3 meV, whereas that measured for the CP2 device was 86 + 4 meV.
Furthermore, the CP2 device, the one which exhibited two capacitance steps in the
admittancecurves which is absent from the other device. CP2 also exhibited a eurrent
blocking barrier on the lightV curves at temperatures bele®v0 e C. A meas ur e me
of the activation energyeg) was made via the method outlinedAppendixl.4. This

value was measured as 91 + 6 meV, within error of the value extractes for
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The admittance results retrieved for the CP1 device were more straight
forward to analyze than that CP2.0 values for the.B, RB andFB cases are in the
60-80 meV regime. These artifacts are therefore likely from the same defect species,
further indicating its spatial presence between 0.05 and 0.1 micron from the depletion
width (Figure 48)JV(T) measurements furthermore resulted theamally activated
series resistance with &g value of approximately 70 meV. It is therefore likely that
all of these thermally activated behaviors result from the same defect species. In
CZTSe, theb ¢ donor defect is predicted to have an enerfglomeV below the
conduction band and would be the closest predicted defect to the measured activation
energies(Figure?). If this were the case however, the conthitgt of the p-type
CZTSe material would increase at lower temperatures due to the freezeout of
conduction electrons, contradicting the observed decrease in series resistance.

The two lowesievel acceptor defects in the CZTSe system however are the
Vcuard Cuzn defects with defect levels 40 meV and 110 meV above the valence band
respectively. Neither of these defect species by themselves would explain the observed
Eavalues. Temperatures lower than the ones accessible in the outlined experiments, at
most gproximately-1 50e C, ar e expect edEabse faeaer thlk md
Therefore, th&/cu defect should be nearly completely ionized at all temperatures
explored. However, the energy difference between these donors is approximately 70
meV, close to the values measured above. Therefore, we propose that the observed
defect signatures in the adtance and\/(T) measurements are due to the freezeout of
holes via a transition fromaquation (12)where the copper vacancy acts as a

mediating defect.

N 66 ®zod6060 O 25606 (12)
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The highe- energy signature observed only unde8un and RL conditions is likely
attributed to a metastable defect species in the device. Characterization of this defect is
outside of the scope of this present work.

The more complex admittance response ofiiwgce on the CP2 crystal is
difficult to analyze in terms of defect states. Neither the observed barrier activation
energy Es) nor the observeHr values are reproduced in any of the kasaditioned
admittance spectr&or the pure selenide compoundgptenergies of similar
magnitudeas those for the admittance measuremleave been observed in the
literature for thinfilm devices. Brammertz et al. obsenadesponse at 150 meV
which they attributed to a response from the back contact of their d&&/idds was
due to the observdg activation energyvhich was attributed to a current barrier, was
similar to theEa measured via admittand®@ased on thencongruence oEs with
eitherEa valug this conclusiorseemaunlikely for devices of type CRA likely cause
of the minority carrier blocking barrier is the C/CZTSe back contact of the solar cell.
Althoughthe barrielis not observed for the CP1 device, it is possible that the observed
increase in bandgap may cawsdeviation in back contact band alignment between
both types of device. Further investigations of this junction were carried out via the

exploration of alternative back contact materials.
4.5 Back-Contact Characterization

It is possible that the baatontad alignment deviates from Ohmic behavior
with the decrease in carrier density, and thus change in f@reij in crystals oCP2
The corresponding bandgap change with CP2 crystals £0.984 meV) may also

have an effect on the band alignment. The cadmmtacts have a nominal werk



function of 4.8 eV, which is comparable to the-8.8V workfunction of
molybdenum, a commonly used as a back contact in CZTSSe photovoltaicg- For a
type back contact, higher weflunction conductors are desirable to avBahottky
like contacts and foster more Ohnfiice behavior. Three total baatontact materials
were investigated: graphite paste, gold paste and +ilthifMoOx material.
Corresponding work functions expected for these contacts are displdyigdiiaSsO0.
MoOx was grown via thermal evaporation with a thickness between 15 and 20 nm to
avoid negative effects of thigghly resistivdayer. An electrorbeam deposited Au
film was deposited on the back of this layer to avoid degradation of the MmO
which was dhered to the Mo substrate with Au paste. Details of molybdenum oxide
deposition are discussedAppendix G

Evidence of aurrent barriein these devices was prat viaJV measurements
as a function of temperaturéigure50includes a table of the measured barrier heights
on devices with each of these back contacts. TBggalues are higher than the ones
measured in the preceding section despite being on the same crystal composition.
Furthermore, a secondary activation energy was observed via two distinct slopes in the
Arrhenius plots oRs (see A,B and C on the correspondiaglée). The higher
activation energy (> 300 meV) appears in ¢
treat ment has been applied. Further more, ¢
aging, evidence exists of this behavior exists after 6 moBthdenceof buried
homojunctions have previously been observed for CZTS/CdS interfaces due to Cd
diffusion into the absorbéf:**The low Cu density ii€P2type devicesouldlikely
promote Cd diffusiorby freeing lattice positions for Cd to occufis is further

evidenced by the lack of evidence of such a barrier in hiGhettevices. The time
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applied to these devices. The tablé&igure50 shows a distinct decrease in the

t empe.l



value from 150 meV to 85 meV going from a lower work fimeback contact

(graphite paste) to a higher one (gold paste). Because a barrier still existed with the Au
back contact, a higher woflknction contact was pursued in Ma@s evidenced by
Figure50b, low-temperature device behavior is dramatically changed between an
annealed device with a graphite back contact, to sanoealed device with a MO

one. There does not appear to be angiiggnt current blocking at the temperatures
employed, although a slight barrier is observed at temperatures{ielo® e C wi t h
activation energies of 12415 meV and 42 4 meV. Because the magnitude of the
current blocking is significantly reducexim the other barriers, it is possible that a
thermally activated resistance in the Md@yer is to blame rather than the formation

of a Schottky contact.

Taskesen et al. observed similar curielioicking behavior in their devices of
similar composition awell, attributing it to the formation of ZnSe at the back contact
and subsequent detrimental valence band alignf&his is an unlikely cause in the
material presented herein due to their sifaglestalline nature. The top of the valence
band in CZTS is primarily dominated hybridized-@diand S3p states, whereas the
conduction band minimum is dominated by-Smand S3p state$® Maeda et all.
calculated that a decrease in copper content would subsequently decrease the
interaction energy between the Cu and anion orbitals, causing a lowering of the both
the conduction band minimum (CBM) and the valermedomaximum (VBM) in Cu
In-Se compound®. The VBM would decrease more dramatically than the CBM,
leading to a bandgap increase. This phenomenon would be consistent with the
formation of a Schottky junction at the C/CZTSe back contact interface. Coupled wit

the mitigation of potential fluctuations, this VBM lowering would also explain the
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observed increase in bandgap for the most ceggkeient devices (composition

CP2). Alternatively, it is possible that the behavior of the C/CZTSe junction is not
Ohmicin any of the singlerystalline devices fabricated herein and the high hole
density of crystals with higher Cu content than CP1 crystals may facilitate tunneling
through the barrie¥ Crystals of composition CP2 however would not benefit from
this behavior since theioke concentrations are an order of magnitude lower than
those of CP1 crystals.

Back contact barriers have been shown to manifest in admittance
measurements for multiple thfim materials; such as the N1 signature in
Cu(In,Ga)Seand the H2 and H3 signais in CATE31%°A current barrier canesult
in a capacitance step in admittance spectroscopy due the relative contributions of the
back current junction and thpg-junction. A device with a current barrier can be
modeled by two serieonnected diodes of opposite polarity. This results in
capacitance behavior governed by Equation 13 with a critical frequengiwen by
Equation 14. In thesequation<Ccj andGcj are defined by the capacitance and the
conductance of the Schottkydkacontact and the majpn-junction respectively.

Above] , the capacitance is well defined by a series connection of both capacitances.
On the low side of the critical frequency, the barrier conductivity is much higher than
that of the junction, leadinip a total capacitance governed by the main juncfion.

The activation energy of is furthermore governed by tleea of the Schoky barrier.

) (13)

1 — (14)
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Decock et al. outlined a formalism to characterize the behavior of a turren
barrier during admittance measurements as a function of applied DC voltage bias. In
the case of where the barrier does block current, the critical frequency of the barrier is
not expected to depend on the applied bias. However, the scaled derivatee of t
capacitance (< 5,91 ) evaluated at  should be proportional tav ~ ® in
an applied forward bias, and no dependence on applied reverdeifpime5la and b
shows the critical frequency (represented as the activation energy) for a device of type
CP2 conditioned in the FB case as a function of applied DC voltage. To within
measurement erraihere is no observed trend, with a static valuBadfor both
capacitive stepszigure51c shows the scaled derivative at the critical frequency for
both steps as aifiction of applied bias. The levapacitance step demonstrates the
same slope at both reverse and forward bias conditioning at all temperatures. The
high-capacitance step however shows a distinct change in behavior moving from
reversebias to forward biasig conditions at all temperatures, with slight changes in
behavior between temperatures. Furthermore, the pink curve shows a fitbfthg C
to the expectedw @ behavior. A builiin voltage extracted from thfi is
demonstrated to be appimately 720 mV. While &bi was not able to be extracted

from the norideal CV behavior in the FB conditioned device, a value of 630 meV
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Figure51: a) and b) show the dependence of activation eneXy applied during
the admittance measurement for the higher and lower capacitance steps
respectivelyA minor dependence may exist for the higher capacitance
curve, although the measurement error shedbtdon a trend. c) The

scaledderivative 7 — magnitude at the inflection point of the low

capacitance and higtapacitance steps as a function of applied DC bias
during the admittance measurement.

was obtained from the forward bias regime of thed@rves for the LB conditioned
caseat4 0 e C. Ther ef ovisifeomthe diasdependentradnuttaneealis a
reasonable value.

As the backcontact barrier induced by the graphite/CZTSe back contact has
been shown to have a ntnivial effect on adnttance measurements it is thus more
desirable to use the Ma®@ontact for further admittance characterization based on the
JV(T) data offFigure50. Furthermore, the vaation in barrier behavior between this
section and Sectiof4 speaks toward the need to move toward more reliable back

contactsFigure52a) and dshow the change in admittance spectra for anigpe
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device moving from a carbdmased back contact to a Mo@ne. The twestep
capacitance behavior observed in the previous se@dices to a single step,
displaying similar behavior to the admittance of the CP1 device. The corresponding
activation energies of each curve are shown in b) and e). The observation of Bae two
behavior reduces to a one which a significantly smallévaiin energy near 85
meV. While evidence was presented in Sedligrthat the activation energy
characteristic of the current barri@&sf did not correspond dirdg to the extracted
admittance energies, it is clear that the barrier or barriers havetawvianeffect on
the energies extracted. Contrary to that observation, the device here with a graphite
back contact presents with ti#a values from admittancene of which corresponds
well to theRs value measured vidM(T), indicating that the barrier has a direct imprint
on the admittance spectrum.

Figure52e) shows the extraction of the activation for the M@Ontacted
device. The admittance behavior in d) is similar to that of the CP1 device in BEfgjure
in that the inflection points in the Capacitance vs frequency cuegatltoo high a
frequency to probe. Therefore, the constftwdVmethod was used to extract En
for this device as well (see Figut6). As thisEavalue was extreted on a more
ideally behaving device, it is believed to result from the ionization of a crystal defect.
The value of this energy is measured to b&8%neV, which is approximately 120

meV greater than that measured for the @&dice in Sectiod.4. Device series

resistance displayed a thermally activate behavior at temperatures-Befloe C wi t h
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Figure52. Admittance spectroscopy measuremtsdor devices of type CP2 for a
graphite back contact (a, b and c) and for a Mio&k contact (d,e and
f). The figures on the far right show the extracted density of states above
the Fermilevel following the formalism of Walter et &.DoS
measurements for both contacts result in dramatically different
distributions, indicating that the current barrier in the device of
measurement a) leads ndafect related to measurement artifacts.
Activation energies measured in e) were extractad fnoes of constant
dC/dVvalues as in the previous section on CP1 devices. Fits in €) were
taken with data in the yellow region.

Er value of 74 £2 meV, similar to thevalue measured for the CP1 device. Therefore,
it seems likely that th&cu A Cuzn trarsition of Equation(7) is present in CP2 at low
temperatures as well. The higher energy of the admittance extEactedvever is

higher than the energy of this transition, and therefore it is likely this transition arises

from® ¢ defect ionizatior(90 meV)!!CIf this is the case, the DoS showrFigure
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